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PREFACE 


The  6th  Joint  MMM-INTERMAG  Conference  was  held  in  the  Albuquerque  Convention  Cen¬ 
ter,  June  20-23,  1994.  Continuing  a  practice  inaugurated  at  the  1993  MMM  Conference  in  Min¬ 
neapolis,  the  conference  was  preceded  by  a  Sunday  afternoon  tutorial  session  sponsored  by  the 
Education  Committee  of  the  IEEE  Magnetics  Society.  This  accommodates  particularly  those  at¬ 
tendees  staying  over  the  Saturday  night  before  the  conference.  This  year’s  topic  was  “Magnetic 
Multilayers:  Fundamental  Issues  to  Applications.”  The  tutorial  was  particularly  timely  and  played 
to  a  standing-room-only  audience. 

In  addition  to  the  usual  invited  papers,  there  were  eight  invited  symposia;  there  were  three  on 
topics  relating  to  magnetic  and  magneto-optic  recording,  and  one  each  on  magnetic  microscopy, 
magnetic  aftereffect,  giant  magnetoresistance,  magneto-impedance,  and  neutron  scattering  studies 
of  vortex  structures  in  superconductors.  There  was  also  an  evening  panel  discussion  on  units  in 
magnetism.  The  session  was  lively,  but  failed  to  reach  closure. 

The  conference  was  a  marked  success.  It  was  larger  than  any  previous  Joint  Conference.  It 
was  also  generally  agreed  that  the  program,  facilities,  and  environment  were  excellent,  It  was 
attended  by  1227  participants.  A  total  of  1444  abstracts  were  submitted  from  36  countries.  Of 
these,  497  originated  in  the  U.S.,  178  were  from  Japan,  155  from  Russia,  and  119  were  from  China 
(PRC  and  ROC),  accounting  for  66%  of  submissions.  The  program  committee  accepted  1048 
abstracts  (73%)  for  presentation. 

Once  again  we  are  publishing,  in  this  volume  of  the  Journal  of  Applied  Physics  and  in  the 
associated  volume  of  the  IEEE  Transactions  on  Magnetics,  fully  refereed  papers  based  upon  the 
conference  presentations.  The  Transactions  volume  includes  368  contributed  papers  and  11  invited 
papers  and  constitutes  the  INTERMAG  Proceedings  for  1994;  the  Journal  volume  includes  280 
contributed  papers  and  47  Invited  papers  and  constitutes  the  MMM  Proceedings  for  1994.  As 
usual,  all  fully  paid  registrants  at  the  conference  receive  both  volumes.  Subscribers  to  either 
periodical  will  receive  only  the  corresponding  volume  with  their  subscription.  Both  volumes 
contain  the  complete  Table  of  Contents. 

The  conference  reception  at  the  “Los  Amigos  Round-Up  Ranch’’  was  sold  out.  Despite  heavy 
rain  that  kept  all  activities  indoors,  this  reception  was  a  great  success,  with  perhaps  more  thorough 
mingling  of  attendees  than  would  have  occurred  in  good  weather. 

Finally,  1  would  like  to  thank  the  dedicated  and  talented  volunteers  on  the  Steering  Committee 
and  the  very  professional  team  of  Courtesy  Associates  personnel  for  an  exceptional  job. 


Stanley  H.  Charap 
General  Chairman 
6lh  Joint  MMM-INTERMAG  Conference 
Carnegie  Mellon  University 
Pittsburgh,  Pennsylvania,  U.S.A. 
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Co/Pd  multilayers 

6087  Magnetoelastic  effect  in  Co/Pd  multilayer  films 
6090  Interface  processing  in  multilayei  films 

6093  Anomalous  Interface  magnetism  in  ultrathin  Co  films  with  in-plane 
anisotropy 


O.  Isnard,  S.  Miraglia,  M.  Guillct, 
D.  Fruchart,  K.  H.  J.  Buschow 

Er.  Girt,  Z.  Altounian,  X.  Chen, 
Ming  Mao,  D.  H.  Ryan,  M.  Sutton, 
J.  M.  Cadogan 

Chris  N.  Christodoulou,  Norikazu 
Komada 

M.  Melamud,  L.  H.  Bennett,  R.  E. 
Watson 

W.  Y,  Ching,  Ming-Zhu  Huang, 
Xue-Fu  Zhong 

H.  W.  Kwen,  I.  R.  Harris 


Jun  Yang,  Shengzhi  Dong,  Weihua 
Mao,  Ping  Xuan,  Yingchang  Vang 

F.  E.  Pinkerton,  C  D.  Fuerst,  J.  F. 
Herbst 

F.  .J.  Cadieu,  H.  Hegde,  E. 
Schloemann,  H.  J.  Van  Hook 

G.  Zincmermann,  K.  A.  Hempel 

W.  .A.  Kaezmarok,  B,  W.  Ninham 

A,  Navarathna,  P.  Samarasel;ara, 

H.  Hegdo,  R.  Rani,  F.  J.  Cadiou 


J.  M.  MacLaren,  R.  H.  Victora 

Michael  H.  Wiedmann,  Brad  N. 
Engel,  Charles  M.  Falco 

P,  Beauvillain,  A.  Bounouh,  C. 
Chappert,  R.  Megy,  S. 
Ould-Mahfoud,  J.  P.  Renard,  P. 
Veillet,  D.  Weller,  J.  Corno 

John  Q.  Xiao,  K.  Liu,  C.  L.  Chien, 
L.  F.  Schelp,  J.  E.  Schmidt 

S.  Y,  Jeong,  Z.  S.  Shan,  P  He, 

J.  X.  Shen,  Y  B.  Zhang,  J.  A. 
Woollam,  D.  J.  Sellrnyer 

Voung-Suk  Kim,  Sung  Chul  Shin 

R.  J.  Pollard,  M.  J.  Wilson,  P.  J. 
Grundy 

F.  O.  Schumann,  M.  E.  Buckley, 

J.  A.  C.  Bland 


(Coniinued) 


6096 

FMR  studies  of  magnetic  properties  of  Co  and  Fe  thin  films  on  AioOs  and 

MgO  substrates 

Yu,  V.  Goryunov,  G,  G.  Khaliullin, 

1.  A.  Garifullin,  L.  R.  Tagirov,  F. 
Schreiber,  P,  Bodeker,  K,  Z.  Brohl, 
Ch.  Morawe,  Th.  Muhge,  H.  Zabel 

6099 

The  relationship  between  the  microstructure  and  magnetic  properties  of 
sputtered  Co/Pt  multilayer  films  (abstract) 

Y.  H.  Kim,  Amanda  K.  Petford-Long, 
J.  P.  Jakubovics 

6100 

Identification  of  magnetoelastic  and  magnetocrystatline  anisotropy 
contributions  in  ultrathm  epitaxial  Co(110)  films  (abstract) 

J.  Fassbender,  Ch.  Mathieu,  B, 
Hillebrands,  G.  Giintherodt,  R. 
Jungblut,  M,  T.  Johnson 

Coupling  and  Transport  in  Unusual  Systems 

6101 

Nature  of  half-metallic  ferromagnets:  Transport  studies 

J.  3.  Moodera,  D.  M.  Mootoo 

6104 

Magnetoresistanue  and  magnetic  properties  of  NiFe/oxide/Co  junctions 
prepared  by  magnetron  sputtering 

T.  S.  Plaskott,  P,  P.  Freitas,  N.  P, 
Barradas,  M.  F.  da  Silva,  J.  C, 
Soares 

6107 

Ciianges  in  resistivity  behavior  of  metallic  glass  Fe7oNii2Bi6Si2  due  to 
moly.  oenum  substitution  for  nickel 

A,  K.  Bhatnagar,  B,  Seshu, 

K.  D.  D.  Rathnayaka,  D.  G.  Naugle 

6110 

Anisotropic  magnetism  and  resistivity  of  an  Al7oNi,5Co,s  decagonal 
quasicrystal 

J.  T.  Marked,  J.  L.  Cobb,  W.  D. 
Bruton,  A.  K.  Bhatnagar,  D,  G. 
Naugle,  A.  R.  Kortan 

6113 

Mossbauer  effect  investigation  of  the  pentagonal  approximant  phase  in 
the  Fe-Nb  system 

R.  A.  Dunlap,  J.  Kyriakidis,  M. 
Yewondwossen 

6116 

Short  period  oscillations  in  the  Kerr  effect  of  4c/-  and  ."icf -transition  metal 
wedges  on  Co  ilims  (invited)  (abstract) 

A.  Carl,  D.  Weller 

6117 

Magnetoresistance  of  CuNiCo  ternary  alloys  (abstract) 

R.  S.  Beach,  D.  Rao,  A.  E.  Berkowitz 

Kondo,  Mixes  Valence,  and  Haavy  Fermions  1 

6118 

Enhancement  of  the  localized  behavior  in  CeNio.tiPto,2  Kondo  compound 
replacing  Ce  by  magnetic  Ions  (Pr.Ndl 

J.  C.  Gomez  Sal,  J.  A.  Blanco,  J.  1. 
Espeso,  J.  Rodriguez  Fernandez, 

D.  Gignoux 

6121 

Low-tbmperature  phase  diagram  of  't  bBiPt 

R.  Movshovich,  A.  Lacerda,  P.  C. 

Ca  ifield,  J.  D.  Thompson,  Z.  Fisk 

6124 

Quadrupolar  effects  in  PrCu2Si2 

R,  Osborn,  E.  A.  Goremychkin 

6127 

Mixed  valence  in  a  generalized  Hubbard  model 

A.  N.  Kocharian,  Q,  R.  Reich 

6130 

Consequences  of  competing  hybridization  for  magnetic  ordering  in 
correlated-electron  lattices 

Carlos  Sanchez-Castro,  Bernard  R. 
Cooper,  Kevin  S.  Bedell 

6133 

Antiferrumagnotic  ordar  in  superconducting  UPt3:  An  x-ray  magnetic 
scattering  study  (invited) 

E.  D.  Isaacs,  P.  Zschack,  A.  P. 
Ramirez,  C.  S.  Oglesby,  E.  Bucher 

6137 

Non-Fermi  liquid  ground  states  in  strongly  correlated  /-electron  materials 
(invited)  (abstract) 

M.  B.  Maple 

6137 

Magneto-oscillatory  phenomena  in  highly  correlated  metals  (invited) 

(abstract) 

S,  R.  Julian,  G.  J.  McMullan,  C. 
Pfleiderer,  F.  S.  Tautz,  G.  G. 
Lonzarich 

Novel  Hard  Magnets 

6138 

New  rare-earth  intermetallic  phases  R3(Fe,M)29Xn :  (R-=Ce,  Pr,  Nd,  Sm, 

Gd;  M=Ti,  V,  Cr,  Mn;  and  X=H,  N,  C)  (invited) 

J.  M,  Cadogan,  Hong-Shuo  Li,  A. 
Margarian,  J.  B.  Dunlop,  D.  H. 

Ryan,  S.  J.  Collocott,  R.  L.  Davis 

6144 

Structural  and  magnetic  properties  of  R3(Fe,T)28  compounds 

C.  D.  Fuerst,  F.  E.  Pinkerton,  J.  F. 
Herbst 

6147 

Magnetic  and  crystal  structure  of  the  novel  compound  Nd3Fe29.  ^Ti,, 

Z,  Hu,  W,  B.  Yelon 

6150 

Magnetic  properties  of  ir.terstitially  modified  Nd3(Fe,Ti)29Xy  compounds 
(X=H.  C,  and  n 

D.  H.  Ryan,  J.  M.  Cadogan,  A. 
Margarian,  J.  B.  Dunlop 

(Continued) 


6153  Phase  equilibria  in  the  Fe-rich  corner  of  the  Nd-Fe-Ti  ternary  a'ioy  system 
at  1100  °C 

6156  Magnetic  properties  of  Sm2Fei4  ^CO;(Si2-based  quasiternary  compounds 

6159  Mossbauer  study  of  permanent-magnet  materiais:  Sm2Fei7_;(Ai;, 
compounds 

6162  Neutron  diffraction  and  magnetic  studies  of  Nd2Fei  7_;f  zAI^Si^ 

61 65  Nev/  magnetic  material  based  on  SmCo4B 


Macroscopic  Quantum  Tunneling/Spin  Glasses 

6168  Dissipation  in  macroscopic  quantum  tunneling  and  coherence  in  magnetic 
particles  (invited) 

6174  Evidence  for  quantum  mesoscopic  tunneling  in  rare-earth  layers 

6177  Bloch  states  of  a  Bloch  wall 

6180  Magnetic  properties  of  cubic  ..xAl2  (R  =  Dy,  Tb)  intermetallic  random 
anisotropy  magnets  (invited) 

6186  Correlation  decay  in  low-dimensional  spin  glasses 

6189  Relaxation  and  spin  correlations  in  '^®Sn-doped  a-FcgoScio 

6192  Field-dependent  susceptibility  aging  in  CuMn  spin  glasses 

6195  Quantum  tunneling  in  magnetic  particles  (invited)  (abstract) 

6196  Remanent  magnetization  of  AgMn  spin  giasses  (abstract) 

6197  Caicuiated  fioid  cooled  and  zero  field  cooled  magnetizations  of  the 
three-dimensional  Ising  spin  glass  using  Monte  Carlo  hard-spin  mean-field 
theory  (abstract) 

Symposium  on  Magneto-Impedance 

6198  Giant  magneto-impedance  and  magneto-inductive  effects  in  amorphous 
alloys  (invited) 

6204  Very  large  magneto-impedance  in  amorphous  soft  ferromagnetic  wires 
(invited) 

6209  Sensitive  field-  and  frequency-dependent  impedance  spectra  of  amorphous 
FeCoSiB  wire  and  ribbon  (invited) 

Kondo,  Mixed  Valence,  and  Heavy  Fermions  il 

6214  Heavy  fermion  behavior  of  11272-^  compounds 


6217  Incommensurate  antiferromagnetic  phase  in  LiNiGe 


6220  Magnetic  susceptibility  and  electronic  specific  heat  of  Andersen  lattice 
with  finite  f-band  width 

6223  Electrical  resistivity  and  thermoelectric  power  of  heavy  fermions  and 
mixed-valence  systems 


A.  Margai'ian,  J.  B.  Dunlop,  R.  K. 
Day,  W.  Kalceff 

F.-M.  Yang,  W.  Gong,  G.  C. 
Hadjipanayis 

I.  A.  Al-Omari,  S.  S.  Jaswal,  A.  S. 
Fernando,  D,  J.  Sellmyer 

Z.  Hu,  W.  B.  Yelon 

Hideaki  Ido,  Osamu  Nashima, 
Takehiro  Takahashi,  Kiwamu  Oda, 
Kiyohiro  Sugiyama 


Anupam  Garg 

M.  J.  O'Shea,  P,  Perera 

Hans-Benjamin  Braun,  Daniel  Loss 

A.  del  Moral,  J.  I.  Arnaudas,  C.  de 
la  Fuente,  M.  Ciria,  E.  Joven,  P.  M. 
Gehring 

A.  N.  Kocharian,  A.  S.  Sogomonian 

D.  Wiarda,  D,  H,  Ryan 

P.  W.  Fenimore,  M.  B.  Weissman 

D.  P.  DiVincenzo 

Emily  Engle,  E.  Dan  Dai  berg 

Edwin  A.  Ames,  Susan  R,  McKay 


L.  V.  Panina,  K.  Mohri,  K.  Bushida, 

M.  Noda 

K.  V,  Rao,  F.  B.  Humphrey,  J,  L. 
Costa-Kramer 

R,  S.  Beach,  A.  E.  Berkowitz 


L.  Havela,  V.  Sechovsky,  P. 
Svoboda,  M.  Divis,  H.  Nakotte,  K. 
Prokes,  F.  R.  de  Boer,  A.  Purwanto, 
R.  A.  Robinson,  A.  Seret,  J.  M. 
Winand,  J.  Rebizant,  J.  C.  Spirlet, 

M.  Richter,  H.  Eschrig 

V.  Sechovsky,  L.  Havela,  P, 
Svoboda,  A.  Purwanto,  Allen  C, 
Larson,  R.  A.  Robinson,  K.  Prokes, 
H.  Nakotte,  F.  R.  de  Boer,  H. 
Maletta 

Sunil  Panwar,  Ishwar  Singh 


Sunil  i^anwar,  Ishwar  Singh 


(Continued) 


6226  Understanding  the  great  range  of  magnetic  ordering  behavior  in  correlated  Q.  G.  Sheng,  B.  R.  Cooper 

f-electron  systems 

6229  Discovery  of  /-=2/9  lock-T,  in  hoirnium  D.  A.  Tindall,  C.  P.  Adams,  M.  O. 

Steinitz,  T,  M.  Holden 


R2FE^43  Hard  Magnets  and  Applications 

6232  Die-upset  Nd-Fe-Cc-B  magnets  from  blends  of  dissimilar  ribbons 
5235  Evidence  for  reversal  by  nucleation  in  RE-Fe-B  die-upset  magnets 

6238  Microstructure  and  magnetic  properties  of  mechanically  alloyed  anisotropic 
Nd-Fe-B 

6241  Preparation  and  transmission  electron  rriicroscope  investigation  of 
sintered  Ndi5  4Fe75  7B6.7Cui  gNbog  magnets 
6244  Fe-Nd-C-based  ingot  permanent  magnets  by  solid-state  transformation 

6247  Generation  of  higfily  uniform  fields  with  permanent  magnets  (invited) 


C.  D.  Fuerst,  E.  G.  Brewer 

L.  Henderson  Lewis,  Y.  Zhu,  D.  O. 
Welch 

J.  Wecker,  H.  Cerva,  C.  Kuhrt,  K. 
Schnitzke,  L.  Schultz 

Johannes  Bernard!,  Josef  Fidler 

M.  Leonowicz,  H.  A.  Davies,  S. 
Wojciechowski 

M.  G.  Abele 


6253  Fabrication  of  multipolar  magnetic  field  sources 

6256  Kinetic  studies  on  solid-HDDR  processes  in  Nd-Fe-B-type  alloys 

6259  Study  of  desorbed  hydrogen-decrepitated  anisotropic  Nd-Fe-B  powder 
using  x-ray  diffraction 

6262  The  ulectrochemical  hydrogenation  of  NdFeB  sintered  alloys 

6265  Relation  of  remanence  and  coercivity  of  Nd,(Dy)-F'e,(Co)-B  sintered 
permanent  magnets  to  crystallite  orientation 

6268  Comparison  of  magnetic  methods  for  the  determination  of  texture  of 
permonent  magnets 

6271  Magnetic-field  orientation  and  coercivity 


H.  A.  Leopold,  G.  F.  McLane 

O.  Gutfleisch,  M.  Verdier,  1.  R. 
Harris 

G.  P.  Meisner,  V.  Panchanathan 

Kuo  En  Chang,  Garry  W.  Warren 

A.  S.  Kim,  F.  E.  Camp,  H.  H. 
Stadelmaier 

G.  Asti,  R.  Cabassi,  F.  Boizoni,  S. 
Wirth,  D.  Eckert,  P.  A.  P. 
Wendhausen,  K.-H.  Muller 

Brandon  Edwards,  D.  I.  Paul 


Magnetic  Multilayer  Coupling 

6274  Magnetic  structures  and  interactions  in  HoA',  Ho/Lu,  and  Ho/Er  superlattices 
(invited) 

6278  Epitaxial  ferromagnetic  MnAs  thin  films  grown  by  molecular-beam  epitaxy 
on  GaAs:  Structure  and  magnetic  properties 

6281  Co/CoAl  magnetic  superlattices  on  GaAs 


S284  Investigations  of  the  interplay  between  crystalline  and  magnetic  ordering 
in  FegO^/NiO  superlattices 


6287  Magnetic  characterization  of  epitaxial  YsFeeOig/BiaFesOig  and 

YsFegOig/EuiBigFes  O12  heterostructures  grown  by  pulsed  laser  deposition 

6290  Interlayer  correlations  and  helical  spin  ordering  in  MnTe/CdTe  multilayers 
(abstract) 

6291  Interlayer  coupling  in  antiferromagnetic  EuTe/PbTe  superlattices  (abstract) 


6292  Heat  capacity  measurements  of  antiferromagnetic  CoO/NiCoO  superlattices 
(abstract) 


R.  A.  Cowley,  D.  F,  McMorrow,  A. 
Simpson,  D.  Jehan,  P.  Swaddling, 

R,  C.  C.  Ward,  M.  R.  Wells 

M.  Tanaka,  J.  P.  Harbison,  M.  C. 
Park,  Y.  S.  Park,  T.  Shin,  G.  M. 
Rothberg 

J.  De  Boeck,  C.  Bruynseraede,  H. 
Bender,  A.  Van  Esch,  W.  Van  Roy, 
G.  Borghs 

D,  M.  Lind,  J.  A.  Borchers,  R.  W. 
Enwin,  J.  F.  Ankner,  E.  Lochner, 

K.  A.  Shaw,  R.  C.  DiBari,  W. 
Portwine,  P.  Stoyonov,  S.  D.  Berry 

B.  M.  Simion,  R.  Ramesh,  V.  G. 
Keramidas,  G.  Thomas,  E. 
Marinero,  R.  L.  Reffer 

V.  Nunez,  T.  M.  Giebultowicz,  W. 
Faschinger,  G.  Bauer,  H.  Sitter, 

J.  K.  Furdyna 

T.  M.  Giebultowicz,  V.  Nunez,  G. 
Springholz,  G.  Bauer,  J.  Chen, 

M.  S.  Dresselhaus,  J.  K.  Furdyna 

E,  N.  Abarra,  K.  Takano,  F.  Heilman, 
A.  E.  Berkowitz 


(Continued) 


6293  Exchange  coupling,  interface  structure,  and  perpendicular  magnetic 
anisotropy  in  Tb/Fe  multilayers  (abstract) 

6294  Interfacial  contributions  to  magnetic  anisotropy  in  rnetal/semiconductor 
systems  (abstract) 

Fine  Particles 

6295  The  magnetization  density  profile  of  a  grain  boundary  in  nickel  (invited) 

6301  Magnetic  and  magnetocaloric  properties  of  melt-spun  Gd;,Agioo-x  alloys 

6304  Thickness  dependence  of  the  magnetic  and  electrical  properties  of 
FeiSiOj  nanocomposite  films 

6307  Calculation  of  magnetic  moments  in  H02C3  nanocrystals 

6310  Kramers’s  rate  theory,  broken  symmetries,  and  magnetization  reversal 
(invited) 

6316  Magnetic  properties  of  nanophase  cobalt  particles  synthesized  in  inversed 
micelles 

6319  Magnetic  and  structural  properties  of  vapor-deposited  Fe-Co  alloy 
particles 

6322  Extended  x-ray-absorotion  fine-structure  studies  of  heat-treated 
fcc-FesoCuso  powders  processed  via  high-energy  ball  milling 

6325  Structure  analysis  of  coprecipitated  ZnFe204  by  extended  x-ray-absorption 
fine  structure 

6328  Magnetic  anisotropy  of  small  clusters  and  very  thin  transition-metal  films 

6331  Structure  and  magnetic  properties  of  Nd2Fei4B  fine  particles  produced  by 
spark  erosion  (abstract) 

Macroscopic  Quantum  Tunneling 

6332  Thermal  equilibrium  noise  with  1 1f  spectrum  in  a  ferromagnetic  alloy: 
Anomalous  temperature  dependence 

6335  Experimental  observation  of  magnetostochastic  resonance 


J.  Tapped,  J.  Jungermann,  B. 
Scholz,  R.  A.  Brand,  W.  Keune 

B.  T.  Jonker,  H.  Abad,  J.  J.  Krebs 


M.  R.  Fitzsimmons,  A.  Roll,  E. 
Burkel,  K.  E.  Sikafus,  M.  A. 
Nastasi,  G.  S.  Smith,  R.  Pynn 

C.  D.  Fuerst,  J.  F.  Herbst,  R,  K. 
Mishra,  R.  D,  McMichael 

S.  S.  Malhotra,  V  Liu,  J.  X.  Shen, 
S.  H.  Lieu,  D.  J.  Sellmyer 

S.  A.  Majetich,  J.  O.  Artman,  C. 
Tanaka,  M.  E,  McHenry 

Hans-Benjamin  Braun 

J,  P.  Chen,  C.  M.  Sorensen,  K.  J. 
Klabunde,  G.  C.  Hadjipanayis 

S.  Gangopadhyay,  Y,  Yang,  G.  C. 
Hadjipanayis,  V.  Papaefthymiou, 

C.  M.  Sorensen,  K.  J.  Klabunde 

P.  Crespo,  A.  Hernando,  A.  Garcia 
Escorial,  K.  M.  Kemner,  V,  G. 
Harris 

B.  Jeyadevan.  K.  Tohji,  K. 
Nakatsuka 

H.  Dreysse.  J.  Dorantes-Davila,  S. 
Pick,  G.  ,,i,  Pastor 

H,  Wan,  A.  E.  Berkowitz 


S.  Vitale,  A.  Cavalleri,  M.  Cerdonio, 
A.  Maraner,  G.  A.  Prodi 

A.  N.  Grigorenko,  P.  I,  Nikitin,  A.  N. 
Slavin,  P.  Y.  Zhou 


Critical  Phersomena,  Spin  Glasses,  and  Frustrated  Magnets 

6338  Critical  magnetic  susceptibility  of  gadolinium 

6341  Monte  Carlo  simulation  of  Ising  models  with  dipole  interaction 
6344  Magnetic  phase  diagrams  of  NdRu2Si2  and  TbRu2Si2  compounds 

6347  Study  of  critical  properties  of  the  Potts  model  by  the  modified  variational 
cumulant  expansion  method 

6350  Phase  transition  in  a  system  of  interacting  triads 


R.  A.  Dunlap,  N.  M.  Fujiki,  P. 
Hargraves,  D.  J.  W.  Geldatt 

U.  Nowak,  A.  Hucht 

M.  Salgueiro  da  Silva,  J.  B.  Sousa, 
B.  Chevalier,  J,  Etourneau 

N.  G.  ^azleev,  Hao  Che,  J.  L.  Fry, 
D.  L.  Lin 

H.  T.  Diep,  D.  Loison 


6353  Critical  behavior  of  the  random  Potts  model 

6356  Influence  of  exchange  bond  disorder  on  the  magnetic  properties  of 
(Pdi  -xFe„)95Mn5  near  /"c 

6359  Magnetic  transitions  at  high  fields  in  (Fe,Mn)3Si  alloys 

6362  Critical  behavior  of  the  two-dimensional  easy-plane  ferrornagnet 


B.  M.  Khasanov,  S.  I.  Belov,  D.  A. 
Tayurskii 

Z.  Wang,  X.  Qi,  H.  P.  Kunkel,  Gwyn 
Williams 

H.  J.  Al-Kanani,  J.  G.  Booth,  J.  W. 
Cable,  J,  A.  Fernandez-Baca 

Alessandro  Cuccoli,  Valerio 
Tognetti,  Paola  Verrucchi,  Ruggero 
Vaia 


(Continued) 


6365  Magnetic  anomaly  in  insulator  conducloi  composite  materials  near  the 
piorcolalion  threshold 

6368  Time  dependence  oflects  in  disordered  systems 

6371  Magnetization  of  amorphous  Feog^Bots  and  Fe^^o^rd  compounds  iMth 
additions  of  Tb 

6374  Magnetic  ordering  in  the  three  dimensional  site  frustrated  Heisenberg 
model 

6377  Mossbauer  measurements  of  spm  correlations  in  a-fFe.Niji^raSn 


L  V  Panina,  A.  S  Antonov,  A.  K 
Sarychev,  V.  P  Paramonov,  E.  V 
Timasheva,  A  N.  Lagarikov 

K  O'Grady,  M  El-Hilo,  R  W 
Chantrell 

S  J  Clegg,  J.  H.  Purdy,  R.  D. 
Greenough,  F  Jerems 

Morten  Nielsen,  D  H.  Ryan,  Hong 
Guo,  Martin  Zuckermann 

D.  Wiarda,  D  H.  Ryan 


6380  Study  of  the  spin  glass  transition  of  amorphous  FoZr  alloys  using  small 
angle  neutron  scattering 

6383  Study  of  magnetohislory  effects  in  YFe, 2  <Mo,  (x  1.5  3,0) 


K.  Mergia,  S.  Messoloras,  G 
Nicolaides,  D.  NIarchos,  R.  J. 
Stewart 

Yi-Zhong  Wang,  Bo-Ping  Hu, 
Gui-Chuan  Liu,  Lin  Song,  Kai-Ying 
Wang,  Ji-Fan  Hu,  Wu-Yan  Lai 


Symposium  on  Slow  Relaxatlon/Magnetic  Aftereffect 

6386  Magnetic  viscosity,  fluctuation  fields,  and  activation  energies  (invited) 

6391  Analysis  and  interpretation  of  time  dependent  magnetic  phenomena 
(invited) 

6396  Ubiquitous  nonexponential  decay:  The  effect  of  long-range  couplings? 
(invited) 

6401  Mesoscopic  model  for  the  primary  response  of  magnetic  materials 
(invited) 

6407  Models  of  slow  relaxation  in  particulate  and  thin  film  materials  (invited) 
6413  Time  dependence  of  switching  fields  in  magnetic  recording  media  (invited) 


R.  Street,  S.  D,  Brown 

L,  Folks,  R,  Street 

E.  Dan  Dahiberp’  D,  K,  Lottis, 

R,  M,  White,  M,  Matson,  E,  Engle 

R,  V,  Chamberlin 

R,  W,  Chantrell,  A,  Lyberatos,  M, 
El-Hilo,  K,  O'Grady 

M.  P,  Sharrock 


Ultrathin  Films  and  Overlayers 

6419  Magnetic  and  structural  instabilities  of  ultrathin  Fe(100)  wedges  (Invited) 

6425  Magnetic  and  structural  instabilities  of  ferromagnetic  and  antiferromagnetic 
Fe/Cu(100) 

6428  Impurity  hyperfine  fields  in  metastable  body  centered  cubic  Co 

6431  Ferromagnetism  and  growth  of  Ru  monolayers  on  C(0001)  substrates 

6434  Spin  reorientation  transition  in  Ni  films  on  Cu(IOO) 

6437  Magnetization-related  transport  anomalies  in  metal/ferromagnetic  insulator 
heterostructures 

6440  Lorentz  electron  microscopy  studies  of  magnetization  reversal  processes 
in  epitaxial  Fe(001)  films 

6443  Magnetic  response  of  ultrathin  Fe  on  MgO;  A  polarized  nc.itron 
reflectometry  study 

6446  Roughness  dependent  magnetic  hysteresis  of  a  few  monolayer  thick  Fe 
films  on  Au(OOI) 

6449  Fluctuation  effects  in  ultrathin  films 

6452  Magnetic  studies  of  fee  Co  films  grown  on  diamond  (abstract) 


S.  D,  Bader,  Dongqi  Li,  Z,  Q,  Qiu 

Dongqi  Li,  M,  Freitag,  J,  Pearson, 

Z,  Q,  Qiu,  S,  D,  Bader 

J,  Dekoster,  B,  Swlnnen,  M,  Rots, 

G,  Langouche,  E,  Jedryka 

Q,  Steierl,  R,  Pfandzelter,  C,  Rau 

S,  Z,  Wu,  G,  J.  Mankey,  F.  Huang, 

R,  F,  Willis 

G,  M,  Roesler,  Jr,,  M,  E,  Filipkowski, 
P,  R,  Broussard,  M,  S.  Osofsky, 

Y,  U,  Idzerda 

E,  Gu,  J.  A,  C,  Bland,  C.  Daboo, 

M.  Gester,  L,  M,  Brown,  R,  PloessI, 
J,  N,  Chapman 

S,  Adenwalla,  Yongsup  Park,  G.  P. 
Felcher,  M.  Teitelman 

Y,-L,  He,  G,-C,  Wang 
S,  T,  Chui 

J.  A.  Wolf,  J.  J,  Krebs,  Y,  U. 
Idzerda,  G.  A,  Prinz 


(Continued) 


6452  A  Monte  Carlo  study  of  the  ternpKrrature  dependence  o*  magnetic  order  on 
ferromagnetic  and  antiferromagnetic  surlaces  Implications  for 
spin-polarizod  photoelectron  diffraction  (abstract) 

X-ray  Magnato-optlcs 

6453  X-ray  magnetic  circular  dichroism  m  the  near  and  extended  absorpf'on 
edge  structure  (invited) 

6459  Discussion  of  the  magnetic  dichroism  in  the  x-ray  resonance  scattering 

6462  Experimental  investigation  of  dichroism  sum  rules  to’  V.  Cr.  Mn.  Fe.  Co. 
and  Nl.  Influence  ol  diffuse  magnetism 

6465  Spin-specific  pholoelectron  diffraction  using  magnetic  x  ray  circular 
dichroism 

6466  Enhanced  magneuu  moment  and  magnetic  ordering  in  MnNi  and  MnCu 
surface  alloys 

6471  Observation  of  x-ray  magnetic  circular  dichroism  at  the  Rh  M, ,  edge  in 
Co-Rh  alloys 

6474  Circular  magnetic  x-ray  dichroism  lor  rare  eahhs 

6477  Circular  dichroism  in  core-levei  photoemission  from  nonmagnetic  and 
magnetic  systems:  A  photoelectron  diffraction  vieiwpoint  (abstract) 

6477  Elemental  determination  of  the  magnetic  moment  vector  (abstract) 


F  Zhang.  S  Thevuthasan.  R  T 
Scalottar  R  B  P  Smgh  C  S 
Fadley 


G  Schutz.  P  Fischer  '<  Attenkofer. 
M  Knulle.  D  Ahlers.  S  Stabler.  C 
Detlols.  H  Ebert.  F  M  F  de  Groot 

Peter  Rormen 

W  L  O  Brion.  B  P  Tonner.  G  R 
Harp.  S  S  P  Parkin 

J  G  Tobin,  G  D  Waddill,  X.  Guo. 

S  Y  Tong 

W  L  O'Brien,  B.  P  Tonner 

G.  R.  Harp,  S.  S.  P  Park;n,  W.  L. 
O'Brien.  B.  P  Tonner 

H  Konig.  Xindong  Wang,  B.  N. 
Harmon,  P  Carra 

A  P  Kaduwela,  H.  Xiao,  S. 
Thevuthasan,  C.  Westphal,  M,  A. 
Van  Hove,  C.  S.  Fadley 

H. -J.  Lin,  G.  Meigs,  C.  T.  Chen, 

Y.  U.  Idzerda,  G.  A.  Prinz,  G.  H.  Ho 


Coupled  Multilayers,  Thin  Films,  and  GMR 

6476  Hybrid  NIFeCo-Ag/Cu  multilayers:  Giant  magnetoresistance,  structure, 
and  magnetic  studies 

6481  Giant  magnetoresistance  in  NiFe-Ag  granular  alloys 

6484  Anisotropic  giant  magnetoresistance  induced  by  magnetoannealing  in 
Fe-Ag  granular  films 

6487  Influence  of  microstructure  on  magnetoresistance  of  FeAg  granular  films 

6490  fylagnetic  properties  of  FeSi-SiOj  granular  films 

6493  Hysteresis  of  binary  clusters 

6496  Some  specific  features  of  fine  Fe  and  Fe-Ni  particles 

6499  Magnetoresistance  of  the  magnetically  ordered  icosahedral  quasicrystals 
Al-Pd-Mn-B 

6501  Electrical  transport  in  amorphous  Fe-Mn-Zr  alloys 

6504  Field  dependence  of  nuclear  magnetic  resonance  in  molecular  beam 
epitaxy  grc'^m  Co(111)/Cu  multilayers 

6507  Dependence  of  giant  magnetoresistance  in  Co/Cu  multilayers  on  the 
thickness  of  the  Co  layers 

6510  Vertical  inhomogeneity  of  the  magnetization  reversal  in 

antiferromagnetically  coupled  Co/Cu  multilayers  at  the  first  maximum 

6513  Magnetic  and  structural  studies  of  sputtered  Co/Cu  multilayer  films 


J.  D.  Jarratt,  J.  A.  Barnard 

F.  Badia,  A.  Labarta,  X.  Batlle, 

M.  L.  Watson 

J.  Q.  Na,  C.  T.  Yu,  X.  Q.  Zhao, 

W.  Y.  Lai,  H.  L.  Luo,  J.  G.  Zhao 

Chenglao  Yu,  Ye  Yang,  Yuqing 
Zhou,  Shuxiang  Li.  Wuyan  Lai. 
Zhenxi  Wang 

Z.  S.  Jiang,  X.  Ge.  J,  T.  Ji,  H. 

Sang.  G.  Guo,  Y.  W.  Du,  S.  Y. 
Zhang 

Ivo  Klik,  Jyh-Shinn  Yang,  Ching-Ray 
Chang 

Yu.  V.  Baldokhin,  P,  Ya.  Kolotyrkin, 
Yu.  I.  Petrov,  E.  A.  Shafranovsky 

M.  H.  Yewondyyossen,  S.  P.  Ritcey, 
Z.  J,  Yang,  R,  A.  Dunlap 

V.  Srinivas,  A.  K,  Nigam,  G. 
Chandra,  D.  W.  Lawther,  M. 
Yewondwossen,  R.  A.  Dunlap 

T.  Thomson,  H.  Kubo,  J.  S.  Lord, 

P.  C.  Riedi,  M.  J.  Walker 

A.  M.  Shukh,  D.  H,  Shin,  H. 
Hoffmann 

R.  Mattheis,  W.  Andra,  L.  Fritzsch, 
J.  Langer,  S.  Schmidt 

J.  D.  Kim,  Amanda  K.  Petford-Long, 
J.  P.  Jakubovics,  J.  E.  Evetts,  R. 
Somekh 


(Continued) 


6516  Influence  of  crystal  structure  on  the  magnetoresistance  of  Co/Cr  multilayers 


6519  Giant  magnetoresistance  peaks  in  CoNiCu/Cii  niultilayers  grown  by 
electrodeposition 


6522  High  sensitivity  GMR  in  NiFeCo/Cu  multilayers 


6525  Multidomain  and  incomplete  alignment  effects  in  giant  magnetoresistance 
triiayers 

6528  Interface  alloying  and  magnetic  properties  of  Fe/Rh  multilayers 

6531  Heat  treatment  to  control  the  coercivity  of  Pt/Co  multilayers 

6534  Magnetostriction  and  magnetic  properties  of  iron-cobalt  alloys  multilayered 
with  silver 

6537  Stabilization  of  the  hexagonal  close-packed  phase  of  cobalt  at  high 
temperature 


6540  Observation  and  computer  simulation  of  static  magnetization  process  in 
soft  magnetic  thin  film 

6543  Magnetic  and  structural  properties  of  Fe-FeO  bilayers 

6546  Ferromagnetic-ferromagnetic  tunneling  and  the  spin  filter  effect 

6549  Theory  of  Brillouin  light  scattering  from  spin  waves  in  multilayers  with 
interlayer  exchange  and  dipole  coupling 

6552  Spin  wave  spectra  in  semi-infinite  magnetic  superlattices  with  nonuniaxial 
single-ion  anisotropy 

6555  Ground  state  of  antiferromagnetlc  systems  in  a  magnetic  field  and  in  the 
presence  of  surfaces 

6558  Magnetoresistance  of  ultrathin  Co  films  grown  in  UHV  on  Au(111): 
Crossover  from  granular  to  continuous  film  behavior  versus  Co  thickness 
(abstract) 

6559  The  micromagnetics  of  periodic  arrays  of  defects  in  trilayers  with  interlayer 
exchange  coupling  (abstract) 

6560  FMR  doublet  in  two-layor  iron  garnet  films  (abstract) 


6560  Influence  of  the  dipole  interaction  on  the  direction  of  the  magnetization  in 
thin  ferromagnetic  films  (abstract) 

Fine  Particles 

6561  Coercivity  and  switching  field  of  single  domain  7^Fe203  particles  under 
consideration  of  the  demagnetizing  field 

6564  Structural  and  magnetic  characterization  of  Co  particles  coated  with  Ag 


6567  Magnetic  properties  of  Fe  clusters  in  NaY  zeolite 


Y.  Liou,  J.  C.  A,  Huang,  Y.  D.  Yao, 

C.  H.  Lee,  K.  T  Wi’,  C,  L.  Lu,  S.  Y. 

Liao,  Y.  Y.  Chen,  N.  T.  Liang,  W.  T, 

Yang,  C.  Y.  Chen,  6.  C.  Hu 

S.  Z.  Hua,  D.  S.  Lashmore,  L. 
Salamanca-Riba,  W.  Schwarzacher, 

L.  J.  Swartzenruber,  R.  D. 

McMichael,  L.  H.  Bennett,  R,  hart 

S.  Gangopadhyay,  S.  Hossain,  J. 

Yang,  J.  A.  Barnard,  M.  T.  Kief,  H. 

Fujiwara,  M.  R,  Parker 

Y  U,  Idzerda,  C,-T.  Chen,  S,  F. 

Cheng,  W.  Vavra,  G.  A.  Prinz,  G. 

Meigs,  H,-J.  Lin,  G.  H.  Ho 

K.  Hanisch,  W.  Koune,  R.  A.  Brand,  , 

C.  Binek,  W.  Kleemann  1 

J.  Miller,  P,  Q.  Pitcher,  D.  P.  A, 

Pearson 

Tamzin  A.  Lafford,  M.  R,  J.  Gibbs, 

R.  Zuberek,  C,  Shearwood 

N.  P.  Barradas,  H.  Welters,  A.  A. 

Melo,  J.  C.  Soares,  M.  F.  da  Silva, 

M.  Rots,  J.  L.  Leal,  L.  V.  Melo,  P.  P. 

Freitas 

Zhigang  Wang,  Ikuya  Tagawa, 

Yoshihisa  Nakamura 

X.  Lin,  A.  S.  Murthy,  Q,  C. 

Hadjipanayis,  C,  Swann,  S.  1.  Shah 

P.  LeClair,  J,  S.  Moodera,  R. 

Mesen/ey 

A.  N.  Slavic,  I.  V.  Rojdestvenski, 

M.  G.  Cottam 

E.  L.  Albuquerque 

L.  Trallori,  P.  Politi,  A.  Rettori,  M.  G. 

Pini,  J.  Villain 

C.  Dupas,  E.  Kolb,  J.  P,  Renard,  E. 

Velu,  M.  Galtier,  M.  Mulloy,  D, 

Renard 

H.  A.  M.  van  den  Berg 

A.  M.  Grishin,  V.  S.  Dellalov,  E.  I. 

Nikolayev,  V.  F.  Shkar,  S.  V. 

Yampolskii 

A.  Moschel,  K.  D.  Usadel 


Paul  L.  Fulmek,  Hans  Hauser 

J.  Rivas,  R.  D.  Sanchez,  A. 
Fondado,  C.  Izco,  A.  J. 
Garcia-Bastida,  J.  Garcia-Otero,  J 
Mira,  D.  Baldomir,  A.  Gonzalez,  1. 
Lado,  M.  A.  Lopez  Quintela,  S.  B. 
Oseroff 

J.  A.  Cowen,  K.  L.  Tsai,  J.  L.  Dye 


(Continued) 


6570  Preparation  and  microwave  characterization  of  spherical  and  monodisperse 
CozoNiso  particles 

6573  Coercivity  of  Fe-Si02  nanocomposite  materials  prepared  by  ball  milling 

6576  Nuclear  magnetic  resonance  study  of  the  magnetic  behavior  of  ultrafine 
Co  clusters  in  zeolite  NaY 

6579  Perfluorocyclobutane  containing  aromatic  ether  polymers  as  planarization 
materials  for  alternative  magnetic  media  substrates 

6582  Anomalous  perpendicular  rnagnetoanisotropy  in  Mn4N  films  on  Si(IOO) 

6585  Formation  kinetics  of  polycrystalline  EUg  ;,Ce,Cu04  y  obtained  from  a 
sol-gel  precursor 

6588  Thermal  decay  of  N  coupled  particles 

6591  Influence  of  size  and  magnetocrystalline  anisotropy  on  spin  canting 
anomaly  in  fine  ferrimagnetic  particles 

6594  Magnetic  properties  of  nanometer-sized  Fe4N  compound  (abstract) 


G.  Viau,  F.  Ravel.  O.  Acher,  F. 
Fievet-Vincent,  F.  Fievet 

Anit  K.  Giri,  C.  do  Julian,  J.  M. 
Gonzalez 

Y.  D.  Zhang,  W.  A.  Hines,  J.  1. 
Budnick,  Z.  Zhang,  W.  M.  H. 
Sachtler 

Donald  J.  Perettie,  Jack  Judy,  Qixu 
Chen,  Rick  Keirstead 

K.  M.  Ching,  W.  D.  Chang,  T,  S. 
Chin,  J.  G.  Duh,  H.  C.  Ku 

P.  A.  Suzuki,  R.  F.  Jardim,  S, 

Gama 

Ivo  Klik,  Ching-Ray  Chang, 
Jyh-Shinn  Yang 

D.  H.  Han,  J.  R  Wang,  Y.  B.  Feng, 

H.  L.  Luo 

Y,  B.  Feng 


Giant  Magnetoresistance 

6595  Theory  of  the  negative  magnetoresistance  of  ferromagnetic-normal 
metallic  multilayers  (invited) 

6601  Giant  magnetoresistance  in  Co/Cu  multilayers  after  annealing 
6604  Magnetoresistance  and  magnetization  oscillations  in  Fe/Cr/Fe  trilayers 


6607  Structural  and  magnetic  properties  of  Co/Ag  multilayers 

6610  Magnetic  states  of  magnetic  multilayers  at  different  fields 

6613  Investigation  ol  the  magnetic  structures  In  giant  magnetoresistive  multilayer 
films  by  electron  microscopy 

6616  Distribution  of  current  in  spin  valves  (abstract) 

6616  A  coniparlsion  of  the  giant  magnetoresistance  and  anisotropic 
magnetoresistance  in  Co/Cu  sandwich  films  (abstract) 

6617  Enhanced  magnetoresistance  in  chromium  doped  Fe/Cr  multilayers 
(abstract) 

661 7  Low  field  giant  magnetoresistance  and  oscillatory  interlayer  exchange 
coupling  in  polycrystailine  and  (lll)-oiiented  permalloy/Au  multilayers 
(abstract) 

6618  Giant  magnetoresistance  at  low  fields  in  [(Ni^Fe,  .x)yAgi  y]/Ag  multilayers 
prepared  by  molecular  beam  epitaxy  ^abstract) 

6619  Effects  of  domains  on  magnetoresistance  (abstract) 


L.  M.  Falicov,  Randolph  Q,  Hood 

T  R.  McGuire,  J.  M.  Harper,  C. 
Cabral,  Jr.,  T.  S.  Plaskett 

R.  Schad,  C.  D.  Potter,  P.  Belien, 

G.  Verbanck,  V.  V.  Moshchalkov,  Y. 
Bruynseraede,  M.  Schafer,  R. 
Schafer,  P.  Grunberg 

E.  A.  M.  van  Alphen,  P.  A.  A.  van 
Heljden,  W.  J.  M,  de  Jonge 

P.  A.  Schroeder,  S.-F,  Lee,  P. 
Holody,  R.  Loloee,  Q.  Yang  W.  P. 
Pratt,  Jr,,  J,  Bass 

L.  J.  Heyderman,  J.  N.  Chapman, 

3.  S.  P  Parkin 

Bruce  A.  Gurney,  Virgil  S.  Speriosu, 
Harry  Lefakis,  Dennis  R.  Wllhoit 

B.  H.  Miller,  E,  Youjun  Chen,  Mark 
Tondra,  E.  Dan  Dahlberg 

Noa  M.  Rensing,  Bruce  M.  Clemens 

S.  S.  P.  Parkin,  T.  A.  Rabedeau, 

H,  F.  C.  Farrow,  R.  Marks 

R,  F.  C,  Farrow,  R,  F.  Marks,  A. 
Cebollada,  M.  F.  Toney,  D, 
Dobbertin,  R.  Boyers,  S.  S.  P. 
Parkin,  T,  A.  Rabedeau 

Shufeng  Zhang,  Peter  M.  Levy 


Fe^eNg:  Giant  Moment  or  Not  (Panel  Discussion) 

6620  The  synthesis,  structure,  and  characterization  of  «"-Fe,gN2  (invited) 

6626  Magnetism  of  o"-Pei6N2  (invited) 

6632  The  magnetization  of  bulk  (/'Fe^eNg  (invited) 


K.  H.  Jack 

Robert  M.  Metzger,  Xiaohua  Bao, 
Massimo  Carbucicchio 

J.  M.  D.  Coey 


(Continued) 


6637  Magnetic  and  Mossbauer  studios  of  single-crystal  Fei6N2  and  Fe-N 
martensite  films  epitaxially  grown  by  molecular  beam  epitaxy  (invited) 

6642  Magnetic  moment  of  a  "-Fei6N2  films  (invited) 


6648  Enhanced  Fe  moment  in  nitrogen  martensite  and  Fe,6N2  (invited) 

6653  Enhancement  of  the  formation  of  Fe,6N2  on  Fe  films  by  Co  additions 
(invited) 

Preparation  and  Physics  of  Artificially  Structured  Magnets 

6656  Properties  and  measurement  of  scanning  tunneling  microscope  fabricated 
ferromagnetic  particle  arrays  (invited) 

6661  Magnetic  properties  of  amorphous  nanocolumns  created  by  heavy  ion 
irradiation  of  paramagnetic  YC02  thin  films  (invited) 

6667  Magnetic  wire  and  box  arrays  (invited) 


6671  Ferromagnetic  filaments  fah.lcation  in  porous  SI  matrix  (invited) 


6673  Single-domain  magnetic  pillar  array  of  35  nm  diameter  and  65  Gbits/in.^ 
density  for  ultrahigh  density  quantum  magnetic  storage 

6676  Magnetic  properties  of  nanostructured  thin  films  of  transition  metal 
obtained  by  low  energy  cluster  beam  deposition 


6679  Size  effects  on  switching  field  of  Isolated  and  interactive  arrays  of  nanoscale 
single-domain  Nl  bars  fabricated  using  electron-beam  nanollthograohy 

Itinerant  Magnetlem  and  Electronic  Structure  I 

6682  Itinerant  electron  metamagnatlsm  and  related  phenomena  in  Co-based 
intermetalllc  compounds  (invited) 

6688  Local  and  nonlocal  density  functional  studies  of  FeCr 

6691  Temperature-dependent  electronic  structure  and  ferromagnetism  of  bcc 
Iron 

6694  Theory  for  itinerant  electrons  in  noncolllnear  and  incommensurate 
structured  magnets  (Invited) 

6700  Verwey  transition  in  magnetite;  Mean-field  solution  of  the  three-band 
model 

6703  Wannier  states  in  magnetite 

6705  Orbital  ordering  and  magneto-optical  effects  in  CeSb 


Yutaka  Sugita,  Hiromasa  Takahashi, 
Matahiro  Komuro,  Katsuya 
Mitsuoka,  Akimasa  Sakuma 

Migaku  Takahashi.  H.  Shoji,  H. 
Takahashi,  H.  Nashi,  T.  Wakiyama, 
M.  Doi,  M,  Matsui 

W.  E.  Wallace,  M.  Q,  Huang 

Yoshiharu  Inoue,  Shigeto 
Takebayashi,  Toshio  Mukai 


A.  D.  Kent,  S.  von  Molnar,  S. 

Gider,  D.  D.  Awschalom 

D.  Givord,  J.  P.  Nozieres,  M. 
Ghidini,  B,  Gervais,  Y.  Otani 

Atsushi  Maeda,  Minoru  Kumo, 
Takashi  Ogura,  Kazuhiko  Kuroki, 
Takashi  Yamada,  Madoka 
Nishikawa,  Yasoo  Harada 

Sergey  A,  Gusev,  Natalia  A. 
Korotkova,  Dmitry  B.  Rozenstein, 
Andrey  A.  Fraerman 

Stephen  Y.  Chou,  Mark  S.  Wei, 
Peter  R.  Krauss,  Paul  B.  Fischer 

V.  Dupuis,  J.  P.  Perez,  J.  Tuaillon, 
V.  Paillard,  P.  Mellnon,  A,  Perez,  B, 
Barbara,  L.  Thomas,  S.  Fayeulle, 

J.  M.  Gay 

Mark  S.  Wei,  Stephen  Y.  Chou 


T,  Goto,  H.  Aruga  Katorl,  T. 
Sakaklbara,  H.  MItamura,  K. 
Fukamlchl,  K.  Murata 

David  J.  Singh 
W.  Nolting,  A.  Vega 

J.  Kublor,  L  M.  Sandratskii,  M.  Uhl 
S.  K.  Mishra,  Z.  Zhang,  S.  Satpathy 

Trao  Her,  Carel  Boekema 

V.  P.  Antropov,  B.  N.  Harmon,  A.  I. 
Liechtenstein 


Hard  Magnets  I 

6708  Magnetic  properties  of  Sm2(F0,V)i7Ny  coarse  powder 

6711  Mossbauer  study  of  R2Fe,7C,  (R=Tb,Dy)  as-quenched  intermetallics 
compounds 


Shunji  Suzuki,  Shlnya  Suzuki, 
Masahito  Kawasaki 

Hua-Yang  Ciong,  Bao-Gon  Shen, 
Lin-Shu  Kong,  Lei  Cao,  Wen-Shan 
Zhan,  Zhao-Hua  Cheng,  Fang-Wei 
Wang 


(Continued) 


6714  Magnetic  properties  of  Tm2Fe,7C;f  (0=sx«2.8)  compounds  prepared  by 
melt  spinning 


6717  Kerr  microscopy  observation  of  carbon  diffusion  profiles  in  SmjFev.C;, 


6720  Neutron-diffraction  study  on  the  structure  of  Nd{TiFe)i2N^  and 
Nd(TiFeCo)i2Nx  alloys 


6722  Synthesis  and  magnetic  properties  of  PrF6i2_xM0;,  and  PrFei2_xMOxNy 
(0.5«x=s1.o,  y~1) 

6725  Study  of  permanent  magnetic  properties  of  the  1-12  nitrides  with  Nd  and 
Pr 


6728  Structurai  and  magnetic  properties  of  Ce(Fe,M))2Nx  interstitial  compounds, 
M=T1,  V,  Cr,  and  Mo 

6731  Neutron-diffraction  and  Mossbauer  effect  study  of  the  Tb2Fei7_xAlx  solid 
solutions 


6734  Structure  and  magnetic  anisotropy  of  Sm2Fei /.^AIxC  (x =2-8)  compounds 
prepared  by  arc  melting 


6737  Uniaxial  magnetic  anisotropy  in  Fe-rich  2:17  compounds  with  sp 
substitutions 

6740  Magnetic  properties  of  R2Fe,7_yGa,f  compounds  (R=Y,  Ho) 


6743  Magnetic  properties  of  Sm2(Fei  _yGay)i7  (x=0-0.5)  compounds  and  their 
nitrides 

6746  Structure  and  magnetic  properties  of  arc-molted  Sm2(F0,  ..,Co,)mGa3C2 
compounds 


6749  Neutron  diffraction  and  Mossbauer  effect  study  of  the  structure  of 
DySi^Fo,!  .^(CoN  alloys 


6751  A  full  electron  LMTO-ASA  study  of  electronic  band  structure  and  magnetic 
properties  for  RFe(,TiN;,  (R  =  Y,  Nd,  Sm;  x=0,1) 

6754  Magnetic  properties  and  molecular  field  theory  analysis  of  RFoioMo2 
alloys 

6757  Magnetic  alignment  in  powder  magnet  processing 


Bao-Gen  Shen,  Lin-Shu  Kong,  Lei 
Cao,  Hua-Yang  Gong,  Fang-Wei 
Wang,  Zhao-Hua  Cheng,  Jian-Gao 
Zhao 

J.  Zawad.  ki,  P.  A.  P.  Wendhausen, 
B.  Gebel,  A.  Handstein,  D.  Eckert, 

K. -H.  Mulier 

Shu-Ming  Pan,  Hong  Chen, 
Zu-Xiong  Xu,  Ru-Zhang  Ma,  Ji-Lian 
Yang,  Bai-Sheng  Zhang,  De-Yan 
Xue,  Qiang  Ni 

O.  Kaiogirou,  V.  Psycharis,  L. 
Saettas,  D.  Niarchos 

Ying-Chang  Yang,  Qi  Pan,  Ben-Pai 
Cheng,  Xiao-Dong  Zhang,  Zun-Xiao 
Liu,  Yun-Xi  Sun,  Sen-Ling  Ge 

QI  Pan,  Zun-Xiao  Liu,  Ying-Chang 
Yang 

G,  K,  Marasinghe,  S.  Mishra,  0,  A. 
Pringle,  Gary  J.  Long,  Z.  Hu,  W,  B, 
Yelon,  F.  Grandjean,  D.  P, 
Middleton,  K,  H.  J.  Buschow 

Zhao-Hua  Cheng,  Bao-Gen  Shen, 
Jun-XIan  Zhang,  Fang-Wei  Wang, 
Hua-Yang  Gong,  Wen-Shan  Zhan, 
Jian-Gao  Zhao 

R.  A.  Dunlap,  Z.  Wang,  M.  Foldeaki 

J.  L,  Wang,  R,  W,  Zhao,  N.  Tang, 

W,  Z,  Li,  Y,  H.  Gao,  F,  M,  Yang, 

F,  R.  de  Boer 

W,-Z.  Li,  N.  Tang,  J.-L.  Wang, 
Fuming  Yang,  Y.  W,  Zeng,  J.  J, 

Zhu,  F,  R.  de  Boer 

Bao  gon  Shen,  LIn-shu  Kong, 
Fang-wei  Wang,  Lei  Cao,  Bing 
Liang,  Zhao-hua  Cheng,  Hua-yang 
Gong,  Hui-qun  Guo,  Wen-shan 
Zhan 

Shu-ming  Pan,  Hong  Chen,  Den-ke 
Liu,  Zu-xIong  Xu,  Ru-zhang  Ma, 
Ji-lian  Yang,  Bai-sheng  Zhang, 
De-yan  Xue,  QIaiig  Ni 

W.  Y,  Hu,  J.  Z,  Zhang,  Q.  Q. 

Zheng,  C.  Y.  Pan 

Xle  Xu,  S.  A.  Shaheen 

S.  Liu 


6760  Sputter  synthesis  of  TbCu7  typo  Sm(CoFeCuZr)  films  with  controlled  easy 
axis  orientation 

6763  Metastable  Nd2(Fei  -.xCO;,)23B3  (0<x*:1 .0)  compounds  with  the  2:23:3-typo 
structure 


6766  Magnetic  properties  of  (Ndo,gRo.i)5Fe,7  with  R  =  Sm,  Gd,  and  Y 


H.  Hegde,  P.  Samarasekara,  R. 
Rani,  A.  Navarathna,  K.  Tracy,  F.  J. 
Cadleu 

Bao-gen  Shen,  Bo  Zhang,  Fang-wei 
Wang,  Jun-xIan  Zhang,  Bing  Liang, 
Wen-shan  Zhan,  Hui-qun  Guo, 
Jian-gao  Zhao 

Cong-Xiao  Liu,  Yun-Xi  Sun, 
Zun-Xiao  Liu,  Chin  Lin 


(Continuod) 


Fang  Ruiyi,  Fang  Qingqing,  Zhang 
Sheng,  Peng  Chubing,  Dai 
Daosheng 


6769  New  permanent  magnetic  MnBiDy  alioy  films 


Symposium  on  Neutron  Scattering  Studies  of  Vortex  Structures  in  Superconductors 


6772  Neutron  scattering  studies  of  the  vortex  lattice  in  niobium  and  9t123 
superconductors  (invited) 

6778  Vortex  structures  in  YBa2Cu307  (invited) 

6784  Small-angle  neutron  scattering  study  of  the  flux-line  lattice  in  a  single 
crystal  of  Big.isSr,  ajCaGujOe ,  *  (invited) 


6788  Neutron  diffraction  from  the  vortex  lattice  in  the  heavy  fermion 
superconductor  UFttg  (invited)  (abstract) 


6789  Small  angle  neutron  scattering  from  the  vortox  lattice  in  2H-NbSe2 
(invited)  (abstract) 


N.  Rosov,  J.  W.  Lynn,  T.  E. 

Grigereit 

B.  Keimer,  J,  W.  Lynn,  R.  W.  Erwin, 
F.  Dogan,  W.  Y.  Shih,  I.  A.  Aksay 

M,  Yethiraj,  H.  A.  Mook,  E,  M. 
Forgan,  R.  Cubitt,  M.  T.  Wylie, 

D.  M.  Paul,  S.  L.  Lee,  J,  Ricketts, 

P.  H.  Kes,  K.  Mortensen 

R.  N.  Kleiman,  G.  Aeppli,  D.  J. 
Bishop.  C,  Broholm,  E.  Bucher,  N. 
Stuohelli,  U.  Yaron,  K.  N.  Clausen, 

B.  Howard,  K,  Mortensen,  J.  S. 
Pedersen 

P.  L.  Gammel,  U.  Yaron,  D.  A. 
Huse,  R.  N.  Kleiman,  B.  Batlogg, 

C.  S.  Oglesby,  E,  Buchei’,  D,  J. 
Bishop,  T.  E.  Mason,  K.  Mortensen 


Giant  Magnetorealstance  in  Granular  Magnetic  Systems 

6790  Giant  magnetoresistance  in  sputtered  Cr-Fe  heterogeneous  alloy  films 

6793  Origin  of  giant  magnetoresistance  effect  in  granular  thin  films 

6796  Evolution  of  structure  and  magnetoresistance  in  granular  Ni(Fe,Co)/Ag 
multilayers:  Dependence  on  magnetic  layer  thickness 

6799  Magnetoresistance  in  (Fe-Co)/Ag  films 

6802  Interaction  effects  and  magnetic  ordering  in  GMR  alloys 

6805  Magnetic  structure  of  the  spin  valve  interface 

6808  Theory  of  transport  in  inhomogeneous  systems  and  application  to  magnetic 
multilayer  systems 

6811  The  effect  of  interactions  on  GMR  in  granular  solids 

6814  Giant  magnetoresistance  in  spinodaliy  decomposed  Cu-Ni-  Fe  films 

6317  Relaxation  of  magnetoresistance  and  magnetization  in  granular  CuaoCo,o 
obtained  from  rapidly  quenched  ribbons 

6820  Magnetic  and  magnetotransport  properties  of  granular  CUesFOts  prepared 
by  mechanical  alloying 

6823  Granular  giant  magnetoresistive  materials  and  their  ferromagnetic 
resonances  (abstract) 

6824  Magnetoresistance  of  granular  Cu-(Co,Fe)  and  Cu-Co-B  (abstract) 


K.  Takanashi,  T.  Sugawara,  K. 
Hono,  H.  Fujimori 

Atsushi  Maeda,  Minoru  Kume, 
Satoru  Oikawa,  Kazuhiko  KurokI 

X,  Bian,  X.  Meng,  J.  O. 
Strom-Olsen,  Z.  Altounlan,  W.  B, 
Muir,  M.  Sutton,  R.  W.  Cochrane 

A.  Tsoukatos,  D,  V.  Dimitrov,  A.  S. 
Murthy,  G.  C.  Hadjipanayls 

S.  J,  Greaves,  M.  El-Hilo,  K, 
O’Grady,  M,  Watson 

D.  M,  C.  Nicholson,  W.  H.  Butler, 
X.-G,  Zhang,  J.  M.  MacLaren,  B.  A. 
Gurney,  V.  S.  Speriosu 

W.  H.  Butler,  X,-Q.  Zhang,  D.  M,  C. 
Nicholson,  J.  M.  MacLaren 

M.  El-Hilo,  K.  O'Grady.  R.  W. 
Chantrell 

I..  H.  Chen,  S.  Jin,  T.  H.  TIefel, 

T  C.  Wu 

P.  Allia,  C.  Beatrice,  M.  Knobel,  P. 
Tlberto,  F.  VInai 

Siddharih  S.  Saxena,  Jinke  Tang, 
Young -Sook  Lee,  Charles  J. 
O'Connor 

M.  Rubinstein,  B.  N.  Das,  N.  C. 
Koon,  D.  B.  Chrisey,  J.  Horwitz 

R.  V.  Helmolt,  J.  Wecker,  K. 
Samwer 


Hard  Magnets  II 

6825  Evolution  of  recombination  In  a  solid  HDDR  processed  Nd,4Fe>gB7  alloy  N.  Martinez,  D.  G.  R.  Jones,  O. 

Gutfleisch,  D.  Lavielle,  D.  Pere, 
I.  R.  Harris 


(Continued) 


6828  Effects  of  HDDR  treatment  conditions  on  magnetic  properties  of  Nd-Fe-B 
anisotropic  powders 

6831  The  use  of  poiytetrafluoroethyiene  in  the  production  of  high-density 
bonded  Nd-Fe-B  magnets 

6834  Evidence  of  domain-wall  pinning  in  W-doped  (NdDy)(FeCo)B  sintered 
magnets 

6837  Magnetic  properties  of  rare-earth  compounds  of  the  flCoioMo2  type 

C.340  Magnetic  hardening  by  crystallization  of  amorphous  precursors  using  very 
high  heating  rates 

684S  Magnetic  phase  diagrams  of  YCo4B-based  components 

6646  A  systematic  study  on  stability  of  flux  in  Nd-Fe-B  magnets  consolidated  by 
direct  joule  heating 

6849  Studies  of  Mossbauer  spectrum  on  Sm2(Fe,Ga),7Ci,5  alloy 

6851  Low-temperature  behavior  of  thermopower  in  rare-earth  iron  borides 
(ft=Nd,  Sm,  Gd,  Tb,  Dy,  Ho,  Er) 

6853  Effects  of  field  orientation  on  field  uniformity  In  permanent  magnet 
structures 

6856  Lightweight,  distortion-free  acceso  to  interiors  of  strong  magnetic  field 
sources 

6859  Laminar  construction  of  spheroidal  field  sources  with  distortion-free 
access 

6862  Effect  of  magnetization  profiles  on  the  torque  of  magnetic  coupling 

6865  A  magnetic  coupling  without  parasitic  force  for  measuring  devices 

6868  Accurate  determination  of  permanent  magnet  motor  parameters  by  digital 
torque  angle  measurement 

6871  A  three-material  passive  dl/dt  limiter 

6874  An  extended  magnet  In  a  passive  dl/dt  limiter 

6877  Effects  of  additives  on  magnetic  properties  of  sheet  Sr-Ba  ferrite  magnets 


Spin  Waves  and  Other  Excitations 

6880  Critical  scattering  of  electromagnetic  waves  on  spin  fluctuations  in 
nonsaturated  magnetic  films  under  acoustic  pump 

6883  Light  scattering  from  spin  waves  In  MnFj 

6886  Controlling  high  frequency  chaos  in  circular  YIG  films 

6889  Study  of  spin  wave  resonance  in  a  superconductor  with  paramagnetic 
impurities 

6892  Two-magnon  absorption  in  Nd2Cu04 


H,  Nakamura,  R.  Suefuji,  S. 
Sugimoto,  M.  Okada,  M.  Homma 

C.  Tattam,  A.  J.  Williams,  J.  N. 

Hay,  I.  R.  Harris,  S.  F.  Tedstone, 

M.  M.  Ashraf 

T,  Y.  Chu,  T,  S.  Chin,  C.  H.  Lin, 

J,  M,  Yao 

D.  C.  Zeng,  N.  Tang,  T,  Zhao,  Z.  G, 
Zhao,  K,  H.  J.  Buschow,  F.  R.  de 
Boer 

C.  de  Julian,  J.  M.  Gonzalez,  C. 
Moion 

Z.  G.  Zhao,  R.  de  Boer,  K.  H,  J. 
Buschow,  Y.  P.  Ge,  J.  Y.  Wang 

H.  Fukunaga,  H.  Tomita,  M.  Wada, 
F,  Yamashita,  T,  Toshlmura 

Hong  Chen,  Zu-xiong  Xu,  Ru-zhang 
Ma,  Shu-ming  Pan,  Bao-gen  Shen, 
De-yan  Xue,  Qiang  Ni 

R,  P,  Pinto,  M.  E.  Braga,  M.  M. 
Amado,  J.  B,  Sousa,  K,  H,  J. 
Buschow 

J.  H,  Jensen,  M.  G.  Abele 

H.  A.  Leopold,  E.  PoteiizianI,  II, 

A.  S.  Tilak 

H.  A.  Leopold,  A,  S.  Tilak,  E, 
Potenziani,  II 

Der-Ray  Huang,  Gwo-Ji  Chiou, 
Yeong-Der  Yao,  Shyh-Jier  Wang 

Jean-Paul  Yonnot,  Jerome 
Oelamare 

M.  A.  Rahman,  Ping  Zhou 

S.  J,  Young,  F.  P,  Dawson,  A, 
Konrad 

S.  J.  Young,  F.  P.  Dawson,  A. 
Konrad 

Young  Jei  Oh,  In  Bo  Shim, 

Hyung  Jin  Jung,  Jae  Yun  Park, 
Seung  lei  Park,  Young  Rang  Um, 
Young  Jong  Lee,  Seung  Wha  Lee, 
Chul  Sung  Kim 


I.  E.  Dikshtein,  R.  G.  Kryshtal,  A.  V. 
Medved 

M,  G.  Cottam,  V,  P.  Gnezdilov, 

H.  J.  Labbe,  D.  J,  Lockwood 

D.  W.  Peterman,  M.  Ye,  P.  E. 

Wigen 

I.  A.  Garifullin,  Yu.  V,  Goryunov, 

G.  G,  Khaliullin 

V,  L  Soboiev,  Yu.  Q.  Pashkevich, 

H.  L.  Huang,  I.  M.  Vitebskii,  V.  A. 
Blinkin 


(Continued) 


6895  Surface  precession  soiitons  (surface  "Magnetic  drops")  in  uniaxial 
magnetics  (abstract) 

6895  Nonlinear  self-localized  surface  spin  waves  in  ferromagnets  (abstract) 

6896  Spin  wave  dispersion  in  ferromagnetic  nickel  (abstract) 

6897  Ferromagnetic  resonance  and  BriHouin  light  scattering  from  epitaxial 
Fe,Sii  films  on  31(111)  (abs*”act) 

Hyparfine  Field,  Mbssbauer  Effect,  and  NMR 

6898  Nuclear  secondary  echo  in  ferromagnets  caused  by  quadrupole  and  Suhl- 
Nakamura  interactions 

6900  A  Mbssbauer  effect  study  on  the  acicular  cobalt  ferrite  particles 

6903  X-ray  photoelectron  spectroscopy  and  Mbssbauer  study  of  Ho(Fe,  ^Mnjg 
compounds 

6906  Hyperfine  fields  of  mercury  in  single-crystalline  cobalt 

6909  Simulation  of  nuclear  magnetic  resonance  spin  echoes  using  the  Bloch 
equation:  Influence  of  magnetic  field  inhomogeneities 

691 2  Correlation  of  magneto-volume  effects  and  local  properties  of  the 
FegTl-laves  phase  (abstract) 

Symposium  on  Giant  Magnetoresistanca  In  Compounds 

6913  Giant  magnetoresistance  effects  in  Intermetallic  compounds  (invited) 

6919  Giant  magnetoresistance  related  transport  properties  in  multilayers  and 
bulk  materials  (Invited) 

6925  Intrinsic  giant  magnetoresistance  of  mixed  valence  La-A-Mn  oxide 
(A=Ca,Sr,Ba)  (invited) 

6929  Colossal  magnetoresistance  in  l.a-Ca-Mn-0  ferromagnetic  thin  films 
(Invited) 

6934  Giant  magnetoresistance  in  (-electron  systems  (Invited)  (abstract) 

Superconductivity  I 

6935  Theory  of  spin  dynamics  in  the  metallic  cuprates  (invited) 

6941  Hydrostatic  pressure  on  NgBagCaCugOg ,  ^  and  HgBagCagCujOa . 

6944  Magnetoconductivity  of  BijSrgCat  ^Y^GujOn ,  ,s  in  fluctuation  regime 

6947  Straightened  voltage  effect  in  high-Tc  superconductors 

6950  Long-time  magnetic  relaxation  measurements  on  a  quench  melt  growth 
YBCO  superconductor 

6953  Surface  barriers  and  two-dimensional-collective  pinning  in  single  crystal 
Nd,,e5CeQi5Cu04_  ,5  superconductors 

6956  On  vector  generalization  of  the  critical  state  model  for  superconducting 
hysteresis 

6959  Proximity  effect  in  MBE-grown  superconducting/spin-glass  multilayers 


Yurij  Bespyatykh,  Igor  Dikshtein, 
Sergey  Nikitov 

Alan  Boardman,  Yurij  Bespyatykh, 
Igor  Dikshtein,  Sergey  Nikitov 

J,  M.  Rejcek,  J.  L.  Fry,  N.  G. 
Fazleev 

M.  Mendik,  Z,  Frait,  H.  von  Kanel, 

N.  Onda 


V.  I.  Tsifrinovich 


J.  Q.  Na,  D,  H.  Han,  J.  G.  Zhao, 

H.  L.  Luo 

Y.  J.  Tang,  Y.  B.  Feng,  H.  L.  Luo, 
S.  M.  Pan 

J.  G.  Marques,  J.  G.  Correia,  A.  A. 
Melo,  J.  C.  Soares,  E.  Alves,  M,  F, 
da  Silva 

J.  A.  Nyenhuis,  0.  P.  Yee 
J.  Pelloth,  R.  A.  Brand,  W.  Keune 


V,  Sechovsky,  L.  Havela,  K. 

Prokes,  H.  Nakotte,  F.  R.  de  Boer, 
E.  Bruck 

H,  Sato,  H.  Henml,  Y.  KobayashI, 

Y.  AokI,  H.  Yamamoto,  T.  Shinjo,  V. 
Sechovsky 

R.  von  Helmolt,  J.  Wecker,  K. 
Samwer,  L,  Haupt,  K,  Barner 

S.  Jin,  M.  McCormack,  T.  H.  llefel, 
R,  Ramosh 

Tadao  Kasuya,  TakashI  Suzuki 


Qlmlao  Si,  Yuyao  Zha,  K.  Levin 

F,  Chen,  L.  Gao,  R.  L.  Meng,  Y,  Y. 
Xue,  C.  W.  Chu 

C.  P.  Dhard,  S.  N,  Bhatia, 

P,  V.  P.  S.  S.  Sastry,  J,  V.  Yakhmi, 

A,  K.  Nlgam 

A.  Grishin,  J.  NIska,  B.  Loberg,  H. 
Weber 

L.  H.  Bennett,  L.  J.  Swartzendruber, 

M.  J.  Turchinskaya,  J.  E,  Blendell, 

J,  M.  Habib,  H.  M.  Seyoum 

F.  Zuo,  S.  Khizroev,  Xiuguang 
Jiang,  J,  L.  Peng,  R.  L,  Greene 

I.  D.  Mayergoyz 

Carlos  W.  Wilks,  Brad  N.  Engel, 
Charles  M,  Falco 


(Conlinued) 


6962  Heterodyne  microwave  mixing  in  a  superconducting  YBa2Cu307^x 

coplanar  waveguide  circuit  containing  a  singie  engineereo  grain  boundary 
junction 

6965  Superconducting  YBagCusOy.^A'^BaaOg  muitiiayers:  Field  independent 
criticai  current  and  dimensionai  crossover  (abstract) 

6965  Schematic  frictional  model  for  interacting  vortices  in  an  isotropic 
superconducting  plate  (abstract) 

Magnetic  Multilayer  Coupling  II 

6966  Spin-polarized  photoemission  from  quantum  well  and  interface  states 
(invited) 

6972  Recent  progress  in  the  theory  of  interlayer  exchange  coupling  (invited) 

6977  Exchange  anisotropy  in  films,  and  the  problem  of  inverted  hysteresis 
loops 

6980  Ruderman-Kittel-Kasuya  -Yosida  polarizations  in  inhomogeneous  media 

6983  Spin  reversal  in  Co/Au(111)/Co  trilayers 

6986  Effect  of  coupling  on  magnetic  properties  of  uniaxial  anisotropy  NiFeCo/ 
TaN/NiFoCo  sandwich  thin  films 

6989  Antiferromagnetic  versus  ferromagnetic  coupling  in  Fe/G.(1C7)  and  Cr/ 
Fe(107) 

6992  Influence  of  Cr  gra\wth  on  exchange  coupling  in  Fe/Cr/Fe(100)  (invited) 
(abstract) 

6993  Exchange  magnetic  coupling  through  nonmagnetic  insulator  spacers 
(abstract) 

Magnetoatriction  I 
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High  field  magnetization  measurements  of  Sm2Fei7,  Sm2Fei7Cx, 
and  Sm2Fei7CxH5__^ 
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K.  H.  J.  Buschow 

Philips  Research  Laboratories,  P.O.  Box  80000,  5600  JA  Eindhoven,  The  Netherlands 

The  magnetic  properties  of  ferromagnetic  compounds  of  Sm2Fei7,  Sm2Fe|7C(,(„  and 
Sm2Fe|7Co5H4  4  were  investigated.  Sm2Fci7  nitrides,  carbides,  and  carbohydrides  are  suitable  for 
making  high  performance  permanent  magnets.  The  high  field  magnetization  measurements 
performed  up  to  200  kCe  in  continuous  fields  are  reported.  In  this  article,  the  isothermal 
magnetization  curves  measured  between  2  and  309  K  on  powder  samples  embedded  in  a  resin  and 
then  aligned  under  a  magnetic  field  of  about  10  kOe  in  order  to  get  oriented  samples  are  presented. 
The  magnetic  anisotropy  constants  K^  and  Kj  are  determined  taking  into  account  the  angular 
distribution  of  the  grains  axis.  The  results  are  discussed  in  light  of  previously  rr  ported  data  and  then 
the  effects  of  C  or  H  on  the  Sm  contribution  to  the  anisotropy  is  compared  to  that  of  N.  It  is  shown 
that  carbon  and  hydrogen  have  opposite  influence  on.  the  Sm  anisotropy  and  it  is  suggested  that  a 
wide  range  of  magnetic  anisotropy  can  be  obtained  depending  on  the  H  and  C  content,  The  influence 
of  both  interstitial  elements  H  and  C  on  magnetic  features  such  as  the  Curie  temperature  and  the 
saturation  magnetization  is  analyzed. 


The  search  for  new  hard  permanent  magnet  materials  has 
recently  concentrated  on  the  ternary  carbides  and  nitrides 
R2Fei7C_^  and  R2Fei7N_j..  The  crystallographic  and  magnetic 
properties  of  the  R2Fe|7  compounds  have  been  known  for 
many  years’ "•’  and  in  a  recent  article  we  have  reported  in 
detail  on  the  nragnetlc  properties'’  of  Sm2Fe|7N3, 
Sm2Fe]7D5,  and  Pr2Fei7N3  Following  our  previous  high 
field  magnetization,  we  will  concentrate  in  this  article  on  the 
properties  of  Sm2Fei7Cj.  and  Sm2Fei7C,H<i^^  compounds. 

Samples  of  Sm2Fe]7  were  prepared  by  induction  melting 
in  cold  crucible  under  argon  atmosphere,  whereas 
Sm2Fei7Cof,  has  been  obtained  by  arc  furnace.  The  samples 
were  found  to  be  mainly  single  phase  with  small  traces  of 
iron  in  the  case  of  Sm2Fei7Cj. .  The  x-ray  patterns  of  the 
rhombohedral  compounds  were  indexed  using  the  hexagonal 
multiple  cell.  Hydrogenation  was  performed  in  a  stainless 
steel  autoclave  under  hydrogen  gas  pressure  of  about  5  MPa 
leading  to  a  stable  hydride.  The  hydrogen  uptake  was  deter¬ 
mined  by  gravimetric  methods  and  confirmed  by  volumetric 
estimation.  The  accuracy  of  the  hydrogen  concentration  can 
be  evaluated  to  about  0.1  hydrogen  atom  per  formula  unit; 
The  Curie  temperature  was  determined  using  Faraday-type 
torque  balance. 

Magnetic  measurements  were  performed  using  an  auto¬ 
matic  system  provided  with  a  cryG.-,tat  associated  to  a  calo¬ 
rimeter  which  has  been  described  in  detail  elsewhere.”’  The 
magnetization  experiments  were  carried  out  in  a  continuous 


field  up  to  200  kOe  produced  by  a  water-cooled  Bitter  mag¬ 
net.  No  single  crystals  were  available  due  to  the  decrepita¬ 
tion  process  which  is  known  to  occur  when  hydrogen  is  in¬ 
serted  in  R2Fei7  compounds.’’’'’  All  the  samples  were  sieved 
down  to  a  particle  size  smaller  than  25  /rm.  Then  the  powder 
was  mixed  with  epoxy  lesin  and  subsequently  aligned  at 
room  temperature  using  an  orientation  field  of  typically  10 
kOe. 

The  crystal  structure  of  the  Sm2Fe|7  alloys  is  well  estab¬ 
lished;  its  crystal  symmetry  is  R-3/n  whose  lattice  param¬ 
eters  are  reported  in  Table  1.  De  Mooij  and  Buschow”  as  well 
as  Gucramian  and  co-workers'’  ’”  have  shown  that  R2Fei7Cj 
phases  can  be  obtained  from  a  R2Fe|4C  series  depending 
upon  the  heat  treatment.  R2Fe|7  carbides  correspond  to  the 
high  temperature  phase  and  R2Fet4C  correspond  to  the  low 
temperature  phases.  Helmholdt  c/a/.  ”  have  shown  using 


TABLE  I.  Siruetuial  data  ami  Curie  Icmpcralurc  of  Sm,F''e|7X,  compounds 
(X  =  H,  C,  N). 


T,  (K) 

u  (A) 

<-  (A) 

V  (A- ) 

(■/« 

Snnrc,, 

3S5 

8.554 

12.44,3 

788 

1 .4426 

Sm;I-C|-,H, 

565 

8.582 

1 2..5.5(l 

819 

1 .4455 

Sni2l-C|,N, 

155 

8.744 

1 2.658 

8.38 

1 .4476 

Sin7Fci7C’,u. 

4H5 

8.608 

12.46.3 

780 

1 ,4478 

SnijI'Ci7C  II  J 

5H?, 

H.6W 

1 2.565 

832 

1 .4444 
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FIG.  1.  RjI’Cp  crystal  structure;  large  and  small  circles  refer  to  rare  earth 
and  iron,  respectively.  Octahedral  and  tetrahedral  sites  arc  labeled  I  and  2, 
respectively. 


neutron  diffraction  experiments  that  carbon  atoms  are  ac¬ 
commodated  within  the  crystal  lattice  on  an  interstitial  site 
called  6c,  This  site  can  be  seen  as  a  pscudooctahedral  site 
with  two  rare-earth  and  four  iron  atoms  at  the  corners.  The 
exclusive  occupancy  of  this  6c  site  has  been  confirmed  by  a 
more  recent  work.** 

The  large  difference  in  radii  between  iron  and  rare-earth 
atoms  leads  to  large  interstitial  sites  which  are  often  used  in 
rare-earth  iron  intermetallic  compounds  to  insert  hydrogen. 
Since  hydrogen  is  significantly  smaller  than  C  or  N,  it  does 
not  only  go  to  the  octahedral  site  but  also  into  some  tetrahe¬ 
dral  sites  represented  in  Fig.  1.  The  location  of  hydrogen  or 
deuterium  in  the  R2F^<^17  ladice  has  been  shown  by  neutron 
diffraction'^’'^  and  is  discussed  in  detail  elsewhere.  All  these 
atoms  are  located  in  the  neighborhood  of  the  rare-earth  at¬ 
oms,  their  influence  on  the  crystal  electric  field  by  acting  on 
the  rare-earth  site  is  expected  to  be  important.  This  has  been 
confirmed  frequently  for  N  (Refs.  4,14-17)  and  sometimes 
for  C."*  The  influence  of  hydrogen  on  the  magnetic  features 
of  the  R^Fcp  compounds  has  attracted  less  attention  till 
now"'’^®  but  a  recent  study''  has  shown  that  the  influence  of 


hydrogen  on  the  rare-earth  anisotropy  is  opposite  to  that  of 
nitrogen.  Here  we  study  Sm2Fe,yQ.  and  SirijFcpCjHs^,.  in 
order  to  compare  the  influence  of  C  to  that  of  N  and  H. 
Insertion  of  H  in  a  RiFe;-/  carbide  is  expected  to  occur  in  the 
two  interstitial  sites:  (i)  the  remaining  octahedral  site  not 
occupied  by  C  atoms,  (il)  the  tetrahedral  site."'  These  as¬ 
sumptions  have  been  recently  confirmed  for  Th2Fe;7C^.HJ. 
and  RjFCiyC^.H^,  (R=Ce,Nd,Ho,...).""  No  neutron  diffraction 
determination  is  possible  on  such  phases  due  to  the  high 
absorption  cross  section  of  Sm  for  thermal  neutrons,""  nev¬ 
ertheless  Sm  compounds  are  expected  to  behave  as  others 
R2Fei7  compounds  do. 

Insertion  of  light  elements  (H,  C,  or  N)  in  Sm2Fei7  al¬ 
loys  induces  a  significarn  lattice  expansion.  It  is  worth  noting 
that  even  for  the  largest  interstitial  element,  C  or  N,  the  sym¬ 
metry  of  the  host  alloy  is  retained  in  the  interstitial  contain¬ 
ing  compound,  no  change  of  structure  is  observed  in  Sm 
compounds.  It  is  not  always  the  case  since  R2Fe,7  (R=Er, 
Tb,  Ho,  or  even  Y)  alloys  which  are  known  to  crystallize  in 
Pbylmmc  symmetry  are  observed  to  retain  their  rhombohe- 
dral  structure  for  high  carbon  content."''’"’’  As  expressed  by 
Table  I,  the  lattice  parameters  of  the  nitrided  compounds  are 
larger  than  that  of  other  interstitial  compounds.  Whatever  the 
interstitial  element  used,  the  increase  of  the  lattice  occurs 
mainly  in  the  basal  plain  (n,6)  of  the  hexagonal  cell,  the 
expansion  along  the  c  axis  being  less  pronounced.  The  vol¬ 
ume  expansion  per  interstitial  atom  deduced  from  Table  1  is 
in  close  agreement  with  previous  results"'  obtained  on 
Tli2Fe|7  compounds.  Insertion  of  hydrogen  induces  an  ex¬ 
pansion  of  about  2.3  AVatom  which  is  about  one-third  of  that 
induced  by  carbon  or  nitrogen. 

Re.suit.s  reported  in  Table  II  show  that  whatever  the  in¬ 
terstitial  element  used  the  saturation  magnetization  of  the 
ternaries  are  significantly  higher  than  that  of  the  Sm2Fei7 
comixrund.  In  spite  of  a  higher  content  in  interstitial  atoms, 
the  hydride  or  carbohydride  compounds  exhibit  a  lower  mag¬ 
netization  than  Sm2FC|7N3. 

Studying  several  SmjFepC^.  compounds  with  different 
carbon  contents  Grbssinger  el  al. have  shown  that  for  con¬ 
centrations  higher  than  a=0.5  the  magnetic  anisotropy  is 
uniaxial.  The  magnetization  curves  measured  for 
Sm2Fc|7C,)f,  (Fig.  2)  reveal  a  positive  value  of  K^  at  4.2  K 
thus  confirming  the  measurements  of  Grbssinger  et  al. and 
Ding  et  It  is  known  that  the  iron  sublattice  anisotropy  in 
R2Fe|7C^  compounds  remains  planar  whatever  the  iron 
content;""  the  uniaxial  character  of  the  Sm2Fei7C||(,  coin- 


TABLE  II.  Saturation  magnetization  and  anisotropy  constants  measured  for  the  Sm2Fe|7Xj.  conipoimds  (X~H, 
C,  N)  at  l)oth  4.2  and  300  K. 


4.2  K 

300  K 

Af, 

{M-iilfa) 

(MJ/mh 

(MJ/m-; 

M, 

^1 

(MJ/mh 

'<1 

(MJ/m') 

Snijl'c,, 

29.9 

-3.0±().4 

|/(:2l<0.1 

2f).3 

75  +  0.3 

|/C,|<0.05 

Sm2Fe|7H^ 

34.9 

-3.8±().25 

0.55  ±0.3 

31.5 

-2.80±0.2 

0,55  ±0.2 

Sm2FC|7N, 

40, -S 

10.8i().4 

-4.1  ±0.4 

37.8 

lll.4±().4 

••.5±1 

33,7 

2.0  +  0.25 

-0.2±0.2 

29.4 

1.25  ±0.20 

-0.4  ±0.2 

Sm2FC|7C,|„H4  4 

35.1 

-2.0  ±0.3 

-0.1  ±0.02 

32.2 

-2.0+0.25 

0.0710.0 
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FIG,  2.  Magiiclizatioii  curvc.sof  SmjFei^Q),,  iil  4.2  and  3(K)  K.  Iii.stl:  i/ll'  3.  Magnetization  curves  of  SmJ'e,7C||,,ll4  j  at  4.2  and  31)11  K.  Inset: 

extrapolation,  i/H'  extrapolation. 


pound  is  thus  due  to  the  contribution  of  Sm  which  over¬ 
comes  that  of  the  Fe  subiatlice.  The  insertion  of  only  0.6 
carbon  per  formula  unit  is  enough  to  change  tlie  sign  of  the 
Sm  anisotropy  from  easy  plane  in  Sm2Fe|7  to  easy  axis  in 
Sm2Fe|7C(|(,,  The  anisotropy  of  the  rare-earth  sublatticc  is  in 
this  structure  very  sensitive  to  the  interstitial  concentration. 
The  measurements  performed  on  Sm2Fei7Cof,H4  4  show  that 
addition  of  hydrogen  within  the  cry.stul  structure  leads  to  a 
huge  effect  on  the  magnetocrystalline  anisotropy  since  our 
measurements  reveal  u  change  of  the  sign  of  the  low  order 
parameter  /ifi  which  became  negative  in  Sm2Fe|7C(),f,H4  4 
(Fig.  3).  This  result  is  in  good  agreement  with  previous  ex¬ 
periments  on  Sin2Fei7ll5  compounds.  Nitrogen  or  carbon  in¬ 
sertion  have  opposite  effects,  '^‘'Gd  Mossbauer^’*'^'^’’'^  studies 
have  shown  that  the  major  effect  of  the  interstitial  elements 
is  to  modify  the  quadrupolar  interaction  on  the  rare-earth 
site.  The  modification  of  the  R  contribution  to  the  magnetic 
anisotropy  is  thus  due  to  the  change  of  the  CEF  acting  on  the 
rare-earth  site.  It  is  worth  noting  that  Sm2FC|7C(iy,H4  4  exhib¬ 
its  higher  values  than  Sm2Fe,7H5  confirming  that  the  role 
played  by  carbon  on  the  Sm  magnetic  anisotropy  is  opposite 
to  that  of  hydrogen.  It  is  thus  interesting  to  notice  that  de¬ 
pending  on  the  H  and  C  concentration,  a  large  range  of  the 
anisotropy  field  should  be  accessible  in  the  Sni2Fei7Q.Hj, 
system. 
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X-ray  structural  studies  of  nitrogen  diffusion  in  Dy2Fei7 

Er.  Girt,  Z.  Altounian,  X.  Chen,  Ming  Mao,  D.  H.  Ryan,  M.  Sutton,  and  J,  M.  Cadogan®' 

Centre  for  the  Physics  of  Materials,  Department  of  Physics,  McGill  University,  3000  University 
Street,  Montreal,  Quebec,  Canada  H3A  2T8 

Tlte  reaction  between  N2  and  Dy2Fci7  has  been  studied  by  thermopiczic  analysis  on  20-25  /xm  sized 
powders  in  the  temperature  range  400-500  °C.  Partially  nitrided  powders  were  analyzed  using 
CuK„  x-ray  diffraction  and  thermomagnetic  techniques.  Both  high  angle  x-ray  and  thermomagnetic 
data  show  only  the  presence  of  Dy2FC|7  and  Dy2Fe,7N3_,5(fS<0.3)  with  no  evidence  of  intermediate 
compositions.  The  results  of  the  x-ray  diffraction  experiments  at  several  Bragg  peaks  were 
simulated  using  a  two  phase  model  structure:  a  Dy2Fe,7  core  with  a  Dy2Fei7N7  surface  layer.  The 
results  show  that  at  low  temperatures  the  nitride  layer  is  too  thin  to  account  for  all  of  the  nitrogen 
absorbed  by  the  sample,  indicating  that  a  sigi.'licant  amount  of  the  nitrogen  diffused  into  the  core 
of  the  particles,  presumably  along  grain  boundaries. 


During  a  gas-solid  reaction,  nitrogen  diffuses  into 
R2Fei7  (R  =  rarc  earth),  occupying  interstitial  sites  and  ex¬ 
panding  the  lattice  without  changing  the  crystal  structure. 
The  enhancement  of  the  magnetic  properties  was  observed' 
as  a  result  of  interstitial  nitrogen  diffusion  in  R2Fe,7.  Neu¬ 
tron  powder  diffraction^  showed  that  the  R2Fe|7  and 
R2FC17N;,  phases  arc  in  equilibrium  during  the  reaction. 
However,  it  was  observed'^''’  that  a  continuous  solid  solution 
R2Fci7N^.  (()<a'<3)  is  formed  on  annealing  partially  ni¬ 
trided  powders.  In  this  study  we  use  x-ray  diffraction  and 
thermomagnetic  techniques  to  characterize  nitrogen  diffusion 
in  the  2-17  structure.  Nitrogen  diffusion  in  the  2-17  structure 
typically  occurs  above  350  °C,  and  significant  diffusion 
through  extended  defects  such  as  grain  boundaries  at  400  °C 
has  been  observed  using  metallography.'' 

The  polycrystalline  Dy2Fe|7  alloy  was  prepared  by  in¬ 
duction  melting  of  appropriate  amounts  of  Dy  and  Fe,  fol¬ 
lowed  by  vacuum  annealing  at  1 173  K  for  two  weeks.  Induc¬ 
tion  melting  ensures  homogeneity  of  alloys  and  mass  loss 
was  below  0.03%  during  preparation.  The  homogenized  in¬ 
got  was  ground  and  sieved  to  select  powder  sizes  between  20 
and  25  /xm.  The  powder  size  was  confirmed  by  scanning 
electron  microscopy.  Nitrogen  diffusion  was  performed  in  a 
thermopiczic  analyzer  (TFA)  at  a  starting  pressure  of  1  bar 
and  temperatures  ranging  from  400  °C  (500  min)  to  500  "C 
(25  min)  to  obtain  Dy2Fei7N„H5.  The  amount  of  nitrogen 
diffused  into  the  sample  was  obtained  directly  from  the  gas 
pressure  change  in  the  TFA.  Structural  analyses  on  Dy2FC|7, 
before  and  after  the  gas-.solid  reaction,  were  carried  out  us¬ 
ing  CuK„  radiation  on  an  automated  Nicolet-Stde  powder 
diffractometer  with  a  graphite  monochromator  in  the  dif¬ 
fracted  beam.  Thermomagnetic  analyses  were  done  using  a 
Perkin-Elmcr  thcrmogravimetric  analyzer  (TGA)  in  a  small 
field  gradient, 

The  x-ray  diffraction  pattern  of  Dy2Fei7N„7,5  is  shown  in 
Fig,  1.  As  a  consequence  of  nitriding,  a  new  phase  was 
formed  with  the  same  structure  as  Dy2FC|7  but  with  the 
Bragg  peaks  shifted  towards  lower  angles  indicating  an  ex¬ 
pansion  of  the  unit  cell.  This  shift  is  shown  more  clearly  in 


''On  leave  ftoiii  Sclnml  i)f  Physics,  The  Uiiivcisily  of  New  .Scmlli  Wains, 
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Fig.  2,  where  the  (300)  peaks  of  Dy2Fe|7N„ 7,,  (top)  are  com¬ 
pared  with  those  (bottom)  of  pure  Dy2Fci7  (No)  and 
(N.i).  Dy2Fci7Nou5  clearly  contains  both 
Dy2Fc,7N3  and  unreacted  DyjFcp.  The  position  of  the 
Oy2Fe|7  peak  is  shifted  towards  lower  angles,  due  to  tlie 
expansion  of  the  unreaeted  core,  while  that  of  Dy2Fe|7N3  is 
shifted  slightly  towards  higher  angles.  Careful  examination 
of  the  (332)  Dy2Fe|7  and  Dy2Fe|7Ni  diffraction  peaks  (inset 
of  Fig.  1),  which  are  well  separated,  shows  no  evidence  of 
the  existence  of  an  intermediate  composition  phase.  Using 
TGA  two  distinct  Curie  temperatures,  '/'^.i^lZS^C  and 
7’, -2=445  °C  are  detected  as  shown  in  Fig.  3.  Td  is  28  °C 
higher  than  the  Curie  temperature  of  Dy2FC|7  and  7',. 2  is  5  “C 
lower  than  the  Curie  temperature  of  Dy2Fei7N3.  The  x-ray 
and  the  TGA  data  arc  thus  in  agreement,  as  'I\.  changes  with 
the  lattice  expansion  of  Dy2Fei7.  Even  if  the  observed  ex¬ 
perimental  data  only  show  the  existence  of  Dy2Fei7  and 
Dy2Fei7N3,  tliey  are  not  at  equilibrium  at  500  “C,  After  sub¬ 
sequent  annealing  for  60  h  at  480  °C,  a  uniform  fJyaFtii'/No.Ks 
solid  solution  was  obtained.  Further  work  is  in  progress  to 
study  this  equilibrium  pliase.  Because  Dy2FenN3  and 
Dy2Fe,7  are  not  in  equilibrium,  we  tried  to  estimate  the 
iimount  of  the  undetected  inlermediate  phase  (in  the  interface 
between  Dy2Fe|7N3  and  Dy2Fe|7)  by  comparing  the  x-ray 
patterns  of  crushed  Dy2Fei7N,iK5,  shown  in  Fig,  2(b),  with 


l-'Ki.  I,  The  x-ruy  ilirfriu;liiin  pallcrii  of  DyU'CnNuK,  for  nitrogen  diffused  nl 
.son  °C  for  iipproxiittiilely  2.1  min.  Iit.sel:  (.1.^2)  peak  trf  Dyil'CivNn  ^5. 
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FIG,  2.  (a)  The  (300)  clifl'raclioti  peak  of  Dy2FC|7N||,((5  (powder  sizes  lie- 
•ween  20  and  25  /xm).  (b)  The  diffraction  peak  of  tlie  subsequently  crushed 
DyjFenNojs.  (c)  Tito  (300)  peak  of  a  mixture  of  pure  Dy2Fci7  and 
Dy2Fe|7N3  powders  in  the  ratio  1:1. 


those  (bottom  of  Fig.  2)  of  pure  Dy2Fei7  (N,))  and  Dy2Fei7N3 
(Nj).  Note  that  for  the  crushed  Dy2Fe,7N()H,  powder  tlic 
x-ray  peaks  are  mostly  relaxed  to  the  unshifted  positions. 
Fitting  shows  that  the  possible  amount  of  the  intermediate 
phase  is  much  lower  than  the  amount  of  the  Dy2Fei7N3 
phase. 

Nitrogen  distribution  can  be  estimated  from  the  ratio  of 
the  intensities  of  the  diffraction  peaks  by  using  a  simple 
model  where  the  core  is  nitrogen-free  and  the  surface  layer  is 
fully  nitrided  us  shown  schematically  in  Fig,  4.  Estimating 
the  volume  fractions  is  complicated  because  the  Dy2Fe|7N3 
phase  coats  the  Dy2Fe]7  phase  and  so  attenuates  the  x-ray 
scattering.  In  a  multilayered  system  the  intensity  of  the  re¬ 
flected  beam  from  the  ith  layer  can  be  expressed  as 

=  "  dxj  dS,  (1) 

where  /,)  and  0  arc  the  intensity  and  angle  of  the  Incident 
beam,  d,  and  arc  the  thickness  and  absorption  coefficient 
of  the  Ith  layer,  respectively,  and  5  is  the  surface  area  illumi- 


FIG.  4.  IVo  layer  niiidcl  struclurc  u.scd  to  calculate  x-ray  diffrtiction  pat¬ 
terns. 


nated  by  the  beam.  The  term  conies  from 

the  attenuation  of  the  x-ray  beam  from  the  top  (/-  1 )  layers. 
For  the  two  layer  model,  the  intensity  ratio  becomes 

=  (2) 

where  wc  have  neglected  the  term  /sm «  jjy  di^2() 

/xm  and  (U,m"'. 

The  relative  intensities  (/ 1  Jj)  were  estimated  by  a  si¬ 
multaneous  fitting  of  the  measured  (112),  (300),  and  (203) 
Bragg  peaks  to  Eq.  (1)  where  each  Bragg  peak  is  a  combi¬ 
nation  of  two  Gaussians  with  position  />,  and  width  w,  (i 
=  1,2),  representing  the  contributions  from  Dy7FC|7N3  and 
DyxFei?.  The  widths,  tV;  and  rv2,  are  adjusted  during  the 
fitting.  We  note  that  this  model  assumes  that  the  nitrogen 
diffuses  uniformly  through  the  bulk  of  the  material.  Figure  5 
shows  the  CuK„  x-ray  diffraction  patterns  of  DyjFeiyNoos 
samples  nitrided  at  500  °C,  The  solid  lines  in  Fig.  5  are  the 
fits  to  the  experimental  data  and  the  dotted  lines  are  the  con¬ 
tributions  of  Dy2FC|7  and  Dy2Fc|7N3  calculated  fiom  the 
model.  Assuming  that  the  average  particle  has  a  rectangular 
shape  with  the  dimensions  20X15X10  (this  particle 
shape  is  an  approximate  representation  deduced  from  scan¬ 
ning  electron  microscope  photographs)  wc  obtain,  using  the 
calculated  thicknesses  of  the  layers,  that  for  nitrogen  diffu¬ 
sion  at  500  °C  approximately  90%  of  the  nitrogen  can  be 
accounted  for  by  the  intensity  of  the  fully  nitrided  peak.  This 
shows  that  almost  the  entire  amount  of  nitrogen  is  in  the 
surface  layer  (the  penetration  of  the  CuK„  in  Dy  ,Fe|7  is  re¬ 
stricted  to  approximately  1-2  /um).  To  observe  the  nitrogen 


FIG.  3.  Tlicunograviloincttic  niialy.sc.s  of  DyjFci/No,,^.  7',.|  coiicspond  U) 
the  Curie  temperuture  of  the  13y2l'C|7  ;uk1  'I\2  h>  Cturic  tcinperaUire  of  the 
Dy2Fe|7Nj  phase. 


FKi.  5.  Siinullaiieou.s  lilliug  of  (1121,  (30(1),  aiul  (023)  peaks  usiiip  a  (wo 
layer  model  slrueluie.  The  solid  lines  are  eoiKribuiions  of  DyiF'e,,  and 
Dy2l''C|7Ni  ealeulaled  from  the  model. 


J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Girt  et  al. 


6039 


T[°C] 


no,  0.  Effect  of  reaction  temperature  on  the  apparent  ny2Fei7N,  layer 
thiclcnc,s,s  derived  from  fils  to  the  x-ray  diffraction  patterns.  All  samples  have 
the  same  nontinal  nitrogen  content. 

distribution  at  different  temperatures  we  introduced  tlie  same 
amount  of  nitrogen  (a  bulk  average  of  0.85  atoms  per  unit 
formula)  to  20-25  /j,w  sized  powders  at  temperatures  be¬ 
tween  400  and  500  "C. 

The  values  for  the  thicknesses  of  the  nitrided  layer  ver¬ 
sus  the  nitriding  temperature  is  shown  in  Fig.  6.  Despite  the 
fact  that  all  of  the  nitrided  samples  have  the  same  nominal 
composition,  the  Dy2Fe|7N3  surface  layer  is  clearly  thinner 
in  the  samples  prepared  at  lower  temperatures.  In  the  absence 
of  any  evidence  for  the  formation  of  an  intermediate  compo¬ 


sition  nitride  phase,  we  attribute  the  apparent  nitrogen  deficit 
to  the  formation  of  the  nitride  phase  at  depths  within  the 
particles  beyond  the  penetration  range  of  the  CuK„  radiation 
(^l  /xm).  For  this  to  happen,  the  nitrogen  must  find  more 
rapid  diffusion  paths  than  bulk  diffusion  allows,  presumably 
along  extended  defects  such  as  grain  boundaries.  Above 
480  “C,  the  two  layer  model  accounts  for  over  90%  of  the 
absorbed  nitrogen,  and  we  conclude  that  for  these  tempera¬ 
tures  nitrogen  transport  is  dominated  by  bulk  diffusion. 

In  conclusion,  using  x-ray  diffraction  and  a  thermomag- 
netic  technique  only  DyjFciv  and  Dy2Fei7N3  phases  were 
observed.  The  thickness  of  the  nitrogen  layer  was  obtained 
by  fitting  x-ray  diffraction  peaks  with  a  two  phase  model 
structure:  a  Dy2Fc,7N3  surface  layer  and  a  Dy2Fe|7  core.  Sig¬ 
nificant  nitrogen  diffusion  through  extended  defects  such  as 
grain  boundaries  was  observed  at  temperatures  below 
480  "C. 
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Atomic  diffusion  mechanism  and  diffusivity  of  nitrogen  into  Sm2Fei7 

Chris  N.  Christodoulou  and  Norikazu  Komada 

Central  Research  Institute,  Mitsubishi  Materials  Corporation,  1-297  Kitabukuro-cho, 

Omiya,  Saitama  330,  Japan 

An  atomic  diffusion  mechanism  (voidal  diffusion)  is  proposed  where  nitrogen  atoms  migrate  inside 
the  Sm2Fe|7  lattice  by  jumping  from  a  9(e)  site  into  a  thermodynamically  unstable  tetrahedral 
18(g)  site  and  subsequently  into  a  new  9(e)  site.  For  the  first  time,  the  anisotropic  nature  of 
diffusion  and  growth  kinetics  together  with  direct  observation  of  the  diffusion  fields  by  Bitter 
domain  patterns  have  been  taken  into  account  and  employed  for  nitrogen  diffusivity  measurements. 

The  planar  and  axial  preexponential  factors  were  found  to  be  £)oa’“0.72X  10”^’  m^  s" '  and 
D(y/  —  2.2b'K  10~^’  m^'  s  ',  respectively.  The  activation  enthalpy,  AW,  for  diffusion  was  found  to  be 
143  kJ/mol. 


I.  INTRODUCTION 

The  metastable  Sm2Fci7N3  compound  is  an  attractive 
material  for  permanent  magnets.'  It  can  be  prepared  by  direct 
reaction  of  Sm2Fei7  particles  with  Nj  gas.  The  reaction  in¬ 
volves  a  slow  diffusion  of  N  atoms  from  the  surface  to  the 
center  of  the  particles.  In  order  to  improve  the  observed  low 
diffusivity  it  is  important  to  understand  the  atomic  dilTus'on 
mechanism  operating  in  this  particular  case.  Such  a  mecha¬ 
nism  has  been  proposed  recently  by  Christodoulou  and 
Tukeshita^  and  Christodoulou  and  Komada.^  The  present  ar¬ 
ticle  represents  a  study  of  the  anisotropic  diffusion  and  ex¬ 
perimental  results  supporting  the  proposed  atomic  diffusion 
mechanism  presented.  The  planar  {Dq^)  and  axial  {Doi) 
preexponential  factors  and  activation  enthalpy  (A//)  of  the 
nitrogen  diffusivity  into  SnijFeiy  are  also  reported. 

II.  EXPERIMENT 

Clean  Sm2Fei7  particles  were  prepared  by  applying  the 
interstitial  hydrogen  absorption  dc.sorplion  process  on  large 
pieces  of  a  Sm2Fci7  homogenized  alloy.'  Most  of  the  par¬ 
ticles  were  single  grains  and  only  those  with  particle  size  of 
larger  than  100  pm  were  used  for  the  diffusion  experiments. 
The  diffusion  experiments  were  performed  at  temperatures 
of  400  and  42.3  °C  for  20,  50,  and  100  h  and  at  450  and 
475  °C  for  5,  10,  20,  and  50  h.  The  pressure  was  monitored 
to  be  constant  at  I  atm.  Each  experiment  (temperature-time 
combination)  was  conducted  twice.  The  Sm2FC|/N^  phase 
was  identified  by  Bitter  domain  patterns  (colloidal  solution 
of  magnetite)  formed  on  polished  particles  which  were  pre¬ 
aligned  in  a  magnetic  field.  The  thickness  of  the  domain 
patterns  were  measured  and  averaged  for  at  least  20  particles 
obtained  in  each  run.  Phase  analysis  was  also  performed  by 
x-ray  diffraction  (CuAtJ  and  by  thermomagnctic  analysis 
(TMA). 

III.  THE  ATOMIC  DIFFUSION  MECHANISM 

A  detailed  description  of  the  mechanism  can  be  found  in 
Refs.  2  and  3.  Nitrogen  atoms  can  migrate  by  jumping  from 
a  9(e)  site  into  a  thermodynamically  unstable  tetrahedral 
lS(g)  site  and  subsequently  into  a  new  9(0)  site  (Fig.  1).  In 
such  a  migration  path,  nitrogen  atoms  have  to  encounter  an 
enormous  energy  barrier  accounting  for  the  energy  needed  to 


overcome  the  strong  bonding  from  its  nearest  neighbors  (Fe 
and  especially  the  Sm  atoms)  and  more  importantly  for  the 
strain  energy  needed  to  break  through  of  the  octahedral  face 
[Fe(/)-Sm(c)-Fe(/))]  and  in  through  the  tetrahedral  face 
[Fe(/i)-Sm(c)-Fe(/()],  Although  the  18(g)  sites  cannot  ac¬ 
commodate  any  nitrogen  atom  in  an  equilibrium  fashion, 
their  presence  plays  a  key  role  for  the  diffusion  of  the  nitro¬ 
gen  atoms.  The  temperature  dependence  of  the  diffusivity 
can  be  written^  as  D^x  —  D^x  exp(  -  A/7//J7')  along  the  pla¬ 
nar  a  axes  and  Dyy  =  D()y^  exp(  -  AHIRT)  along  the  c  axis, 
where  T  is  the  absolute  temperature  and  R  is  the  gas  constant 
(8.314  J  mol  '  K  ').  Also,  it  can  be  shown^  that  the  aniso¬ 
tropic  ratio  of  DxxIDyi  is  equal  to  |(a'/c)^,  where  a  and  c 
are  the  lattice  parameters  of  vSm2Fei7.  By  substituting 
a=8.549  A  and  c  =  12.441  A,  Dxxl^zz  takes  the  value  of 
0.3.  In  the  case  where  the  diffusing  atoms  (like  hydrogen)  are 
allowed  to  move  in.sidc  the  18(g)  “circular  tunnel”  (Fig.  1), 
the  anisotropic  ratio  of  Dxx/Dyy  can  be  as  large  as 
or  1.07  (essentially  isotropic). 


IV.  THE  KINETICS  OF  SmjFenNg  GROWTH 


The  .solution  of  the  diffusion  equation  for  the  nitrogen 
concentration,  C(a:),  inside  the  diffusion  layer  in  the  case  of 
large  particles  (almost  flat  surface)  and  short  times  (no  over¬ 
lapping  of  diffusion  fields)  can  be  approximated  with  that  in 
a  semi-infinite  medium  (Fig.  2)  and  is  given  by 

C{x)  =  C,cdc[ix-L)l2^l{DJ)],  (1) 


where  <7^  is  the  cnnstaul  surface  and  growing  phase 
(Sm2Fc,7N3)  concentration  (Ref.  5),  L  is  the  thickness  this 
phase  (Sm2Fc|7N7),  D  is  nitrogen  diffusivity  assumed  to  be 
constant,  /  is  the  time,  and  x  measures  from  the  surface  of  the 
particle. 

For  diffusion  controlled  growth 


C 


.v*' 


SC(x) 


<ix 


I. 


dt. 


(2) 


From  Eq.  ( 1 ) 

■(?C'(a')]  C, 

dx  I  \fnjji 


(3) 


By  combining  Eqs.  (2)  and  (3)  and  integrating  we.  get 
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•  R-6(c) 

o  Fe-lO(f)  A  3(ii) 

«  Fe-18(h)  □  3(b) 

®  l-e-9(d)  •  9(e) 

o  Fe-6(c)  ■  18(g) 

FIG,  1,  Schematic  representation  of  the  liexagonal  cell  of  the  Sm2FC|7 
{R3m)  structure  and  the  atomic  jump  network  tsingic  solid  line.s  connecting 
the  9(t>)  with  the  1 8(g)  site.s]  of  tile  nitrogen  atoms  during  voidal  diffusion. 
Double  .solid  lines  connecting  the  18(g)  sites  rcprc.seut  tlie  "circular  tnn- 
ttcl"  through  wlicre  hydrogen  atoms  can  ire  tunneled.  Tire  saddle  point  con¬ 
figurations,  Sl’Cl  and  Sl’C2,  arc  marked  by  "x." 

Z.  =  (2//w)^/D7.  (4) 

The  tangent  of  the  concentration  profile  at  the  beginning  of 
the  diffusion  layer  (Fig.  2)  defines  a  diffusion  length,  Dx 
=  sJ-nDt,  which  represents  the  effective  penetration  of  nitro¬ 
gen  atoms  where  'he  magnetocrystallinc  anisotropy  of  the 
nitrogen  containing  Sm2Fei7  is  assumed  to  become  axial  and 
exhibits  a  domain  structure  as  observed  in  the  Bitter  domain 
patterns.  It  is  to  be  noted  that  the  nitrogen-free  Sm2Fei7 
phase  does  not  form  any  observable  domain  patterns.  The 
observable  thickness  of  the  Bitter  domain  pattern  will  be 

d=L+D),  =  [(2l^fir)+^f,i■]^^Dl.  (5) 

The  diffusivity  at  a  particular  temperature  and  direction  (pla¬ 
nar  or  axial)  will  be; 

D  =  Trd^l{2+TTft  =  D»  exp(~AW/7?7’),  (6) 

where,  d  is  measured  along  that  particular  direction. 

V.  RESULTS— DISCUSSION 

Typical  Bitter  domain  patterns  of  nitrogenated  Sm2Fei7 
particles  are  shown  in  Fig.  3.  Particles  with  their  c  axis  per¬ 
pendicular  to  the  observation  plane  exhibit  a  uniform  “maze- 
type"  domain  pattern  around  the  particle  reflecting  the 
uniaxial  magnetocrystalline  anisotropy  and  the  isotropic  na¬ 
ture  of  diffusivity  in  the  c  plane.  Particles  with  their  c  axis  on 
the  observation  plane  exhibit  a  “parallel  lines-type”  domain 
pattern  with  deeper  penetration  reflecting  both  the  uniaxial 


FIG.  2.  Growth  of  Sm1Fc|7N^  from  the  siiri'F.cc  to  the  cciUlm*  ol'  a  SiUjFcp 
grain. 

magnetocrystalline  and  dilTu.sion  anisotropy.  A  typical  x-ray 
diffraction  (XRD)  pattern  and  a  thcrmomagnetic  analysis 
(TMA)  trace  for  particles  nitrogenated  at  475  “C  for  20  h  are 
shown  in  Fig.  4. 

By  fitting  the  data  in  Table  I  for  planar  diffusivity  ac¬ 
cording  to  Eq.  (6),  the  preexponential  factor,  Doa'.  R'ld  the 
activation  enthalpy.  A//,  were  found  to  be 
(0.72±().05)X  10"'’  m"s' and  (143±10)  kJ  mol"',  respec¬ 
tively  (Fig.  5).  Applying  the  same  for  the  axial  diffusivity, 
the  preexponential  factor,  ,  and  the  activation  enthalpy, 
AW,  were  found  to  be  1.21x10"'’  m“s'  ‘  and  139  kJ  mol"', 
respectively.  According  to  the  proposed  model,  A/7  should 
be  the  same  along  Ary  and  z  axes.  The  experimentally  deter¬ 
mined  values  of  143  and  139  kJ  mol"'  are  essentially  the 
same  as  expected  from  the  proposed  model.  The  degree  of 
confidence  for  the  data  obtained  for  the  planar  diffusivity  is 
greater  than  that  for  the  axial  diffusivity  because  the  orien¬ 
tation  of  the  particles  could  be  unambiguously  confirmed  by 
the  uniformity  of  the  thickness  of  the  domains  formed 
around  the  particles.  In  the  case  of  the  axial  diffusivity  small 
misorientations  of  the  particles  arc  very  difficult  to  be  de¬ 
tected  still  revealing  “parallel  lines-type”  of  domain  pat¬ 
terns.  Therefore,  the  value  of  AW  equal  to  (143±1()) 


FIG.  -I.  Biller  domain  patterns  lor  SniiFci,  particles  nitrogenated  at  (a) 
425  °C-  (50  h),  (b)  425  °C  (100  li),  (c)  475  °C  (5  h).  and  (d)  475  (11)  li). 
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FIG.  4,  X-niy  ciiffraclioii  pattern  (a)  and  tlicrmomagnetic  analysis  (li)  of 
Sm2Fei7  particles  nitrogenated  at  475  "C  for  20  ii.  They  eonlirni  tlie  pres- 
cnee  of  Sm^Fci^  and  Sni2l'e|7N2  piuises  togetlier  witli  tiie  diffusion  inyer  of 
Sm2Fc,7N,  (0<x<3), 

kJ  mol"'  is  considcircd  to  be  the  correct  one,  Since  A//  was 
confirmed  to  be  the  same  along  xy  and  z  axes,  this  restriction 
can  be  applied  in  order  to  obtain  a  refined  value  of 
which  is  very  sensitive  to  txH.  Hence, 

where  and  arc  the 
observed  thicknesses  of  the  domain  patterns  along  x  and  z, 
respectively,  at  the  same  tcmpciaturc  and  time.  From  this,  the 
preexponential  factor,  Dq/,  was  found  to  be  (2.26 
±0,15)X10  m^s  The  DaxIDoz  ratio  is  (),32±().()4,  a 
value  which  is  very  close  to  0.30  predicted  by  the  atomic 


TABLli  1.  I  hc  plimiir  (rf,)  and  axial  (r/,)  average  ihieknesses  of  lire  Biller 
domain  patterns  for  SnijI'Ci?  particles  nitrogenated  at  different  temperatures 
and  times. 


Time  (li) 

d  (Min) 

400  °C 

425  “C 

450  °C 

475  °C 

5 

4.- 

2.3.3 

3.47 

4.33 

6.13 

10 

tl.- 

3.30 

4.90 

</,= 

6.02 

8.66 

20 

1.9.3 

3.05 

4.67 

6.9 1 

d  = 

3.65 

5.76 

8.1.3 

11.85 

50 

tir- 

3.06 

4.H2 

7.38 

10.96 

<6= 

5.41 

8.39 

12.66 

18.80 

100 

4.32 

6.82 

‘l,= 

7.64 

11.57 
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ITG.  5,  Arrlietiius  plot  of  tlie  planar  diffusivity  (D.v.v)  vs  1/7'. 

diffusion  mechanism.  This  value  also  suggests  that  during 
ditfusion,  nitrogen  atoms  arc  not  permitted  to  move  inside 
the  18(g)  “circular  tunnel,”'^  something  expected  to  be  oc¬ 
curring  in  hydrogen  ditfusion. 

The  activation  entropy  for  diffusion,'^  AS,  can  be  esti¬ 
mated  to  be  -().343/<  through  yp  exp(AA//i), 

where  y=l,f)15Xli)"'’  tn^s"',  and  ^=^10''^  s  '.  Such  a 
negative  activation  entropy  is  attributed  to  the  large  increase 
in  the  vibrational  frequencies  of  the  atoms  influenced  by  dit¬ 
fusion.  The  ratio  of  the  vibrational  frequency  during  diffu¬ 
sion  to  the  initial  one,  can  be  estimated''  to  be  1.4. 

Such  a  value  is  physically  reasonable  based  on  the  fact  that  a 
nitrogen  atom  has  to  squeeze  through  and  come  in  clo.se 
contact  with  the  atoms  at  the  two  saddle  point  configurations, 
SFCT  and  Sl'C2  (Fig.  1). 

The  high  value  of  the  activation  enthalpy  for  diffusion 
(143  kJ  mol"')  is  indicative  of  the  large  energy  barrier  which 
a  nitrogen  atom  encounters  during  its  migration  from  one 
y(e)  site  to  another.  This  value  falls  within  the  limits  pre¬ 
dicted  by  Christodouiou  and  Komadu''  and  it  mostly  accounts 
for  the  huge  strain  energy  needed  for  a  nitrogeit  atom  to 
break  through  the  two  saddle  point  configurations,  SFCl  and 
SPC2. 

It  is  difficult  to  compare  the  values  of  Do  and  A/7  ob¬ 
tained  in  the  present  study  with  others  published  in  the 
litcratun'/’""  bccau.se  this  is  the  first  time  that  the  anisotropic 
nature  of  the  diffusivity  and  growth  kinetics  have  been  taken 
into  account  together  with  direct  ob.servation  of  the  tliffusion 
fields.  Nevertheless,  the  present  values  compare  favorably  to 
the  values  obtained  by  Skomski  and  Coey"  but  are  much 
higher  than  the  ones  reported  in  Refs.  6  and  7, 

'  G.  N.  Cliri.stodoulou  and  T,  rakcsliita,  IE12F  Traits.  Miign,  MAG-92-245, 
.5.3  (1992). 

‘  C.  N.  Ghristodtmlou  and  T.  Takc.sliita,  I'rocccdings  of  llw  I  si  liilcrmilhniil 
Confcwnce  on  1‘rocc.ssmi’  Maleriiils  for  1‘roperlii's,  Momilulti.  Hawaii, 
Ndv.  7-111  1993,  edited  try  II.  Ilencin  and  T.  Oki  (TMS,  Warrendale,  PA, 
1993),  pp.  293-295. 

'C.  N.  Clu'istodimloii  and  N.  Knmada,  J.  Alleys  Comp.  206,  I  (1994). 

■'C.  N.  Chrintodmilou  and  'I',  Takesltila,  J.  Alloys  Comp.  198,  I  (199.31. 

■'C.  N.  Cliri.stodoulou  and  T.  Takeshita,  J.  Alloys  Comp,  202,  17.3  (1993), 
'■J.  M,  D,  Coey,  J.  F'.  Lawler,  lloiij;  Sun,  and  J.  F.  M.  Allen,  J.  Appl.  I’liys. 
69,  3007  (1991), 

’ll.  Kaneko,  T.  Kurino,  and  II.  IJcliida,  I’rocci’diiias  of  the  7lli  Inlmio- 
tionol  Symposium  on  Miipni'lic  Anisotropy  and  Cocrcii'iiy  in  Rare  Earth 
liansition  Metal  Alloys  (University  ol  Western  Australia,  Canlierra,  Aus- 
traiia,  i992),  pp.  .320-.3,3(). 

“it.  Skomski  and  J.  M.  D.  Coey,  J,  Appl.  Phys.  73,  7602  (1993). 
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Effect  of  nitrogen  on  the  properties  of  hard)  magnets 
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The  enhancement  of  magnetic  properties  of  RE-TM  hard  magnet  materials,  sucli  as  REjI-'civ,  upon 
nitriding  is  studied  using  the  Wigner-Scitz  (Voronoi)  construct.  In  analogy  with  other  RE-TM 
nitrides,  it  is  concluded  that  nitrogen  has  a  strong  preference  to  occupy  the  octahedral  9i'  site  in  the 
2:17  compounds,  to  the  exclusion  of  the  other  proposed  sites.  Additional  materials  are  suggested  as 
candidates  for  nitriding  on  the  basis  of  the  availability  of  .such  an  octahedral  site.  The  site  preference 
and  its  effect  on  the  magnetism  in  RE2Fe|7  is  disemssed  in  relation  to  the  Wigner-Seitz  cell  of  the 
atoms.  The  magnetic  moments  on  the  iron  arc  shown  to  be  correlated  with  the  WS  cell  volumes,  and 
this  dependence  differs  from  that  as.sociated  with  (rFc. 


Renewed  interest  in  the  RE-Fe  2:17  hard  magnets'  has 
arisen  because  of  the  enhanced  magnetic  properties  achieved 
by  alloying  them  with  nitrogen  (or  carbon).  The  addition  of 
nitrogen  cau.ses  an  increase  in  lattice  parameters.  Curie  tem¬ 
perature,  sublattice  magnetic  moment,  and  ani.sotropy  field. 
It  has  been  observed  theoretictdly^"'  and  experimentally'*"*’ 
that  iron  atoms  exhibit  different  moments  on  different  sites  in 
RE2Fc,7  and  its  nitride. 

While  there  is  no  argument  in  the  literature  about  tne.se 
changes,  and  it  has  been  agreed  by  alt  authors  that  nitrogen  is 
interstitial  (not  substitutional),  different  sites  have  been  .sug¬ 
gested  by  different  authors.  PrjFep;  and  the  other  RE2l'Ci7 
compounds  discussed  in  this  work  arc  those  haviitg  the 
Th2Zni7  structure — .space  group  li3in  (Table  I).  The  .sites 
suggested  for  N  (or  C)  in  the  sunie  space  group  arc  3aJ' 
IB/i,"  and  18g.'*  One  of  the  principal  purposes  of  this 
paper  is  to  address  the  problem  of  where  in  fact  the  nitrogen 
resides  in  the  nitrided  compounds.  The  choice  is  quite  clear 
if  one  notes  the  behavior'"  of  ordered  TM  nitride  com¬ 
pounds. 

The  Wigner-Seitz  (WS)  cell  construct  has  previou.sly 
been  suggested"  as  a  method  fur  studying  the  relationship  of 
crystal  structure  and  properties,  especially  with  regard  to 
magnetic  properties  of  hard  magnets.  WS  (or  Voronoi)  poly- 
hedra  furnish  a  useful  measure  of  the  local  environment  of  an 
atom,  including  a  de.scription  of  the  site  symmetry  of  the 
atom,  and  a  catalog  of  what  atoms  constitute  its  nearc.st 
neighbors.  A  modified  WS  construction"''^  also  account.')  for 
the  relative  sizes  (i.e.,  atomic  radii)  of  the  various  atoms.  It 
has  been  also  observed"  using  the  WS  construct  that  “dis- 
clination  nets”  pass  through  those  metal  sites  which  have  the 
largest  magnetic  moments.  (Disclinations  are  chemically  im¬ 
portant  bond  lines.)  I'he  nets  defined  by  these  disclinations 
have  been  shown  to  be  correlated  with  the  anisotropy  axes  of 
hard  magnets."  Structural  factors,  in  addition  to  Invar-type 
volume  effects,  are  expected  to  be  impor'ant  to  local  3d 
magnetism  in  the  hard  magnets. 

Wigner-Seitz  cell  construction  has  been  employed  to 
derive  a  measure  of  the  local  site  volumes,  and  explore  their 


“'I’crmanent  iiilclress:  Nuclear  Rcsearcli  Center,  Negev,  I’.O,  liox  91)01,  llcer- 
Slieva  S'tl'.’O,  Israel. 


correlations  with  the  magnetic  moments."  In  rrMii,  for  ex¬ 
ample,  if  we  assume  that  all  the  Mn  atoms  have  the  same 
radius,  then  the  WS  cells  have  different  volumes.  Relating 
these  volumes  to  the  magnetic  moments  at  the  four  Mn  sites 
in  irMn,  u  nearly  linear  relation  is  found.  A  similar  result  is 
obtained  for  the  four  Fe  sites  in  the  hard  magnet,  FtiF'ep 
Kef.  12  (Table  1),  The  relationship  of  the  WS  atomic  volume 
and  the  disclinations  to  the  enhancement  of  the  magnetic 
properties  are  discu.ssed  in  this  paper,  and  suggestions  for 
possible  new  hard  magnet  nitrides  are  given, 

Uased  on  calculations  of  the  WS  imlyliedrii  for  a  wide 
array  ofTM  metalloids'"  (with  up  to  50%  metalloid  content) 
it  has  been  shown  that  each  metalloid  prefers  a  certain  local 
environment  defined  by  a  special  WS  cell.  One  specille  ex¬ 
ample  is  nitrogen  which  is  always  found  in  the  (0  b)  octahe¬ 
dral  environment,  ['This  environment  competes  with  the 
higher  coordinated  (0  3  b)  ninefohl  Uernal  environment  in 
the  3d  metal  carbides,  In  the  4d-5d  carbide  group  (except 
for  NbjC;)  the  caibides  have  joined  the  nitrides  in  displaying 
only  an  (I)  b)  metalloid  enviianiment."’  Huron  is  normally 
encountered  in  an  (0  3  <>)  or  (0  2  H)  Hemal  environmetU.  ]  In 
analogy  with  these  TM  nilriiles,  we  conclude  that  it  would  be 
extraordinary  (i.e,,  indicative  of  a  most  iinusinil  'TM — N 
bonding)  if  nitrogen  occupied  anything  other  than  the  octa¬ 
hedral  '>('  site  in  the  2:17  compounds. 

We  have  caiculated  the  WS  polyhedra  for  the  FisFcp 
and  FrjFci^N-,  (assuming  full  occupancy)  with  nitrogen  oc¬ 
cupying  any  one  of  the  siiggested  sites,  'The  method  I'f  cal¬ 
culation  is  described  elsewhere.'"  Ute  results  are  presented'' 
in  Table  1.  Only  in  the  Oc  site  is  the  WS  pttlyhedion  for 
nitrogen  (0  b),  namely,  an  octahediiil  array  of  six  nearest 
neighbors,  'l  ire  other  sites  result  in  different,  nonstable,  poly¬ 
hedra  which  have  very  small  facets  or  edges  and  in  some 
cases  (e.g.,  3a  site)  the  resulting  distances  to  neighboring 
atoms  arc  too  small. 

Table  11  lists  hiird  magnet  materials,  in  addition  to  the 
Pi'iEci?,  which  were  found  to  liave  enhanced  nragiretism 
upon  nitriding.  In  all  of  these,  the  nitrogen  is  found  to  be  in 
an  octahedral  (0  b)  environment.  These  include  NdFemV) 
and  Ndi'CioMoT,  both  having  the  TliMni;  structure,'''  the 
hexagonal  2:17  ('I'miNi,,).'''  and  the  Fe„N  (/i  -3,4,8).  in  the 
lower  part  of  Table  ll(ii),  we  propose  some  other  hard  ntagnel 
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TABLE  I.  Wigncr-Siiitz  polyhcdra  (Ref.  13)  of  tlic  utom.s  in  Pr2l'e|7  and  its  nitride,  with  nitrogen  In  the  site  of  space  group  /(.3m.  The  measured  magnetic 
moments  in  /j./,  arc  givcit  where  known  (Refs,  4  and  d).  The  WS  cells  of  other  sites  suggested  hy  sontc  authors  for  nilritgen  are  showtt  iit  the  losver  part  r'f 
the  table. 


Atom 

Site 

I-ijEcp 

Pr^l'C)  ;Nx 

Monicnl 

1‘oty 

Volume 

Moment 

I’oly 

Volume 

I’r 

6c 

(0  0  12  8) 

.31.65 

3.4 

(0  3  6  14) 

.32.12 

Fci 

6c 

2.46 

(0  0  1  >  2) 

12.14 

2.6 

(0  0  12  2) 

12.82 

l'’c2 

y</ 

2.03 

(0  II  12) 

11.2,3 

2.3 

(0  (1  12) 

11.84 

EeS 

18/ 

2.03 

(0  1  10  2) 

11.71 

2.1 

(0  1  it)  2) 

1 1 .8.3 

Fe4 

IK/i 

2.03 

(0  0  12) 

12.17 

2,.5 

(0  1  10  2) 

12.48 

N 

dc- 

(0  6) 

,3„35 

N 

.3(1 

as  proposed 

(0  6  0  2) 

1.68 

N 

18/1 

by  .some  authors 

(0  .5  2) 

1.62 

N 

18g 

(2  2  2  2) 

3.01 

TABLE  II.  (a)  WS  polyhedra  of  the  alonts  lit  a  number  of  hard  inagnel  materials,  before  and  after  nilrlding,  assuming  full  N  rrccupancy.  The  ilelliiiiions  of  the 
polyliedra  designations  are  given  in  (b).  lit  the  Irtwcr  part  of  (a)  wc  li.sl  the  WS  cells  for  the  propo.sed  sites  (listed  in  llte  text)  for  nitrogen  in  iiiaterlals  not  yet 
known  to  be  iiitrided.  Due  lo  partial  RE  and  I'M  occupancy  in  i'rl''e7,  two  ptessibilitics  are  .sliown  for  ’l'M3,  (b)  Shoriliaiul  tlesiginrtion  defining  various 
polyhedra  types  (Ref.  1.3)  cnmpuled  in  .some  Rli-TM-metalloid  hard  niiigncl  materials,  encountered  "i  Tuliic  ll(ii).  The  desigttalions  are  sorted  aecortiing  to 
total  number  of  fiieets  on  the  polyhedra.  Differcnl  designations  are  defined  for  the  three  different  types  of  atoms,  b'or  tlie  melalloids,  tlie  ()  designates  tire 
octahedral  envirotitnettt,  tlie  7'  atid  U  are  the  nitieTold  and  ten-fold  Bernal  environments,  respectively. 


REl 

KE2 

TMl 

TM2 

(a) 

TM.3 

TM4 

TM5 

I'Mt) 

1) 

N 

I’l'iEen 

A 

M 

K 

/. 

K 

!) 

M 

K 

/. 

I. 

/; 

TinjNii, 

A 

A 

M 

K 

/, 

K 

TilVNIivN, 

/> 

I) 

M 

K 

/, 

1. 

0 

Ndb'einVj 

A1 

K 

M 

K 

Ndl'e|„VjN 

C 

K 

M 

1. 

0 

NdI''C|(|Mo2 

A1 

K 

M 

K 

NtlE'CniMiijN 

(' 

K 

4/ 

1. 

0 

ofb'e 

M4 

Ee,,N 

iW.3 

0 

b'e^N 

/f.3 

4/3 

0 

E'chN 

4/4 

4/4 

N 

0 

NdNi, 

A 

K\ 

K 

NdNIjN, 

K\ 

Ml 

0 

CeCo^U 

A 

A4 

K\ 

/. 

■/' 

('eC'04HN, , 

IC 

A4 

K\ 

4/1 

■/■ 

() 

I’rEe, 

A 

A 

M 

K 

K\/l. 

K 

l’rE'e,N| , 

A 

1) 

M 

K 

Kill. 

K 

<) 

Ndjl'enll 

.42 

A3 

I. 

K 

K 

M 

/. 

K 

T 

NdjEci^BNin 

II 

A. 3 

I. 

K 

K 

4/ 

/, 

K 

U 

() 

(b) 

I'ransilion 

Rare  earth 

Eucels 

metal 

I''aeclH 

Metalloid 

Eacels 

A  (0  0  12  8) 

20 

K 

(III)  12) 

1.2 

() 

(0  6) 

u 

A1  (0  0  16  4) 

20 

K\ 

to  3  6  3) 

12 

4  2  (0  2  8  10) 

20 

K2 

(0  2  8  2) 

12 

A. 3  (01106) 

20 

A' 3 

(0  12) 

12 

A4  (0  6  0  14) 

20 

li  (0  1  10  10) 

21 

/, 

(0  1  10  2) 

13 

r 

(0  3  6) 

<) 

C  (0  2  8  12) 

22 

M 

(0  0  12  2) 

14 

U 

(0  2  8) 

10 

Ml 

(0  2  8  4) 

14 

M.3 

(0  6  8) 

14 

M4 

(0  6  0  8) 

14 

1)  (0.3  6  14) 

2.3 

N 

(0  5  2  .S) 

1.5 

1C  (0  6  0  20) 

26 
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FIG.  1.  Rcliilion  IkIwcvii  the  WS  eell  Vdliinie  mid  nmgiii'tie  iiionieiil  per  F'c 
iitoin  in  I'l'^F'Op  and  it.s  nitride.  Aisn  sliown  are  rosull.s  lor  iron  nitride 
(F'e«N).  lot  ol'e  niider  pressure,  and  for  oF'e  ennlainiat!  V'/i-  N.  lixperiinentiil 
and  predicted  vaiiies  are  represented  liy  dil'ierent  symbol.s.  Tiie  lines  are  the 
re.suits  of  linear  regression  for  (II  iron  and  (2)  l’r.l'e|.j  and  its  nitride.  Ahso 
shown  are  values  for  Y,  Nd,  unci  Gd  2:17  eoinpotinds  (Ref.  iK). 


iiiutcrials  wliicli  vve  have  I'ound  liuve  optional  .sites  for  nitro¬ 
gen,  witli  tlie  same  oclalietlral  (0  (>)  'vVS  eell  as  aliove,  It  is 
pu.ssible  that  these  will  al.so  exhibit  enhaneeci  magnetic  prop¬ 
erties.  'I'he  list  includes  KE-TM  iniiterials  of  the  li.S  fCaCu^ 
and  the  related  C’cCo^H),  the  1:7  {l’rFe7)  and  the  2:14:1 
(NdjEepiU)  structures.  The  suggested  sites  for  the  nitrogen 
are  ?>j'  in  space  group  P()/nnnm,  ^)l>  in  liim,  and  2b  in 
P42/iiiiim,  respectively. 

Iron  volumes  calculated  from  W.S  cell  constructions  are 
correlated  with  the  known  iron  magnetic  nuuuents,''”*'  as  can 
he  .seen  in  Fig,  1. 1’l  jF'eivNy  i.s  used  a.s  an  examiile  because  of 
the  availability  of  high-resolution  neutron  diffraction 
meusurenients,^  which  provide  accurate  moments  for  the 
four  iron  sites.  The  moments  on  the  iron  atoms  for  I*r2l''<^i7 
were  derived’’  from  Mbssbauer  experiments.  Only  the  mo¬ 
ment  for  the  6c  site  was  resolved,  and  an  average  moment 
was  u.s.signed  to  the  other  tliree  iron  sites.  We  therefore  have 
six  experimental  points,  to  which  a  linear  regression  has 
been  applied,  and  predicted  moments  for  tite  different  sites 
were  computed  using  their  WS  volumes.  Tlie  average  of  the 
resulting  moments  for  the  three  sites  {'•)(!.  IS/,  and  IH/i)  is 
2.18/ip,  as  compared  to  the  experimental  value  of  2.().1/Xp 

Another  technologically  relevant  magnet  i.s  reinesented 
on  Fig.  1,  namely,  FcuN,  which  is  under  study  for  use  in 
reading  heads.”’  The  known  experimental  average  moment 
for  tnis  material  is  2.8/i.p  (at  room  temperature),  shown  in 
Fig.  1  using  the  average  volume  of  the  WS  cells  of  these 
three  sites.  The  iron  atoms  are  in  the  three  sites  4c,  4d,  and 
8/i  of  space  group  I’redicted  moments  for  the 

three  sites  are  a.tso  shown  on  Fig.  1,  as  calculated  from  the 
WS  site  volumes  using  the  same  linear  regression  used  for 
Fi^i’en.  The  average  value  of  these  predicted  moments  is 
2.7/ip,  in  good  agreement  with  the  experimental  value  of 
2.8/ip.  (i’he  calculated  band  theoretical  vidues'^  give  an  av¬ 
erage  of  2.4/ip .) 

Figure  1  includes  also  results'^  for  «Fe  (a:t  a  function  of 
pressure,  at  0,  80,  and  122  kbar).  There  seems  to  be  a  well- 
dclined  slope  for  these  results,  which  i.s  different  from  that  in 
the  2:17  materials.  'I'his  means  that  there  are  other  factors 


which  play  an  important  role,  such  as  coordination  number, 
types  of  neighbors  and  the  different  exchange  resulting  from 
RE-TM  in  addition  to  Fc-Fc  exchange.  This  result  is  sup¬ 
ported  by  the  observation”’  that  an  increase  of  '■-().5%-l%  in 
the  lattice  parameter  of  rrFe  is  accompanied  by  an  increii.se  of 
—  15%  in  its  moment,  resulting  from  the  addition  of  a  small 
amount  of  nitrogen.  Tliis  result  is  shown  in  Fig.  1  to  lie  on 
the  steeper  line,  off  the  rrFe  line.  Other  experimental  and 
calculated  critically  collected”’  RE-TM  data  have  been  in¬ 
cluded  in  Fig.  1.  A  substantial  scatter  is  seen  resulting  from 
inconsistencies  even  for  the  same  material,  and  because  not 
all  values  arc  saturation  moments.  There  is  no  space  to  ilis- 
cu.ss  this  here. 

The  addition  of  the  nitrogen  into  the  structure  in  I’r^Fciy 
cau.ses  some  changes  in  the  topology  of  the  WS  cells  of  the 
neighboring  atoms,  which  are  probalily  correlated  with  the 
change  in  electron  density  cau.sed  by  the  nitrogen,  and  likely 
contribute  to  the  break  in  slope.  I'he  main  result  is  that  the 
three  fivefold  fiicets  connecting  the  RE  to  the  Fe4  neighbors 
change  into  sixfold  facets,  thus  incorporating  the  Fe4  into  the 
sixfold  disclination  net  and  enhancing  this  net  upon  nitnding. 

This  work  was  supported  by  the  Division  of  Materials 
Sciences,  U.S.  Department  of  Energy,  under  Contract  No. 
l)lvAa)2-76Cll()()()l6. 

'R.  (Im.s.siiii’er  mat  X.  Kiiii,  piesonlcil  ill  Mii|’ni:li!iiii,  Miigiiclie  Miiluii- 
iils  iind  llitilr  Appllemions.  Saclloii  II,  la  llalninii,  Cutni,  l‘)'Jl;  It.  Sun,  J, 
M.  li.  r'ucy.  Y.  Gliiiil,  mill  1).  )’.  I'',  lliiiloy,  J,  I'liys,  t'miilcn.s.  Muller  2, 
(lUM  (I'WO);  K.  It.  J.  Uuseliiiw,  It.  ('oeliuoin,  I).  I),  deMiiotJ,  K.  ilc 
Wiiiird,  aiulT.  It.  Jiieoh.s,  J.  Miign.  Magii.  Miner.  47,  (IWO);  J.  M.  1). 
Coey,  II.  Sun,  J,  Miigii.  Mugn,  Miller.  87,  l,2.‘il  (I'lyil). 

■n.  ,S/puimr,  W.  n.  Widliice,  imd  J.  S/puiiui,  Fl)y,s,  Rev,  U  J6.  .''782 
'a.  Siikuiuii,  J.  Mugn.  Mugn.  Miilcr.  102,  127  (l')i/|), 

■■l*,  M.  Uulihens,  J,  J,  Van  loef,  and  K.  It.  J.  nuschow,  J.  Fliyu.  (Farts) 
('olloi|,  ft,  Siippl,  12,  J5.  t'ft-()17  (1074);  (',  M,  (iuliliens,  J.  It.  F.  vun 

Apeldoorn,  A.  M.  vun  der  Kruun,  iind  K.  It.  J.  Duseliow,  J.  Fhys  I''  4,  421 
It  <>74). 

’j.  K.  Siidlck,  J,  A.  (ioluss,  S.  t'.  C'liciig,  J.  Cullen,  iind  A.  It,  Clink,  Miller, 
lain.  12.  (I'Wl). 

“S.  l,uo,  Zli.  Liu.  (i.  Zliunp,  X.  Fel,  W,  Jliina,  and  Wcnwimn  Itu,  ILilili 
■fruns.  Munn.  MA(;-2.'t,  ,11)0.4  (IUK7);  S.  I.iii),  (),  '/diuni-.  Zh,  Liu,  X.  Fel, 
W.  Jliing,  Iind  Wenwiiup  lln,  Ihid.  70,  .111  (I0S7), 

’j.  M,  I).  Coey,  J.  R.  Liiwlcr,  11,  Sim,  iiiul  J.  It.  M,  Allun,  J.  Ap|)l.  I'liys,  64, 
.11107  (1441):  R  IL  llelinliDldl  iiiul  )v.  II.  J.  lluscliiiw,  J,  l.e.ss-C()nunon 
Melid-s  I.S5,  I.S  (I4H4). 

"ll.  II.  Sliidclnuiler,  F,.-'l'li.  Ilenly,  ti,  .Stlnielder,  iind  l(.  Uriel),  Miitei. 

7,  l.S.S  (1488). 

■'(/.  W.  Yiin,  I'.  1..  Zliunu,  Y.  N,  Wei,  K,  Sun,  11,  F.  tin,  Y.  Z,  Wiuis,  G.  C. 

Liu,  C.  Guo.  luid  Y,  )•■.  Clienn,  I'liy.s.  Rev.  II  48,  2878  (1441), 

'"R.  E.  Willson  and  I..  II,  Ucniicll,  I'tiys.  Rev.  11  4.1,  11642  (1441). 

"M.  Meliiniud,  I..  II.  Ileniiett,  and  R.  It.  Wiilson,  Scr.  Mclidl.  21,  .47.1 
(1487);  R.  li.  Widsoi),  I..  II.  DciineU,  imd  M,  Meliimud,  J.  Appi.  Fiiy.s.  6.1, 
Si  1ft  (1488);  L,  II.  Ounnell,  R.  H.  Wiil.son,  and  M,  Melumud,  J.  I'liys. 
(Fiuis)  44,  Ctl-417  (1488). 

'•  R.  li.  Widson  and  1..  11.  nciiuell,  1.  Alloys  Comp.  147,  271  (1441). 

''7'h;  nolulion  Idr  u  WS  eell  i.s  («, ft, c, (/,...)  lor  a  polyliedron  liiivinp,  "n” 
lriiiop,idur  liieets.  "ft"  four-sided  fiicels,  "c"  live-sided  fucets,  etc, 

'■'X.  Clicii,  L.  X,  l.iim,  Z,  Alloiiniiiii,  11.  II.  Ryan,  and  J.  O.  SlroiuOlscii,  J. 
Muitn.  Mngn.  Miller,  111,  111)  (1442). 

Y.  Oliiiii,  1).  F.  F.  Hurley,  lloug  Sun,  and  J.  M,  I).  Coey,  J,  Appl.  I’liys.  fi4, 
.S.S84  (1441), 

"'X.  Ilao,  R.  M.  Mclzp.er,  and  W.  1).  Doyle,  J.  Appl.  I’liys,  7.1,  6714  (1441); 

C,  (iao,  W.  D,  Doyle,  and  M.  Sainsiiz/.nlm,  J.  Appl.  I’liys.  73,  6474  ( 1441), 
”1).  Guenztimser  and  1),  It.  lillis,  I’liys.  Rev.  11  .11,  41  (1484), 

"*G.  J.  Unit;,  O.  A.  I’linyle.  I'.  Grandjean,  and  K.  II.  lluseluiw,  J,  Appl. 
I’liys.  72.  4844  (1442),  and  lelcienees  llieieiii. 


6046  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  Novoi'filjor  1904 


MQlarmid,  Bonriott,  and  Watson 


Theoretical  analysis  of  the  spin-density  distributions  in  YoFeiyN^ 
and  Y2Fei7C3 
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The  electronic  structures  and  spin-density  distributions  in  Y2FC17N3  and  YiFcpC^  are  calculated 
using  the  self-consistent  spin-polarized  orthogonalized-linear-conibination-of-atoinic-orbilals 
method,  The  N  or  C  atoms  are  assumed  to  occupy  the  (96')  sites  in  the  rhombohedral  structure.  The 
Fe  (18/)  and  N  or  C  at  the  (9e)  site  form  covalent  bonds  which  result  in  a  very  nonspherically 
symmetric  spin-density  distribution,  The  calculation  shows  a  reduced  moment  for  the  Fe  (18/)  sites 
due  to  doping,  However,  the  montents  at  other  sites  are  increased  due  to  lattice  expansion.  There  are 
some  differences  in  the  spin-density  distribution  between  N  and  C  at  the  (9(.')  site.  By  comparing 
with  the  results  of  calculation  on  the  pure  Y2Fe|7  at  different  volumes,  changes  in  moment 
enhancement  and  density  of  states  at  the  Fermi  level  due  to  lattice  expansion  alone  and  tlitit  due  to 
the  chemical  effect  of  introducing  N  or  C  are  separated. 


It  has  been  well  established  that  nitrogen  (N)  or  carbon 
(C)  dttping  in  the  rare-earth-F'e  permanent  magnets  R2Fei7 
can  raise  the  Curie  temperature  ('/',,)  subslantiiilly.'  '  Tiiis  is 
generally  attributed  to  lattice  exptmsion  in  the  doped  samples 
which  increa.ses  tlie  I'e-I'e  interatomic  disttmees  and  the  ex¬ 
change  interactions.  A  large  number  of  calculations  exist 
which  show  the  inercu.se  in  the  spin-magnetic  moments  on 
different  Fe  sites  and  signilicant  changes  in  the  density  of 
states  (DOS)  at  the  Fermi  level  Kp  upon  N  doping.'"'  How¬ 
ever,  it  is  diflicull  It)  provide  a  direct  ex|>lanulion  of  the  in¬ 
crease  in  7',.  bused  on  the  electronic  structure  results  since 
the  electronic  structure  is  a  /.ero  temperature  enliiy.  Mohn 
and  Wohlfai'th  developed  a  theory  bused  on  a  spin  lluctualion 
mechunism  which  links  with  eleclionic  structure  to  the  7',.  of 
u  magnetic  material.'' 

In  spite  of  recent  caleulutions  on  the  electronic  slructure 
t)f  the  R2*''‘!|7  pliuses"'  and  their  iiilrogiuatcd  smnple.s,'"' 
severr.l  questions  remain  unresolved.  (1)  '1'lte  ciilculaied  spin 
moment  on  each  I'c  site  is  in  general  agreement  with  experi¬ 
ment,  but  di.screirancies  exist  for  specific  sites  sucli  as  I'e 
(18/)  and  (I8/1)  in  Y2Fe|7.'"  The  manner  in  wliicli  tlie  spin 
moments  liave  been  olitained  by  different  computational 
methods  has  not  been  fully  scrutinized.  (2)  Separation  of  a 
chemical  elTect  and  volume  ex|)imsion  witli  introduction  of  N 
is  important  in  understanding  tlie  meelianism  for  7',.  enhance¬ 
ment.  (.I)  It  is  generally  assumed  that  the  effects  of  the  N 
doping  or  C  doping  on  different  crystals  arc  similar. 

Realistic  calculations  may  show  subtle  differences.  (4)  There 
is  a  fundamental  question  as  to  whether  the  local  spin  density 
approximation  (LSDA)  ()f  tlie  density  functional  tlieory  on 
which  almost  all  of  tlie  tlicoreticiil  calculations  tire  tiased,  is 
good  enough  to  answer  the  question  of  'l\.  enliancenient.  It  is 
well  known  that  the  LSDA  can  give  the  wrong  grouiul  state 
in  the  case  of  elemental  Fe  crystals.'' 

In  order  to  further  understand  some  of  these  problems, 
we  have  carried  out  .self-consistent,  s[)iri-poIarized  calcuht- 
tions  on  Y2Fe,7N3  and  Y2Fe|7C'3.  Together  with  our  previous 
calculations  on  pure  YiFe,,  with  different  volume 
expansions,"'  we  are  able  to  separate  tlie  effects  due  to  vol¬ 
ume  expansion  and  chemical  doping.  We  focus  on  tlie  details 
of  the  spin-density  distribution  in  the  vicinity  of  the  doping. 


sites  as  well  as  on  the  differences  between  systems  with  dif¬ 
ferent  dopings,  i.e„  N  versus  C'. 

We  use  the  orthogonalized-linear-combination-of- 
atomic-orbitals  (OLCAO)  method  in  the  LSDA.  The  proce¬ 
dures  of  the  calculation  have  been  described  in  the 
literature"'  '"'  and  will  not  be  repeated.  A  minimal  atomiclike 
basis  set  consisting  of  orbitals  of  Y,  Fe,  N  (C)  which  are 
expanded  in  terms  of  Gaussians  in  real  space  is  employed. 
The  crystal  p.irameters  used  are  listed  in  Table  1.  Three  spe¬ 
cial  k  iioints  are  u.sed  in  the  .self-consistent  iterations,  while 
ill  the  linal  calculation,  secular  equations  are  .solved  at  11 
special  k  points  in  the  irreducible  wedge  of  the  Urillouin 
zone  of  the  trigonal  cell.  I'lte  final  charge  and  spin  densities 
are  calculated  from  the  resulting  eigenfunctions  at  these  II  k 
points  with  proper  corrections  for  the  core  orthogonali/ution 
applied,  d'he  spin-magnetic  moments  at  each  site  are  ob- 
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riG.  I.  Calculiileil  churyc  density  (left  pimcl)  mid  spin  density  (right  panel)  for  (a)  Yjl-c,,  (top),  (h)  Yil'nN,  (middle),  and  (c)  Yil'eiyCi  (hotloin)  at 
upproxiniately  the  same  voliinic.  The  contour  linos  arc  0.01 , 0.02,  0.04,  0.(l(i,  O.OK.  0.10,  0.15, 0.20,  0.25,  0,.5(),  0,40,  O.SO  for  charge  density  and  plus  or  minus 
of  0,001,  0.002,  0.(KI,1,  ().(H)4,  O.tKK),  ().(K)H,  0.01,  0.01.5,  0.020,  0.030,  0.040,  0.0.50.  Negative  nuniheis  arc  indicated  hy  dashed  contours. 


tuined  by  using  the  Mullikcn  scheme'^  ba.sod  on  the  eigen¬ 
functions  and  the  overlap  matrix  elements. 

The  calculated  charge-density  and  spin-density  maps  on 
a  plane  perpendicular  to  the  c  axis  and  containing  the  Fc 
(18/)  sites,  the  Y  atom,  and  the  doping  elements  arc  shown 
in  Fig,  1  for  Y2Fe|7,  YjFciyNi,  and  YjFci^Cj,  All  three  crys¬ 
tals  have  the  same  cell  volumes.  In  the  calculation  for 
Y2Fe|7N3  and  Y2Fe,7C3,  we  used  the  internal  parameters 
which  determine  the  atomic  positions  for  Nd2Fei7N^.  as  mea¬ 
sured  by  Kajitai’.i  et  al.  The  results  of  Fig,  1  can  be  sum¬ 
marized  as  follows:  (1)  In  the  absence  of  lire  doping  ele¬ 
ments,  Fc  (18/)  and  Y  have  rather  spherical  charge-  and 
spin-density  distributions.  The  Y  atom  is  negatively  polar¬ 
ized.  (2)  When  N  atoms  arc  introduced  at  the  9e  site,  expan¬ 
sion  of  the  lattice  and  changes  in  the  internal  parameters 
make  the  9e  site  of  sufficient  size  to  accommodate  N,  There 
is  a  significant  covalent  bonding  character  between  Fc-3r/ 
and  N-2/5  electrons  in  forming  a  tight  Fc-N-Fe  unit.  The  spin 
density  at  these  sites  shows  significant  distortion  from 
spherical  symmei.y.  The  highly  nonsymmetric  charge-  and 
spin-density  distributions  have  some  implications  on  the 
proper  magnitude  of  spin-magnetic  moments  at  these  sites. 
(.3)  Although  the  moments  at  the  N  site  are  small  and  neg.i- 
tively  polarized,  the  spin-density  map  shows  that  they  form 
pairs  of  positive  and  negative  lobes.  (4)  There  arc  some  dif¬ 
ferences  in  the  spin-density  distributions  due  to  N  and  C 
dopings.  For  C,  there  is  no  lobe  structure  and  the  negative 
polarization  at  the  C  site  is  actually  larger. 

In  Table  I,  we  list  the  calculated  spin  moments  at  each 
site  based  on  the  Mullikcn  scheme.  Also  included  arc  the 
results  for  Y2FC17  at  zero  expansion  and  some  measured  data 


for  comparison.  Based  on  these  results,  we  can  see  that  (1) 
Although  the  effect  of  volume  expansion  increases  the  nega¬ 
tive  polarization  on  the  Y  atom,  the  doping  actually  reduces 
it.  (2)  There  is  a  significant  reduction  of  moments  on  Fe 
(18/)  next  to  N  (C)  when  they  arc  covalently  bonded.  (3)  At 
other  Fc  sites,  the  increase  in  the  ■  mients  can  be  accounted 
for  mainly  by  the  effect  of  volume  expansion,  but  the  chemi¬ 
cal  effect  of  doping  is  important  and  appears  to  be  site  .spe¬ 
cific.  (4)  C  is  slightly  more  negatively  polarized  than  N  and 
has  a  bigger  inlliiencc  on  the  Fe  (18/)  site  and  less  influence 
on  Ihc  Fc  ( 1 8/1)  site. 

The  calculated  numbers  in  Table  I  can  be  compared  with 
the  recent  experimental  Mbssbauer  data  from  Chen  et  al.'^ 
for  Y2Fe,7,  Y2Fe|7N23,  and  Y2Fe|7C2  by  dividing  the  re¬ 
ported  hyperfine  field  data  by  a  rather  arbitrary  factor  of  14.8 
T//u.;j .  These  numbers  are  listed  in  parenthesis  in  Table  I.  The 
comparison  is  only  approximate  because  the  samples  are  not 
stoichiometric  in  composition  while  the  calculation  assumes 
the  ideal  structure.  Still,  the  relative  magnitudes  of  the  Fc 
moments  should  be  meaningful.  In  the  case  of  undoped 
Y2Fe|7  at  equilibrium  volume,  it  has  been  pointed  out  that 
the  agreement  between  calculation  and  experiment  on  the 
relative  magnitudes  of  Fe  moments  at  various  sites  is  mar¬ 
ginal  at  best."’  On  the  other  hand,  the  results  of  oifferent 
theoretical  calculations  using  different  methods  are  quite 
clo.se."’ This  reflects  either  a  fundamental  inadequacy  in  the 
LSD,\  theory  for  the  magnetie  properties  of  the  system  of 
lare-carth-iron  magnets,  or  that  the  theoretically  calculated 
values  may  not  correspond  to  quantities  that  the  experiments 
actually  measure.  In  the  doped  samples,  the  experimental 
data  measure  an  increase  of  moments  on  all  Fe  sites.  Our 
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FIG.  2,  Calculated  total  .'"OS  for  (a)  YaFc,,,  (b)  Y2Fc,7Ni.  and  (c)  YiFcuC, 
at  approximately  the  same  volume.  Positive  values  aie  for  the  majority  spin 
band  and  negative  values  for  the  minority  spin  hand, 


calculation  shows  this  to  be  the  case,  except  for  the  Fe  (18/) 
site  where  there  is  a  large  decrease.  Jaswal  et  obtained 
the  same  moment  as  ours  for  this  site.  In  the  present  calcu¬ 
lation,  the  Mulliken  scheme  was  used  which  gives  the  effec¬ 
tive  charges  on  each  atom  tor  the  majority  and  minority  spin 
cases.  The  difference  is  taken  as  the  spin  moment  for  that 
site.  The  Mulliken  scheme  for  charge  partitioning  is  approxi¬ 
mate  since  it  assumes  an  equal  overlap  for  different  atomic 
pairs.  This  simple  scheme  works  best  when  the  wave  func¬ 
tions  are  not  too  extended,  and  the  atoms  in  the  system  are 
more  or  less  of  the  same  size  and  have  similar  ranges  of 
interatomic  distances. 

In  the  doped  sample,  the  N  or  C  are  introduced  to  inter¬ 
stitial  sites.  Lattice  expansion  and  local  symmetry  variation 
result  in  quite  different  interatomic  separations.  The  Mul¬ 
liken  scheme  may  not  work  welt  in  these  cases.  A  better 
approach  is  to  perform  a  three  dimensional  real  space  inte¬ 
gration  of  the  charge  densities  as  was  done  by  us  in  the  case 
of  some  insulating  crystals.'^  With  a  highly  nonsystematic 
distribution  as  shown  in  Fig.  1,  this  is  obviously  not  an  easy 
job.  In  addition,  the  criterion  for  partitioning  the  charge  or 
the  spin  density  in  real  space  is  always  subject  to  a  certain 
degree  of  arbitrariness.  It  may  be  pointed  out  that  in  the 


linear  muffin-tin  orbital  (LMTO)-  or  atomic  sphere  approxi¬ 
mation  (ASA)-type  of  calculations,^  '*''^  spin  moments  are  not 
based  on  the  Mulliken  scheme,  but  on  the  difference  of  ma¬ 
jority  and  minority  spin  charges  inside  the  atomic  spheres. 
The  charges  outside  the  atomic  spheres  are  zero.  The  calcu¬ 
lated  spin  moments  depend  somewhat  on  the  choice  of 
atomic  sphere  radii.  In  compact  systems  in  which  the  charge 
distribution  is  more  or  less  spherical,  this  approach  gives 
quite  accurate  moments.  However,  in  doped  systems  where 
the  spin-density  distribution  is  nonspherical,  such  an  ap¬ 
proach  may  not  be  reliable. 

Figure  2  shows  the  calculated  total  DOS  for  the  majority 
and  minority  spin  bands  in  Y2Fe|7,  YjFcnN,,  and  Y2Fe|7Cv 
As  can  be  seen,  doping  does  modify  the  DOS  profiles.  Pro¬ 
jected  partial  DOS  (not  shown)  for  N  and  C  show  that  the  N 
states  are  in  the  range  of  —5.3  and  —7.5  eV,  while  those  of  C 
are  between  -2.5  and  —7.0  e'V.  The  calculated  DOS  at  Ej: 
are  listed  in  Table  1.  For  the  majority  band,  the  reduction  in 
the  DOS  at  E in  Y2Fei7N3  by  almost  a  factor  of  2/3  is 
mainly  due  to  lattice  expansion.  In  Y2Fei7CY  the  effect  of  C 
doping  increases  Nf/T;.)  and  is  largely  compensated  for  by 
the  volume  effect.  For  the  minority  band,  lattice  expansion 
alone  reduces  N(£;.-),  and  upon  doping,  it  decreases  further 
to  about  half  of  the  value  for  undoped  Y2Fe|7  at  equilibrium 
volume.  Thus  chemical  effect  of  doping  is  most  pronounced 
in  the  for  the  spin  down  band  and  in  the  moment  of 

the  Fc  (18/)  site. 
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Study  on  the  effect  of  the  previous  hydrogenation  of  the  nitride  formation 
of  a  Sm2Fei7(4  at.  %  Nb)  alloy 
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In  order  to  find  an  effective  means  of  production  of  the  interstitial  Sni2FCi7N  j-type  nitride,  an  alloy 
modification  by  the  addition  of  small  amount  of  alloying  element  (4  ut,%  Nb)  and  a  hydrogenation 
treatment  prior  to  the  nitriding  process  have  been  employed.  The  effect  of  previous  hydrogenation 
on  the  nitride  formation  of  the  Sm2Fei7(4  at.  %  Nb)  alloy  has  been  investigated  systematically  by 
means  of  thermopiezic  analysis,  thermomagnetic  analysis,  and  vibi'amig  sample  magnetometer.  It 
has  been  found  that  the  previous  hydrogen  treatment  facilitates  significantly  the  formation  of  the 
nitride,  and  this  may  be  due  to  the  clean  surface  and  the  finer  size  of  the  particles  caused  by  the 
hydrogen  decrepitation.  It  has  also  been  found  that  the  combination  of  the  alloy  modification  with 
the  addition  of  Nb  and  the  previous  hydrogen  treatment  can  be  utilized  effectively  for  the  production 
of  a  Sm2Fei7N^.-typc  nitride. 


INTRODUCTION 

The  Sm2Fe|7N,.-type  nitride  material  has  been  consid¬ 
ered  to  be  a  potential  candidate  for  the  permanent  magnetic 
application.*"^  It  is  apparent,  however,  that  there  are 
some  practical  difficulties  in  the  preparation  of  the 
Sm2Fei7  N,-type  nitride  material.  The  cast  Sni2Fei7-typc  al¬ 
loys,  from  which  the  interstitial  Sm2Fei7Ni.-type  nitride  is 
produced,  have  a  severe  structural  inhoinogcneity.  The 
Sm2FC|7  eompound  is  formed  through  the  pcritectic  reaction 
between  the  previously  crystallized  solid  Fc  and  the  liquid 
Sm-rich  phase,*’  thus  leading  to  the  common  presence  of  a 
considerable  amount  of  free  iron(a-Fc)  in  the  cast  ingot.  In 
order  to  overcome  this  practical  difficulty,  a  modification  of 
the  micro.structure  of  the  cast  Sm2Fe|7  alloy  by  a  substitution 
of  M  (M=Nb,  Ta)  for  Fc  in  the  alloy  has  been  attempteu,  and 
it  has  been  revealed  that^’**  the  addition  of  certain  transition 
elements,  such  as  Nb  and  Ta  to  the  Sm2Fe,7-typc  alloy, 
modifies  the  crystallizing  behavior,  thus  suppressing  the 
presence  of  the  free  iron.  The  poor  kinetics  of  the  nitride 
formation  reaction  of  the  Sm2Fe|7-typc  alloy  is  also  a  limit¬ 
ing  factor  for  the  preparation  of  the  nitride  material.  Because 
the  kinetics  of  the  reaction  is  so  slow,  the  Sm2Fei7-type  alloy 
is  processed  commonly  into  a  fine  powder  form  Typical  par¬ 
ticle  size  less  Ilian  10  /rm)  in  order  to  improve  the  kinetics. 
Many  practical  difficulties  associated  with  the  powder  prepa¬ 
ration  or  handling  are,  therefore,  inevitable.  In  the  present 
study,  in  an  attempt  to  find  an  effective  means  of  production 
of  the  interstitial  Sm2Fe,7N,.-type  nitride,  a  combination  of 
an  alloy  modification  by  the  small  addition  of  alloying  cle¬ 
ment  (4  at.  %  Nb)  and  a  hydrogenation  treatment  prior  to  the 
nitrogenation  process  has  been  employed.  The  effect  of  the 
previous  hydrogenation  on  the  formation  of  the  nitride  has 
been  investigated  in  more  detail. 

EXPERIMENTAL  WORK 

A  Sm2Fei7  alloy  containing  4  at.  %  Nb  was  prepared 
using  an  induction  furnace  at  1400  °C  and  supplied  by  Rare 


Earth  Products  (Widnes,  UK).  The  microstruclurc  of  the  al¬ 
loy  was  examined  using  an  optical  microscope  or  a  scanning 
electron  microscope  (SEM),  and  the  pluuse  analysis  of  the 
alloy  was  performed  by  a  SEM  equipped  with  electron  probe 
microanalysis  (EPMA)  facility.  The  supplied  as-cast  alloy 
was  subjected  to  a  hydrogenation  treatment  prior  to  the  ni¬ 
triding  process.  The  hydrogenation  was  carried  out  at 
300  °C,  and  it  was  followed  by  a  degassing  '.reatment  at 
4.S()  °C  under  vacuum  better  than  ().t).S  mbar.  The  hydrogena¬ 
tion  and  the  degassing  were  repeated  four  times  in  order  to 
achieve  a  full  decrepitation  (it  has  been  found  that  the 
Sni2FC|7-type  alloy  shows  a  poor  decrepitation  behavior  with 
a  simple  hydrogenation  treatment'*).  Tiie  cycle  hydrogen 
treated  alloy  (hereafter  the  cycle  hydrogenated  alloy  is  in  a 
hydrogenated  state  after  the  cycle  treatment  unless  stated 
oiiicrwise)  was  pulverized  for  I  h  using  an  automatic  agate 
pulverizer  in  a  glove  box  filled  with  high  purity  nitrogen  gas 
(oxygen  content  in  the  glove  box  is  less  than  150  ppm).  The 
as-cast  alloy  was  also  pulverized  under  the  same  condilirrns 
as  the  one  for  the  cycle  hydrogen  treated  alloy  for  compari¬ 
son.  The  obtained  powder  materials  were  then  nitrogenated 
at  the  temperature  range  of  45()-5()()  °C  for  various  periods 
untler  nitrogen  gas  (nitrogen  pressure:  ~1  bar).  The  nilrided 
material  was  then  milled  for  24  h  under  cyclohexane  using  a 
ball  mill  (mass  ratio  of  material  to  steel  ball  =  1:20).  A  TPA 
(thermopiezic  analysis"')  was  employed  in  order  to  study  the 
nitrogenation  behavior  of  the  as-cast  or  the  cycle  hydroge¬ 
nated  alloy  powders.  The  magnetic  properties  of  tire  nitrided 
material  were  characterized  by  means  of  VSM  (vibrating 
sample  magnetometer)  or  TM/v  (thermomagnetic  analysis). 
For  the  VSM  measurement,  the  nitride  powder  was  aligned 
and  bonded  with  wax  under  the  magnetic  field  of  20  kOe, 
and  the  measurement  was  performed  along  the  aligning  di¬ 
rection. 

RESULTS  AND  DISCUSSION 

The  microstruclurc  of  the  as-cast  alloy  examined  Iry  a 
SEM  is  shown  in  Fig.  1.  It  is  apparent  that  the  microstructure 
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FIG.  I.  SEM  (back.scattcrcd  clcclion  image)  pliolograpli  showing  the  ini- 
croutruclure  of  the  as-cast  Smjrc,,  (4  at.  %  Nb)  alloy. 

consists  of  a  mixture  of  the  matrix  phase  and  eutectic  phase. 
A  minor  island  pliase  is  also  observed  in  the  alloy.  The  x-ray 
microanalysis  (EPMA)  result  shows  that  the  matrix  phase 
has  a  chemical  composition  of  Sm2Fe|7  stoichiometry  and 
the  eutectic  is  a  mixture  of  Sm2FC|7  and  NbFc2  Laves  phase. 
The  island  phase  has  a  composition  of  NhFe_.  Laves  phase. 
There  is  no  evidence  for  the  presence  of  the  free  iron  in  the 
alloy,  which  is  a  common  feature  of  the  conventional 
Sni2Fei7  alloy.  The  as-cast  alloy  can,  therefore,  be  used 
straightaway  for  the  production  of  the  Sm^l  C17  nitride  with¬ 
out  any  homogenizing  treatment. 

Figure  2  shows  the  TFA  traces  for  the  a.s-cast  or  the 
cycle  hydrogenated  alloy  powders  carried  out  under  nitrogen 
gas  (nitrogen  pressure:  -  I  bar).  It  appears  that  for  the  as-cast 
alioy  powder,  the  nitrogen  pressure  in  the  reaction  chamber 
begins  to  decrease  from  around  290  “C  and  a  rapid  drop  is 
observed  above  480  °C,  indicating  that  the  as-cast  alloy  ab¬ 
sorbs  the  nitrogen  from  around  290  °C  and  most  rapidly  at 
around  480  °C.  Meanwhile,  for  the  cycle  hydrogenated  alloy 
the  pressure  drop  occurs  from  around  1 70  °C,  and  a  rapid 
increase  in  the  pressure  is  obs  vl  from  around  230  °C  up 
to  around  450  °C.  This  •  t  '-sc  is  due  to  the  desorp¬ 
tion  of  hydrogen  fn..,-'.  di  ’  'ed  alloy.  The  pressure 

increase  is  stopped  aio.  ,.  and  then  followed  by  a 
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FIG.  2.  rPA  tracc.s  lor  the  as-ca.st  or  the  hycirogoii  trcalcil  alloy  powders 
under  nitrogen. 


FIG.  3.  I'MA  results  lor  the  nitride  materials  nilrogenated  lor  4  b  at  various 
leinpcralurcs  using  the  as-eust  alloy  powder. 

rapid  decrease,  indicating  that  the  hydrogen  desorption  is 
ahnost  completed  at  450  °C  and  the  nitrogen  absorption 
takes  place  rapidly  above  this  temperature.  It  can  be  seen 
from  thc.se  results  that  the  cycle  hydrogenated  alloy  powder 
can  pick  up  the  nitrogen  at  significantly  lower  temperature 
with  respect  to  the  a.s-cast  alloy  powder.  This  suggests  that 
the  hydrogen  addition  to  the  Sm2FC| 7-type  alloy  prior  to  the 
nitrogenation  may  facilitate  the  formation  of  a  Sm2Fci7 
N^-type  nitride. 

Figures  3  and  4  show  the  TMA  results  for  the  materials 
nitrided  for  4  h  at  various  temperatures  using  an  as-cast  or  a 
cycle  hydrogenated  alloy  powder.  For  both  materials,  the 
TMA  curves  exhibit  two  deflections  at  around  150  °C  and 
480  "C.  Those  reflections  correspond  to  the  Curie  tempera¬ 
tures  of  the  unreaeted  .Sm2Fei7  phase  and  tlie  formed 
Sin2FC|7N(.-type  nitride,  respectively.  It  appears  that  the  de¬ 
flections  at  480  °C  are  much  greater  for  the  cycle  hydroge¬ 
nated  alloy  than  for  the  as-cast  alloy  at  any  nitriding  tem¬ 
perature  u.sed  in  the  present  study,  indicating  that  the  nitride 
can  be  formed  more  easily  from  the  hydrogenated  material 
with  respect  to  the  a.s-cast  material  at  the  same  condition. 
The  nitrided  material  nitrogcnaled  at  500  °C  using  tlic  as-casl 
alloy  powder  exhibits  a  large  deflection  at  around  150  °C, 


l■IG.  4.  TMA  results  tor  tliu  nitride  miitcrial.s  iiitrugcruilc'l  I'ur  4  h  at  various 
lcm|ieiaturcs  using  llie  eycle  hydrogen  treated  alloy  powder. 
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FIG.  5.  TMA  results  for  llic  nitride  niatcriiils  iiitrogemited  lU  475  "C  for  4  li 
u.sing  the  alloy  powders  under  various  conditions. 

indicating  that  there  is  still  a  significant  amount  of  the  unre- 
au-ted  Stn2Fei7  phase  after  the  nitrogenation.  There  is,  how¬ 
ever,  little  evidctice  for  the  presence  of  the  unreacted 
Sm2Fci7  phase  for  the  cycle  hydrogenated  alloy  powder. 
These  results,  together  with  the  results  of  TPA  (Fig.  2),  indi¬ 
cate  clearly  that  the  previous  hydrogenatioti  treattnent  on  the 
as-cast  alloy  may  facilitate  the  formation  of  the  nitride.  Fig¬ 
ure  5  shows  the  TMA  result  for  the  nitrided  material  which  is 
previously  cycle  hydrogenated  and  then  degassed  prior  to 
being  subjected  to  the  nitrogenation  at  475  °C.  The  degassing 
was  carried  out  in  situ  in  the  nitriding  rig  at  475  °C  until  a 
vacuum  better  than  5X10  't'orr  was  acliievcd.  The  nitroge¬ 
nation  was  carried  out  immediately  after  the  degassing.  The 
TMA  results  for  the  nitride  materials  obtained  from  the  ni¬ 
trogenation  at  47.5  ®C  using  the  as-cast  or  the  cycle  hydroge¬ 
nated  alloy  powders  (the  cycle  hydrogenated  alloy  powder 
was  in  the  hydrogenated  state  prior  to  tlic  nitrogenation)  du¬ 
plicated  from  Figs.  3  and  4  arc  also  included  in  Fig.  5  for 
comparison.  The  comparist)n  between  the  TMA  results  for 
the  nitrided  materials  nitrogenated  using  the  as-cast  or  the 
cycle  hydrogenated  alloy  powders  may  reveal  the  effect  of 
previous  hydrogen  addition  to  the  SniiFe  17-type  parent  alloy 
on  the  nitride  formation.  It  is  worth  noting  that  the  TMA 
curves  fur  the  nitride  materials  nitrogenated  using  tlie  cycle 
hydrogenated  alloy  powders  which  arc  in  tlie  hydrogenated 
or  degassed  state  appear  not  to  be  significantly  different.  This 
result  indicates  that  the  addition  of  hydrogen  to  the 
Sm2Fei7-type  parent  alloy  may  not  inlluencc  significantly  the 
nitrogenation  reaction  of  the  alloy.  It  can  be  concluded, 
therefore,  that  the  easier  formation  of  nitride  caused  by  the 
previous  hydrogenation  may  be  due  to  the  decrepitation 
which  results  in  a  clean  surface  and  a  finer  particle  size. 

The  magnetic  characterizations  performed  using  a  VSM 
for  the  nitride  material  obtained  from  the  nitrogenation  of  the 


Appltctl  l'‘ieUI(kOc) 

FIG.  ft.  VSM  mciisurcmunls  on  llic  nitride  maleiiiil  nitrogenated  at  475  "C 
for  tS  It  using  the  cycle  hydrogen  treated  alloy  powdci. 

cycle  hydrogenated  material  at  475  °C  for  15  h  are  shown  in 
Fig.  6.  The  tnatcrial  immediately  after  the  nitrogenation  ex¬ 
hibits  poor  permanent  magnetic  properties.  The  properties 
are  however,  improved  markedly  by  the  post-nitriding  mill¬ 
ing  for  24  h.  The  poor  properties  of  tlie  as-nitrided  materials 
may  be  due  to  the  coarse  particle  size,  and  the  marked  im¬ 
provement  of  the  properties  of  the  milled  material  may  be 
attributed  to  the  line  particle  size  of  the  nitride.  The  milled 
material  has  a  significantly  high  coercivity  (over  7  kOe). 

CONCLUSION 

The  effect  of  previous  hydrogen  treatment  on  the  nitride 
formation  of  the  Sm2Fe|7-type  alloy  modified  with  the  addi¬ 
tion  of  .small  amount  of  Nb  has  been  investigated.  It  has  been 
found  that  previous  hydrogen  trealment  facilitates  signili- 
cantly  the  formation  of  the  nitride,  and  this  may  bo  due  to  the 
clean  surface  and  the  finer  size  of  the  particles  cau.sed  by  the 
hydrogen  decrepitation.  The  present  .study  also  shows  that 
the  combination  of  an  alloy  modification  with  the  addition  of 
Nb  and  a  previous  hydrogenation  can  be  utilized  as  an  effec¬ 
tive  means  of  production  of  a  Sm2Fe,7N,.-type  nitride. 
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Hydrogen  dis|}iopoitionation,  desorption,  and  rccombinalion  (IIDDR)  lias  liecn  used  as  a 
pretreatnient  to  prepare  high  pcrrorniance  SiniFcijN,  and  Ndl-'eiuMoiN,  compounds.  Isotropic 
Sm2Fe|7N,.  and  Ndl'c’ioMoiN,  compounds  witli  intrinsic  coercivily  larger  tlian  12  and  4  kOe  liave 
been  olUained  by  nilriditig  tlie  IIDDR  treated  powders,  rc.s|iectively.  It  is  round  tliat  the  magnetic 
properties  are  .sensitively  de|)endent  on  the  time  and  Icinpcralurc  of  tile  IIDDR  process,  which 
determine  the  grain  size,  nitrogen  content,  and  the  ainounl  of  (r-l'e  in  the  nitrides. 


I.  INTRODUCTION 

.Sm2Fe|7Nj  and  Nd(Fe,M)|,N,  compounds  have  been 
discovered  as  potential  new  permanent  magnetic  candidates 
since  IWO.'- 

HDDR,  as  a  pretreatnient,  lias  been  successl'tdly  used  in 
the  preparation  of  isotropic  iSniiFcpN,  and  Nd['e|,|Mo,N, 
compounds.  The  relationship  between  preparation,  sliuctnre, 
and  magtietic  properties  of  IIDDR  treated  .SniiFcpN,  and 
NdFe||)Mo2Nj  cotnpounds  will  he  piesentetl  in  tliis  tirticle. 


II.  EXPERIMENTAL  METHODS 

Alloys  of  stoichitimetric  composition  were  prepared  by 
arc  melting  W.5  wt  %  pure  materials  in  a  purified  argon 
atmosphere.  Tlie  ingots  were  lieal  treated  at  l().‘i()°('  for  2 
days  and  u  week  for  ,Sm2Fe|7  and  NdFei(|Mo2  compounds, 
respectively.  The  compounds  were  pulverized  into  powders 
willi  size  ranging  from  1  to  70  /um,  tlien  lliey  were  hydrided 
at  2.‘5()-l  lot)  °C  for  l-.S  li.  Subsequeittly,  tlie  hydriiled  com¬ 
pounds  were  degassed  at  tlie  above  mentioned  temperature 
for  1-4  h,  Nitrogemition  was  carried  out  in  llte  temperature 
range  from  480  to  .‘il0'’t'  for  2-4  It,  llien  rtipidly  cooled  to 
room  temperature.  X-ray  dilTraction  was  used  to  determine 
the  structure. 

I’owder  samples  of  cylindrical  sliajic  were  preirarcd  by 
embedding  tlie  powders  in  epoxy  resin,  aiul  some  were 
aligned  in  a  It)  kOe  field.  Hysteresis  loops  were  measured  in 
an  applied  field  of  II  -  1.4  T  on  a  vibrating  sample  magneto¬ 
meter  and  //-7  T  on  a  superconducting  i|uantum  interfer¬ 
ence  device  (SQUID)  magnelomcter,  Tlie  Curie  temperatures 


were  detcrniiiied  from  M -T  curves  olitaiiied  witlt  a  vibrating 
sample  magtietometer  operating  in  a  temperature  range  from 
.WO  to  loot)  K  ill  a  field  of  //  - 0.1  T. 

The  niicroslructuial  ehaiiges  are  tibserved  by  powder 
x-ray  diffraction  and  scatmiiig  electron  microscopy  (SliM). 
Tlie  grain  size  of  tlie  HDDR  treated  nitrides  was  determined 
from  observations  by  transmission  electron  microscopy 
(TFM). 

III.  RESULTS  AND  DISCUSSIONS 

A.  Phase  formation,  structure,  and  intrinsic  magnetic 
properties 

IToni  x-ray  diffraction,  thermomagiietic  measurements, 
and  .SFM  observations,  the  tilloys  are  itleiitified  as  single 
phase  exce|)t  for  a  siiitill  amount  of  .SiiiFe^  in  the  .Snijl'Ciy 
alloy.  When  liydriding  and  nitriding  the  compounds  at  Z.SO 
and  .sot)  °C,  respectively,  the  liiombohedral  and  tetragonal 
structure  of  the  .SniiFeiv  and  NdFemMoT  compounds  were 
retained  but  with  an  increase  in  lattice  parameters.  'I'alile  I 
lists  tlie  lattice  parameters  a,  t.  tmit  cell  volume  F,  Curie 
temperature  7',.,  aiul  saturation  magnetization  as  well  :is 
the  ani.sotro|ry  field  //.j  of  tlie  conipoiitids  and  their  liydriiles 
and  nitrides.  It  can  be  seen  that  hytlrogenalion  and  nitroge- 
nalion  can  botli  increase  (lie  Curie  lenipcrature  and  satin, itioii 
magnetization  of  tlie  compounds  and  nitrogenatioii  can 
change  tlie  easy  magnetization  direction  from  easy  Inisal 
plane  to  easy  c  axis  Ibr  the  .SniiFcp/  compound  and  from 
easy  cone  to  easy  c  axis  for  tlie  NdFe|„.Mo,  compound  due  to 
the  change  of  .second  order  crystal  field  coefficient  A  2,1  in  tlie 
pha.scs  upon  nitrogenatioii. 
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B.  Determination  of  HODR  parametors 

HDDR  includes  two  main  processes:  hydrogenation  and 
hydrogen  desorption.  In  both  of  them,  time  and  temperature 
are  vital  to  the  obtained  permanent  magnetic  properties  of 
Sm2Fe|7N(.  and  NdFei()Mo2N^.  compounds.  However,  the 
correct  powder  si/c  is  a  prerequisite  for  the  proper  HDDR 
treatment.  For  comparison,  we  chose  the  nitrogenation  treat¬ 
ment  of  SOU  °C  for  3  h  as  determined  in  our  previous 
studies,^ 

Figure  1  shows  the  demagnetization  liystercsis  loops  of 
Sm2Fci7Nj.  powder  .samples  with  an  average  particle  size  of 
1,  10,  and  70  /j,m  with  hydrogenation  at  500  "C  for  3  h  and 
dehydrogenation  treatment  at  750  “C  for  2  h  and  subse¬ 
quently  nitrogenation  treated  at  500  °C  for  3  h,  Tlie  results 
.show  that  the  optimized  particle  size  is  between  4  and  10  /xm 
in  both  Sm2Fe|7N,.  and  NdFei(|Mo2Nv  compounds,  Powder 
particles  smaller  or  larger  than  these  size  are  deleterious  to 
magnetic  properties. 

X-ray  diffraction  study  of  Sm2l''ei7  and  NdFei,)Mo2  com¬ 
pounds  after  hydrogenation  treatment  at  funperatures  from 
250  to  1100“C  for  4  h  shows  Diat  when  the  hydrogenation 
temperature  is  lower  than  300  °C,  for  example,  at  250  °C,  the 
Sm2FC|7H^,  and  Ndl'e|()Mo2Hy  compounds  are  formed.  At 
temperatures  higher  than  500  “C,  Sm2Fe|7  and  NdF  'e,„M02 
compounds  decompose  into  a  mixture  of  11112..,^  and 
a-Fe(Mo).  Wlicn  temperatures  are  liigher  than  1050  °C, 
Sm2Fei7  and  NdFei(|Mo2  arc  partially  recombined  in  the  hy¬ 
drogen  atmosphere  at  1  bar  pressure.  However,  only  when 
dehydrogenation  was  carried  out  at  700-800  "C,  cun  the 
mixture  of  RH2_3  and  a-Fe{Mo)  recombine  fully  into 
Sm2Fe|7  and  NdFC|(|Mo2  compounds.  As  an  example,  the 
x-ray  diffraction  patterns  of  the  recombined  Sm2Fei7  com¬ 
pounds  is  shown  in  Fig.  2  in  contrast  with  the  decomposed 
mixture  of  SmH2_2  and  a-Fe.  The  permanent  magnetic  prop¬ 
erties  also  reveal  that  the  best  values  were  ol)tained  by  hy¬ 
drogen  absorption  and  desorption  treatment  at  700-800  "C. 

Figures  3  and  4  show  the  effects  of  hydrogenation  and 
hydrogen  de.sorption  time  on  the  permanent  magnetic  proj)- 
erties  of  Sm2Fe|7Nj.  compounds.  It  can  he  seen  tluil  the  best 


H  (kOi) 


l''IO,  2.  'I'lic  pcrmaiieiil  miiHi'atic  properties  of  Siuil'ei-N,  compoimd  pow- 
Uer.s  with  the  viiriiition  of  liyilrogenutiim  time  I  (h)  at  7.SI)  °C. 


permanent  magnetic  ]rroperties  are  obtained  at  hydrogenation 
times  between  2  and  4  h  and  a  dehydrogenation  time  of  2  h. 
F'urthermore,  we  can  see  from  Fig.  4  that  the  permanent 
magnetic  properties  are  sensitively  dependetit  oit  the  hydro¬ 
gen  desorption  time.  Figure  5  shows  the  hysteresis  loops  of 
thus  treated  Sni2F'ei7N,.  and  NdFei,)Mo2N,.  compounds.  From 
these  data,  coercivities  of  12  and  4  kOe  have  been  obtained 
for  Sm2Fci7N,  and  NdFemMoaN,,, ,  respectively, 


C.  Phase  transformation  In  the  HDDR  process 

As  observed  in  See.  ll,  the  irennunent  mugnetie  proper¬ 
ties  are  sensitive  to  the  hydrugunution  temperature,  time,  and 
especially  to  the  hydrogen  desorption  time.  X-ray  diffraction 
studies  have  sliown  that  the  HDDR  process  is  a  reaetion  of 
diffusionul  phase  transforn,utiun,  wliicli  consists  of  tlic  fol¬ 
lowing  two  processes; 


Sm2Fe|7-l- 1  l2~SmH2-,i-''  «-Fc, 

(la) 

NdFc|„Mo2  +  H2“NdH2  .vl-«-l'e(Mo) 

(lb) 

Sml  l2_.i+  rr-l'C= Sm2Fe  17 , 

(2a) 

NdH2.,i  +  tt-Fe(Mo)-NdFe|„IVlo2. 

(2b) 

I'lO.  I.  The  liysicresis  loops  ot  Snij!'C|7N,  compouiuls  ot  iiveiayc  powilcr 

particle  size  ,uin  (a),  1(1  /im  (b),  7II  /mu  (c)  liy  IIDOK  aiul  iiilrogeiia-  I'Ki.  .1.  I'hc  peinianeai  inni’iiclic  propeiiies  of  Siiol'eijN,  compouiul  pow- 
tioii  trcatmcnl  as  descrihed  in  llie  texl.  deis  willi  llie  varialion  of  (lehydrogeiiatioii  lime  i  (li)  al  7.S() 
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inu.  4.  Tlio  x-ray  JilTriictioii  pallcriis  of  Sni^l'Cn  coni|i()iiiid  hydroecnulcil 
ul  7S0  "C  fur  3  h  (u)  and  daliydrogunulcd  ul  730  "C  for  2  li  (I)). 

In  process  (1),  tl)c  rcuctiun  begins  i'roiii  llie  adsorptiuii  of 
on  the  particle  surface  and  its  deconiposition  into  H  atoms, 
then  tile  H  atoms  diffuse  along  grain  boundaries,  and  crystal 
defects  such  as  twin  grain  boundaries  jump  through  intersti¬ 
tial  sites  into  the  lattice.  This  results  in  its  decomposition  into 
a  mixture  of  Nd(.Sm)M2„3  and  a'-Fo(Mo),  which  also  requires 
the  diffusion  of  Nd(Sin)  tind  Fe(Mo)  atoms  to  form  clusters 
of  Nd(Sm)ll2.,3  and  a-Fe(Mo),  Therefore,  when  we  hydrogc- 


I’tG.  .S.  Tlic  liysicresis  loops  of  Siii2l'C|7N,  la)  and  Ndlx’inMojN,  (b)  a>oi- 
pounds  Diagnoll/cd  ul  a  liuUI  //  1 .4  T  afici  opliini/.ud  IIDDK  a, id  ilitropi-- 

iiatiun  iruutmunl. 


FIfi.  6.  The  SliM  haeh.seallered  clecimii  liiaphs  of  Sni,I'C|7  and  Ndl'emMo, 
eonipoiituls  idler  liy.lrogenidion  at  750  °C'  for  3  li  (a)  iind  dehydrogeniiliun  at 
750  “C  for  2  li  lit). 

iiated  bulk  NdF''e|,|Mo2  or  Sm2Fci7  compounds  at  750  °C,  the 
disproportionation  process  occurs  preferentially  in  the  grain 
boundary  region,  as  shown  in  Fig.  ft.  It  can  be  seen  that  the 
Sm(Nd)H2 .3  pha.se  surrounds  the  «-l'e(Mo)  phase  and  con- 
•slitutes  a  maze  pattern.  From  SBM  observations,  we  al.so  see 
that  the  size  of  a-Fe(Mo)  and  Sm(Nd)il2^3  phases  increases 
with  hydrogenation  temperature  and  time,  because  the  diffu- 
.sion  rate  of  II,  Nd(Sm).  and  Fc(Mo)  atoms  increa.ses  with 
increasing  temperature,  and  the  diffusion  distance  of  these 
atoms  increases  with  time. 

In  processes  (2),  the  reaction  starts  with  the  detachment 
of  l  i  atoms  from  ,Sm(Nd)ll2_3,  simultaneously,  the  Fe  and  R 
atoms  will  rapidly  diffuse  into  each  other  to  recombine  into 
the  original  compounds  but  with  much  smaller  grain  size  us 
shown  also  in  Fig,  ft.  The  size  of  the  recombined  grains  is 
vital  to  permanent  magnetic  properties  of  the  nitrogenated 
samples  because  it  determines  the  nitrogen  content,  ,v,  and 
the  amount  of  the  (r-Fe  phase  as  well  as  the  amount  of  re¬ 
verse  domain  nucleation  sites.  The  grain  size  is  determined 
mainly  by  the  desorption  Icmperalurc  and  time.  x,'ertainly,  the 
.size  of  the  cluster  of  the  mixture,  which  is  controlled  by  the 
hydrogenation  time  and  temperature,  will  inlUicnce  the  re¬ 
combined  grain  size.  The  grain  size  in  the  optimized  perma¬ 
nent  magnets  is  aiound  0.3  to  0.5  /xm  for  SmiFci'/N,  and 
NdFcidMo^Nj  compounds  as  determined  from  transmi.ssion 
electron  microscopy  (TFM)  observations,’ 

'j.  M.  I).  Cuey  anil  11.  .Sun,  J.  Magii.  Magii.  Malar.  87,  1,251  linvO). 

'Y.  Yang,  X.  U.  Zliaiig,  .S.  1..  (ic,  I..  S,  Kong,  Q.  l‘an,  S,  Huang,  anil  1.. 
Yang,  of  i/u’  Oi/i  Inu'rmiliimdl  'iymiHKiiim  on  MoyiwlLsin  An- 

i.\olro[iy  anil  Comiviiy  in  Hl'.-TM  Alloys,  ci.iluil  by  ,S.  Cl.  Sankoi  (t'ani- 
ogio  Mellon  Univeisily,  I’illsbiiigh,  PA,  IWII),  p.  I')l). 

'I’roeceUings  of  llie  I2lli  Inlernalional  Works  on  Kli  Magnels  and  ibcli 
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Phase  formation  in  meit-spun  Nd-Fe-Mo-Ti  aiioys 
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We  report  for  the  first  time  the  range  of  ThMni2-type  crystal  structure  formation  in  melt-spun 
Nd-Fe-Mo-Ti  ribbons.  These  materials,  which  combine  the  melt-spun  microstructure  with  the 
favorable  intrinsic  magnetic  properties  of  the  NdFei2_x(Mo,Ti)j.  phase,  are  important  as  precursors 
to  the  formation  of  hard  magnetic  materials  by  nitrogen  absorption.  Alloys  with  compositions 
Nd|  ,5Fe,()+^Mo2_2.rT’i^  which  grade  the  composition  smoothly  between  the  two  end 

point  alloys  Ndi  i5Fei()Mo2  and  Nd|  i5Fe,|Ti,  were  melt  spun  at  quench  wheel  velocities  5 
m/s=^u.,.^30  m/s.  From  x-ray  diffraction  patterns  we  construct  a  phase  formation  diagram  as  a 
function  of  Ti  content  x  and  wheel  speed  Uj.  We  find  that  the  desired  ThMni2  structure  is  obtained 
only  in  ribbons  quenched  at  low  u , .  At  higher  speeds,  the  ribbons  quench  instead  into  the  disordered 
TbCu7-type  crystal  structure.  Further,  the  ThMn|2  structure  is  considerably  less  stable  at  the  Ti-rich 
end  of  the  composition  range  than  at  the  Mo-rich  end:  for  Ndj  ,5FemMo2,  the  ThMni2  structure  is 
obtained  for  m/s,  whereas  in  Nd,  jjFenTi  only  ribbons  quenched  at  i;,.  =  5  m/s  arc  of  the 

ThMni2  type.  Heat  treatments  of  Ndi  isFcuTi  ribbons  melt  spun  at  30  m/s  confirm  the  relatively 
difficult  formation  of  the  ThMn,2  structure  type;  annealing  temperatures  in  excess  of  1000  °C  arc 


required  to  form  the  ThMiiij  crystal  structure. 


1.  INTRODUCTION 

Compounds  of  the  type  R(Fc,T)|2Nj,  (where  R=rare 
earth  and  T  includes  Ti,  Mo,  and  V)  having  the  tetragonal 
ThMni2  crystal  structure  have  received  increasing  scrutiny  as 
potential  permanent  magnet  materials  since  the  discovery  by 
Yang  et  al.  ‘  that  the  Curie  temperature  I'c .  saturation  mag¬ 
netization  M,. ,  and  magnetocrystalline  anisotropy  field  //^  of 
RFc;|Ti  can  be  enhanced  by  nitrogen  absorption.  In  the  ni¬ 
trified  form,  the  most  promising  candidate  materials  are  those 
with  R=Nd,  for  which  large  saturation  magnetizations  and 
uniaxial  anisotropies  are  obtained.  In  the  case  of  T=Mo,  for 
example,  the  anisotropy  changes  from  basal  plane  in 
NdFeioMo2  to  uniaxial  in  NdFe|(,Mo2Nj,  (y““l).^“‘*  Of 
T=Ti,  Mo,  and  V,  the  nitrides  of  the  Ti  representative  have 
been  reported  to  have  the  most  favorable  intrinsic  magnetic 
properties,^  with  47rAf  ,=  13.7  kG  and  f/^  =  80  kOe  at  room 
temperature,  and  7(.=470“C  (740  K.).  Magnetic  hardening 
of  the  Ti  materials  to  obtain  substantial  intrinsic  coercivity, 
however,  has  proven  to  be  difficult:  coercivities  of  only  1.4- 
2.5  kOc  have  been  reported  in  mechanically  alloyed 
powders. This  appears  to  be  due  to  the  formation  of  a 
phase  having  the  disordered,  hexagonal  TlrCuy  structure* 
which  impedes  formation  of  NdFcnTi  characterized  by  the 
ThMni2  structur'*.  Greater  success  has  been  obtained  in  ni¬ 
trides  of  NdFei()Mo2,  where  coercivities  of  6-9  kOe  have 
been  reported  by  nitridir.g  rapidly  quenched  ribbons  either 
directly  quenched  to  a  microcrystalline  state,’’  or  else  melt 
spun  at  high  wheel  speeds  and  then  annealed. The  genera¬ 
tion  of  high  coercivity  by  both  of  these  techniques  relies  on 
the  formation  of  ThMn^-type  material  in  the  ribbons  prior  to 
nitritling. 

In  this  article  we  examine  phase  formation  in  melt-spun 
Nd;  ijFei,! ,  ^Mo2. 2.i"ri,v  ribbons  (O^x-^l)  as  the  quench 
rate  is  varied  by  changing  the  quench  wheel  surface  velocity 
v„.  The  above  alloy  formulation  transforms  the  composition 
smoothly  between  the  end  point  compositions  NdFe|()Mo2 


and  NdFeijTi.  We  will  show  that  slow  quench  wheel  veloci¬ 
ties  favor  the  formation  of  the  ThMn|2-type  crystal  structure, 
whereas  higher  wheel  speeds  quench  the  alloy  into  the  dis¬ 
ordered  TbCu7-type  structure.  We  have  previously  reported 
that  the  ThMni2  structure  is  obtained  in  ribbons  quenched  at 
wheel  speeds  up  to  about  v^-  17.5  m/s  in  NdFei()Mo2,  but 
that  ribbons  spun  at  Uj.=  20  m/s  and  above  quench  into  the 
'FbCu?  structure.’  Here  we  find  that  compositions  at  the  Ti- 
rich  end  are  much  more  readily  quenched  into  the  TbCuy 
structure  at  wheel  speeds  at  and  above  i^,v=10  m/s.  High 
quench  rate  Nd-Fe-Ti  ribbons  can  be  converted  into  the 
ThMn,2  structure  by  annealing  at  temperatures  above 
1000  “C. 


II.  EXPERIMENTAL  DETAILS 

Starting  ingots  of  the  form  Ndj  i5Fei,).|,vMo2  2,v"1^'a 
=  0,  0.25,  0.5,  0.75,  and  1)  were  made  by  induction  melting 
the  pure  elemental  constituents  in  an  argon  atmosphere. 
ThMni2-type  Nd-Fe-Mo  compounds  form  over  a  range  of 
Mo  contents  from  NdFe,|Mo  to  NdFei,5Mo2  5;  we  selected 
NdFemMo2  as  the  .v  =  0  end  point  for  this  alloy  series  be¬ 
cause  it  is  stable,  the  melt-spun  cognate  has  been  well  char¬ 
acterized  in  our  previous  study,’  and  it  forms  high  coercivity 
ribbon  powder  upon  nitriding.’’  ’*’  Excess  Nd  was  included  in 
the  alloys  because  our  prior  work  on  nitriding  of  Nd-Fe-Mo 
precursor  ribbons  demonstrated  that  extra  Nd  was  beneficial 
for  obtaining  large  coercivities.’’  The  ingots  were  rapidly 
quenched  by  melt  spinning  the  molten  alloy  through  a  0.60- 
0.65  mm  orifice  onto  the  surface  of  a  Cr-plated  copper 
quench  wheel.  The  quench  rate  was  adjusted  by  varying  the 
surface  velocity  u  ,  of  the  wheel.  The  ribbons  were  ground  to 
-325  mesh  (<45  jxm  particle  size),  and  x-ray  diffraction 
patterns  using  Cu-K„  radiation  were  obtained.  Powders 
made  from  NdFenTi  ribbons  melt  spun  at  u,.-30  m/s  were 
annealed  in  vacuum  for  10  min  at  temperatures  ranging  from 
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FIG.  1.  X-ray  diffraction  patterns  for  Nd]  |5FC|||nMo2_.2,Tij  ribbons  melt 
spun  at  15  iii/s:  (a)  j:  =  0.25,  (b)  j:  =  0.5,  and  (c)  j:  =  0.75. 

600  to  1100  °C  in  order  to  establish  the  stability  of  the 
TbCuy-type  material  produced  at  high  wheel  speeds. 

III.  RESULTS  AND  DI'.%CUSSION 

The  ThMni2  structure  is  readily  formed  in 
Nd,  isFcioMoj  ribbons  when  the  wheel  speed  is  less  than  or 
equal  to  17.5  m/s.’'  At  high  wheel  speeds,  above  20  m/s,  the 
ribbons  quench  instead  into  the  disordered  TbCuy  structure 
type.  The  x-ray  diffraction  patterns  in  Fig.  1  illustrate  the 
effect  on  phase  composition  of  moving  toward  Ti-rich  alloys. 
With  the  wheel  speed  fixed  at  15  m/s,  patterns  are  shown  for 
(a)  Nd,,i5Feio,25Mo,  5Tio,25  ribbons,  (b)  Nd,  isFeio.sMoiTi,,.., 
ribbons,  and  (c)  Ndj,i5Fe|^)75Moo5Ti()75  ribbons.  Like  its 
pure  Mo  cognate,  the  x  =  0.25  sample  has  a  clean  ThMn]2 
diffraction  pattern.  At  .v  =  0.5,  however,  the  diffraction  pat¬ 
tern  has  begun  to  transform  into  that  characteristic  of  the 
TbCuy  structure,  and  hence  it  represents  a  partially  disor¬ 
dered  material.  Line  broadening  due  to  decreased  grain  size 
alone  cannot  account  for  the  observed  changes  in  the  diffrac¬ 
tion  pattern.  At  x  —  Q.lL',  the  transformation  into  the  disor¬ 
dered  TbCu7  structure  is  complete. 

From  x-ray  diffraction  patterns  like  those  of  Fig.  1  we 
construct  in  Fig.  2  the  phase  formation  diagram  as  a  function 
of  composition  x  (absci.ssa)  and  wheel  speed  (ordinate). 
The  filled  circles  represent  samples  which  fall  clearly  within 
the  ThMni2  structure  type,  whereas  the  open  circles  represent 
samples  having  the  TbCu7'type  structure.  Partially  filled 
circles  denote  samples  which  do  not  cleanly  fall  into  either 
one  of  the  two  structure  types,  and  signify  in  most  cases  a 
partially  transformed  material.  The  demarcation  between  the 
two  structure  types  moves  to  significantly  lower  wheel 
speeds  with  increasing  Ti  content,  indicating  that  the  forma¬ 
tion  of  the  disordered  TbCu7  structure  is  much  more  favor¬ 
able  at  high  Ti  content. 
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FIG.  2.  Phuse  formation  in  melt-spun  Nii-Fe-Mo-Ti  ribbons:  (•)  TIiMiiij, 
(O)  TbCu^  .siriicliire.  llalf-flllcd  syinbol.s  rcprc.sent  partially  tiauntfurmed  inu- 
tvriul. 


Lattice  parameters  as  a  function  of  Ti  content  are  shown 
in  Fig.  3  for  the  ThMni2-type  ribbons  quenched  at  a  wheel 
.speed  of  5  m/s.  The  lattice  constants  were  obtained  from  the 
d  spacings  of  the  well  defined  and  isolated  301  and  002 
diffraction  peaks,  and  checked  against  the  positions  of  sev¬ 
eral  additional  peaks.  Contraction  of  the  lattice  with  increas¬ 
ing  Ti  content  x  occurs  predominantly  in  tlie  basal  plane, 
while  the  change  in  the  c-axis  lattice  spacing  is  small.  Al¬ 
though  the  ThMni2  structure  is  maintained  throughout  the 
composition  range,  the  lattice  constants  do  not  obey  Vegurd’s 
law;  a  minimum  in  each  of  the  lattice  constants  is  observed 
at  about  jr  =  0.75. 

Figure  4  shows  x-ray  difflaclion  patterns  of  NdFcuTi 
ribbons  melt  spun  at  a  wheel  speed  of  30  m/s  and  subse¬ 
quently  annealed  for  10  min  at  temperatures  between  700 
and  1100  °C.  The  as-spun  ribbons,  shown  in  Fig.  4(a),  have  a 
few  weak  diffraction  peaks,  at  line  positions  consistent  with 
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FIG.  3.  Lattice  parainctcr.s  u  aiul  c  Ibr  Nd|  |.|FC||, ,  ,Mo,  ;,  ri,  rildions  melt 
.spun  at  w,  =  .5  ni/.s  it.s  a  fuiicTitni  of  I'i  coiitc”.!  .v. 
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I'lO,  4,  X-l'uy  iliffructiiiu  piUlcriix  of  Nil|.|f,ro||TI  rlhlioiis  for  scvciiil  aiinuiil- 
ing  icinpcralurcs;  (ii)  as  spun,  (b)  7(K)  "C,  (c)  dtK)  'C,  ami  (d)  1 KXI  °C, 


the  llfCuv  structure,  on  top  of  u  broad  amorphous  back¬ 
ground.  When  annealed  at  700  “C  [Fig.  4(b)J,  a  well-detined 
llrCu./  line  pattern  nincrges,  in  agrceinenl  witn  the  work  of 
Itsukaichi  et  ai.“  A  small  amount  of  a-Fe  is  also  present  in 
this  sample.  The  TbCuv  structure  is  maintained  for  unnealing 
temperatures  up  to  900  ®C  [Fig.  4(c)],  where  a  close  exami¬ 
nation  shows  udditiunul  structure  in  the  diffraction  peaks  in¬ 
dicating  tliat  the  material  has  begun  to  transform  into  the 
1i'hMn|2  structure,  lire  trunsforntutiun  is  complete  at 
llOO’C,  where  the  diffraction  pattern  is  almost  entirely 
ThMiiij-like  (small  impurity  peaks  arc  observed  at  2(7 
=26.8°,  30.8°,  40.5°,  and  53.5°).  The  rclativc.ly  high  anneal¬ 
ing  temperature  required  to  transform  the  ribbons  corrobo¬ 
rates  the  pha.se  formation  diagram  of  Fig.  2,  emphasizing  the 
relative  difficulty  in  forming  the  ThMni2-typc  structure  In 
Ti-rich  ribbons. 
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In  conclusion,  we  have  established  the  phase  formation 
diagram  of  melt-spun  Nd,  i^Fem  ,  vMoi.  i,Ti,  as  the  compo¬ 
sition  is  changed  smoothly  between  Nd|  |5Fci,|Mo2  and 
Nd|  ijFciiTi  and  the  quench  wheel  speed  is  varied  from  5  to 
30  m/s.  The  "lliMnu  erystal  structure,  which  is  favorable  for 
the  formation  of  hard  magnetie  material  by  nitriding,  is  ob¬ 
tained  only  a  low  wheel  speeds.  At  higher  speeds,  the  rib¬ 
bons  quencli  into  the  disordered  'ITClu;  structure.  Hie  I'bCu-; 
.structure  is  particularly  stable  at  the  Ti-rich  end  of  the  com- 
posititiii  range,  and  in  NdFcuTi  the  ThMiii.-;  structure  is  ob¬ 
tained  only  by  quenching  at  very  low  speeds  (0,  =  5  m/s)  or 
by  annealing  the  ribbons  at  temperatures  above  1  {)()()"(,'. 
This  poses  a  serious  challenge  to  the  generation  of  useful 
coercivity  in  ThMiiii-typc  Nd-Fe-Ti-niiridc, 
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Miglily  anisolropic  SiuCo  huscd  lilms  will)  llic  'HiCuv-lypc  stnicli'iv  have  been  spiiUer  ilepnsileil 
directly  onto  YIG  subslrales,  TIk  SmC'o  crystullilcs  have  liic  c  axes  approximately  randomly 
splayed  about  the  substrate  plane  such  that  the  easy  direelioa  of  magnetization  ot  the  Smt’o  Him  is 
in  the  film  plane.  ’I'he  in-plane  .static  energy  product  of  the  SmC’o  film  layers  was  about  lb  MG  Oe. 

In-phme  vibrating  ,sam|)le  magnetometer  hysteresis  loops  of  the  SmC’o  him  and  YIG  substrate 
exhibit  a  composite  form  with  the  YIG  held  reversal  shifted  into  the  lirsi  quadrant  by  the  looping 
held  from  the  SmC'o  him  layer.  Ap|)roximately  4x4  miif  pieces  ol  YIG  siibslrate  hiive  been 
measured  to  determine  the  YIG  bias  held  and  lield  required  for  rcs'er,se  .saturation  of  the  YIG  as  a 
function  of  the  SmC'o  biased  him  layer  thickness  to  YIG  .substrate  thickne.ss.  It  is  observed  that  for 
SmC'o  to  YIG  thiefiiess  ratios  greeter  than  0.22,  the  looping  held  frmn  the  SmC’i'  him  layer  is 
sufheient  to  saturate  the  YIG  magneti/ation  in  the  reverse  direction.  SmC'o  lilm  thicknesses  in  the 
range  from  SO  to  120  /.on  have  been  u.sed  in  these  studies.  Si>ecial  boundary  layers  have  been  used 
to  promote  thick  film  adhesion  to  the  YIG  substrates. 


INTRODUCTION 

Magnetic  ceramics  are  often  used  in  microwave  circuits 
to  provide  an  active  element  for  microwave  circidators  and 
i.solalors.  In  u.se  the  magneii/.ation  of  the.  magnetic  ceramic  is 
general ly  .saturated  throuj^.h  the  u.se  of  bulk  pieces  of  magnet 
surrounding  the  device. Such  an  arrangement  is  not  ame¬ 
nable  to  direct  film  integration  of  .such  devices,  lo  (rrovide  an 
alternative  arrangement  in  whiclt  the  magnetic  ceramic  can 
be  biased  we  have  deposited  SmC'o  biased  permanent  magnet 
film  layers  directly  onto  YIG  substrates.  The  SmC'o  bused 
hints  wore  directly  ctysiallized  onto  the  YIG  substrates  .such 
that  the  permanent  magnet  film  layer  has  tlie  easy  axis  of 
magnetization  strongly  aligned  onto  the  substrate  plane.  The 
looping  held  of  the  SmC'o  him  layer  then  acts  to  bias  the 
YIG  substrate  in  the  reverse  rlirection.  The  YIG  bias  lield 
level  and  the  held  required  for  complete  reverse  held  satura¬ 
tion  ol  the  YlCi  has  Ireen  studied  as  a  function  of  the  SmC'o 
him  layer  Ihicknc.ss  to  YIG  substrate  layer  thickne.ss.  t’erma- 
nent  magnet  him  layer  thicknesses  from  HO  to  120  /on  have 
been  studied.  To  promote  adhesion  of  such  hints  onto  tlte 
YIG  substrates  sirecial  boundary  layers  have  been  u.sed. 

EXPERIMENT 

Highly  anisolropic  SmC’o  btised  lilms  containing  traces 
of  C'u  and  Zr  as  in  SmC'o  ba.scd  2-17  niiignets  have  been  Rb’ 
sputter  deposited  onto  polished  YIG  substrates.  The  sub¬ 
strates  were  heated  so  that  the  deposit  crystallized  upon 
deposition  into  a  single  pha.se  TbC'urtype  structure.'  The 
nominal  film  Sm  concentriiiion  wtis  14  at.  %.  The  sputtering 
conditions  were  adjusted  srt  thiit  the  c  tixes  of  the  TbC'u/ 
structure  were  iji  the  film  iilanc  and  nearly  randomly  splayed 
about  the  lilm  plane.''  To  promote  thick  him  adhesion  a 
boundary  layer  of  dense  A1  was  ileposited  onto  the  polished 
YIG  substrates  before  the  .SmC’o  liased  deposition.'  The 
magnetic  properties  were  measured  at  room  tein|ieralure  to 


2,  IH  kOe  using  a  vibratitig  sample  magtielometcr  (VSM).  In 
addition,  a  bipolar  power  supply  was  used  to  sweep  the  low 
field  region  for  certaiti  sam|)les.  Sample  pieces  of  SmC’o 
ba.sed  lilm  and  YIG  substrate  v/ere  cut  for  VSM  iiieasure- 
menls  using  a  ditimoml  wiie  saw. 

RESULTS  AND  DISCUSSION 

Figure  1  .shows  the  cross  section  of  n  118  /tiii  thick 
SmC.’o  bused  film  that  was  ilirectly  crystallized  onto  a  b.l.S 
fiin  thick  YIG  substrate.  A  I..**  /ctn  boundary  layer  of  dense 
aluminum  was  tlrst  s|)utler  deposited  onto  tlie  YIG  substrate 
to  promote  film  adhesioti.  The  resulting  him  and  YIG  sub¬ 
strate  can  be  pattemeil  by  photolithography  methods  or  cut 


l■■Ki.  I.  'I'lic  cm.ss  si'Lliiin  i)t  ii  t  tK  /tm  Itiii  k  Suit  'o  liir.r'it  I'ltin  wiili  iii-|)liiia 
iiiiisi)ln'.|iy  Uiiwlty  crysUitti/.cil  imln  a  linumtiiiy  layt'i  loaloit  Yt(i  siiti.sliiilc 
is  shiiwn.  ftic  YKt  sutisliiik'  is  almiH  liii:  ii.'li  afire  iil  Itie  lijiiiie. 
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I'lCi.  2.  All  X my  illlliucliiiiielur  tiiii.'i:,  ('iiKir  iiiditiliiiii,  o(  llic  Sinl'o  liliii  ol 
1  is  nIuiwii.  Note  lliiil  llic  cryKiiillilcs  liiivo  Iho  c  iixos  iill^neil  iiiiKi  llic 
tilni  |iliiiui. 

as  desired  without  (he  film  and  suhstrulc  delaminating.  'I  he 
SinCr)  ba.sed  tilai  was  ciyslallized  into  tlie  ’I'hCHi-,  di.sordorcd 
1".S  ty|)e  sti'ucturc.  An  x-ray  dilTraetomeler  tvaee  of  sucli  a 
him  is  sliown  in  I'ig,  2.  Tlie  only  linc.s  aliovc  huckground 
ooire.spond  to  the  (110)  at  2W-' 36.43"  and  the  (200)  reilcc- 
tion  at  42. 2.'!'’.  It  sliould  he  noted  tliat  all  erystallitcs  have  the 
axes  aligned  onto  the  plane  ol'  the  suhstrate,  Inil  that  llicre 
Is  a  nearly  random  splaying  ol'  the  c  axes  about  the  lihn 
plane.  In  some  eases  the  .SmCo  bused  film  was  sputter  de¬ 
posited  with  a  mask  used  to  form  a  pattern  in  the  Him  depos¬ 
ited  onto  the  YIU  substrate.  'I'he  hysteresis  loops  measured  in 
the  Him  plane  and  perpendicular  to  the  plane  for  a  piece 
removed  from  the  mask  are  shown  in  b'ig.  3.  In  this  way  the 
magnetic  properties  of  the  vSmCo  ba.sed  (Urn  can  be  measured 
from  the  same  sputter  deposition  as  used  for  the  SmC.'o  lihn 
layer  deposited  onto  the  YKi  sulwlrate.  'I'he  magnetic  prop¬ 
erties  show  that  the  easy  direction  of  inagneti/.ation  of  the 
SmCo  Him  l.iycr  is  in  the  illm  plane.  The  typical  remanent 
Ilux  density  is  approximately  H  kG  which  is  consistent  with  a 


rt{j.  3.  llysicicsis  loops  mo  sliowii  mi;iisiin;il  in-pliinr  iiiiil  |x'ipcnilii-iiliii  in 
llic  plane  lor  u  IIS  yon  lliick  'ni(.'o,-ly|ic  SinCo  Inisccl  lilni. 


M'I'I  II  III  II  I  llllVi 


I'lli.  4.  llyslorcsis  loops  inciisiiicU  iinpimic  mill  pcipciultciiliii  lo  the  plniu' 
ol' ii  (i.r.S  yon  lliick  YKI  piece  me  sliown.  I'lin  YKi  iiicii  was  4.3  '.4..S  innr’. 
Arrows  iirc  shown  lo  iiuliciilc  llim  i'iii.'li  loop  il'Iiiiccs  ilsell. 

random  splaying  of  the  ciysiiilliles  in  two  dimensions.  I’lu: 
expected  remaneiil  lo  satiiralion  Hiix  density  in  lliis  case  i.s 
l/rr  O.M.*'  The  room  temperalnrc  static  energy  piiHluel  of 
the  .SinCo  based  Him  is  ‘16  MtiOc.  In  this  pnrlicular  case 
the  room  lemperatnre '  6.0  kOc  so  that  the  energy  prod 
uct  i.s  not  coeieivity  limited. 

I'iguic  4  .shows  in-pliinc  and  perpendiculai  lo  the  plane 
hysteresis  lonjis  for  n  bare  YIG  sulistriite  jiiece  ineasnring 
4.3x4..SX().6.3.S  min'.  Ariows  are  shown  lo  indicalc  tlnil 
each  loop  retiaccs  itself  willi  no  apparent  liystciesis  to  the 
scale  shown.  The  YIG  Ilux  density  jtiisses  Ihrouglt  /.i.'io  lot 
zero  applied  llekl  so  that  the  YIG  bias  value  is  /ero,  hoi  llii:. 
size  piece  a  reverse  ia-plime  applieil  lielil  of  200  i)e  is  rc- 
ijtiired  lo  .siilurale  the  bare  YIG  substrate.  'I'be  ireipeiidiciiliir 
applied  Held  reipiired  for  siiiiiraiion  i.s  about  1200  Oe.  I'bc 
Held  values  required  for  siiliiralioii  arc  set  by  tlie  demagnet i 
zation  Held  due  lo  the  slnqie  ol  the  YlG  piece. 

I'igure  5  shows  the  coinposiie  in  phiiie  hysteresi,  loop  of 
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i'K).  0.  An  in-plunc  hyslcrcsis  loop  for  a  UK  //tn  Utick  vSinC'o  tllni  <m  a  3U) 
/on  thick  VU)  siih.sdiitc  is  shown  In  (lie  inset.  '1'he  main  li^tnie  show's  an 
expanded  field  view  of  (he  region  indicated  by  the  reetangle.  1'hc  YUi  (this 
level  ilue  to  (he  piesenee  of  (he  SniOo  liltn  Ls  Indicated  as  well  as  (he  field 
at  which  tiic  YIO  becomes  saturated  in  (he  reverse  direction.  Note  that  the 
YICI  is  saturated  in  the  reverse  direction  when  the  atiplied  field  Is  still  i-rd) 
Oe  ii\  (he  opposite  direction.  'I'hc  arrow  indicates  that  (he  applied  field  was 
dccrou.sed. 


u  118  /ini  thick  SniCo  hu.sccl  film  as  deposited  onto  a  ()35  /xni 
lliick  YKi  substruie.  The  applied  Held  range  sliowii  is  from 
±20  kOc.  Arrows  on  Uie  curve  indieute  tiie  inagnelization 
and  deniugnetizution  progression.  I'or  the  upper  brunch  Ihe 
.sharp  drop  near  II -0  is  wlicn  tlic  YIG  emu  value  reverses. 
In  this  case  tlie  SinCo  and  YIG  substrate  size  measured  was 
3.SX3.3  inm^  'I'hc  relative  SmCo  to  YIG  emu  value  jumps 
are  in  the  ratio  of  the  remanent  (lux  density  of  the  SmGo 
layer  times  tiiu  tliickncss  of  die  SinCo  layer  to  die  saturation 
flux  density  of  the  YIG  layer  times  the  YIG  diickness.  The 
remanent  SmCo  (lux  density  is  d.O  kG  wliile  tliat  of  tlie  YIG 
is  1. 7  kG.  A  SmCo  to  YIG  Him  Ihlekiicss  ratio  of  t. 7/8.0 
“0,2 1  would  show  die  YIG  rever.se  saturation  step  level  at 
the  zero  net  emu  level.  For  Fig.  5  the  SmCo  to  YIG  tliickiic.ss 
ratio  is  0.180  and  thus  the  YIG  emu  eonlribution  exceeds  the 
SmCo  contribution. 

Flystercsis  loops  were  mea.sured  to  saturation  in  the  film 
plane  for  a  118  /xm  tliiek  SmCo  ba.sed  Him  on  a  YIG  sub¬ 
strate  for  successive  steps  as  the  YIG  substrate  was  niccliaiii- 
eally  thinned.  Figure  0  shows  the  SmCo-YIG  magnetization 
progression  as  the  field  was  swept  from  ±18  kOe.  The  de¬ 
crease  in  the  total  SmCo-YIG  emu  value  due  to  tlie  YIG 
magnetization  reversal  is  shown  with  an  expanded  scale  as 
the  applied  field  was  lowered  from  +400  to  —100  Oc,  as 
indicated  by  tlie  arrow  direction,  'f'his  expanded  scale  region 
corresponds  to  the  rectangular  region  indicated  in  tlie  inset 
figure.  The  expanded  scale  date  was  collected  with  a  Held 
step  size  of  a  few  Oc.  'I'hc  expanded  scale  part  of  tlie  figure 
allows  lliat  flic  YIG  reversal  occurred  before  the  applied  Held 
had  heen  reduced  to  zcio.  Fur  tlie  substrate  tliinniiig  step 
shown  in  Fig.  6  the  YIG  substrate  thickness  was  316  /xm  for 
a  Him  to  YIG  tliickne.ss  ratio  of  0.373.  In  this  ea.se  it  should 


7.  Till'  VKi  hills  Icvi'l  mul  llio  ii|)|ili.;cl  licUl  level  I'lillowiiif;  iniifiiieli- 
zulioi)  III  which  Ihe  VKI  heeoiiii.'s  siiluiiileil  in  llie  .'everse  Uiieclion  as  ii 
liinclioii  ol  Ihe  .Smt'n  Ui  YKi  ihiekne  .s  niliii  aie  shown. 

be  noted  tlial  the  V'RI  bhis  Held  value  due  to  the  presence  of 
the  .SmC’o  film  is  150  Oe.  The  inlenial  Held  of  the  YIG  is 
Hius  zero  when  Ilie  applied  lield  Ini.s  only  been  lowered  to 
I  130  Oc.  Ill  this  case  llic  YKi  icverse  emu  value  Inis  saiii- 
rated  when  the  applied  field  has  heen  reducetl  to  t  (>(l  Oe. 
The  ItHipiiig  licki  from  the  .Sinfio  baseil  layer  is  lluis  siiffi' 
cicitl  lo  coinplelely  siiuii'iile  the  YKI  in  a  reverse  direclion 
when  the  extennil  applied  licid  is  '  6()  Oe.  'I'he  looping  Held 
from  such  a  SmCo  baicd  liliii  has  been  used  similarly  lo  biiis 
liermalloy  sfrijis'  iiiid  in  the  coin.li  iielion  of  a  magiielo-n|)lic 
waveguide  isohilor.’' 

F’igurc  7  shows  llie  YKi  bias  level,  and  the  Held  ret|uireil 
for  reverse  .saluralioii  of  the  YKi,  us  a  limclioii  of  llic  .SinCo 
to  YKi  Ihickuc.ss  raliii.  For  .SuiCo  lo  Ihiekness  ratios  of 
.'0.22  the  iinignetizalioii  of  Hie  YKI  is  reverse  saUiraled  by 
the  pre.seiiee  of  Ihe  .Sm( 'o  layer.  I'lu’  YIO  bias  level  and  ihe 
field  rci|uiieil  for  reverse  YIO  .saliiralion  luxonie  closer  lo- 
gelher  as  ihe  YIO  ihiekness  is  ileeieascd  heciuise  ihe  deiinig,- 
lieli/iilioo  Vidnes  deeiease 
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Transverse  susceptibility  and  magnetic  anisotropy  of  CcTi-doped  barium 
hexaferrite  single  crystals 

G,  Zimmermann  and  K,  A.  Hempel 

Institut  fill’  Wcrk.sloffi'  dcr  i'.lcktrotechnik,  Aachen  University  of  Technology,  Templergrahcn  55,  .^2056 
Aachen,  (lennany 

Mciismcmcnts  of  the  reversible  transverse  susceptibility  tRTS)  were  performed  on 
Bal'i'i .  ,  ,.Co^Ti^.G|„  single  crystals  with  doping  concentrations  jr'=“y=s(),77  under  different 
angles  f),,  between  the  easy  axis  and  applied  field.  For  intermediate  doping  concentrations  the 
oecurrence  of  a  peak  in  llie  RTS  curve  for  {i„=9()°  indicates  that  the  domain  walls  are  not  free  to 
move,  Tl)is  assumi)tion  is  confirmed  further  by  the  large  component  of  the  RTS  being  out  of  pha.se 
W  illi  respect  to  the  excilation  field  Hg .  The  phase  angle  of  the  initial  susceptibility  measured  parallel 
10  the  easy  axis  becomes  maximum  at  a  characteristic  excitation  field  value  “  relaxation 

of  the  susceptibility  is  observed  if //;.■  steps  from  zero  to  a  value  larger  than  ///,  (•■.  Using  the  RTS 
ciirvi  foi  i')|,  M)  and  assuming  that  the  peak  of  the  RTS  is  located  at  the  same  field  strength  as  if  the 
piU'ticle  were  single  domaiti,  the  first-order  anisotropy  field  H^  =  2K^I(pL^^M ,,)  and  the  second-order 
anisotinpy  constant  K;,  can  be  determined.  The  values  found  this  way  are  compared  to  results  from 
mag.neii/alion-curve  analysis  and  from  other  authors. 


I.  INTRODUCTION 

Due  to  ilieir  wiris  applicability,  M-type  barium  hexafer- 
.ites  wiili  substitutions  of  Co’*  and  Ti'^  *  were  the  subject  of 
maiiv  ilieoretieal  and  experimental  investigations.'  Most  of 
the  cxpi'iimental  work  was  done  on  isotropic  |)olycrystalline 
powder  samples  ami  aimed  at  the  dependence  of  saturation 
magneiizaiion  and  magnetic  anisotropy  on  the  doping 
r'oneentralion  ' 

’I'heia  was  an  attempt  recently  to  clarify  the  resulting  and 
partially  eonllieling  theories  of  magnetization  and  anisotropy 
by  analv/.ing  magnetization  curves  of  single  crystals  over  a 
wide  range  ul  lields  and  temperatuies.''  One  focal  point  of 
ilii,',  invesiigafion  was  the  independent  determination  of  the 
lirsi  and  .ccond  order  anisotropy  ct'iistunts  Xi  andKi'Tl'e 
aim  ol  Ibis  paper  is  to  present  new  data  for  these  constants 
olitaiiied  uy  inea.surcments  of  the  reversible  transverse  su.s- 
eepiildliiv  (UTS)  on  liaFcii  ,  •'* 

mom  temp  .iturc.  Results  from  analysis  rtf  the  magnetiza- 
omi  nin'c  m  the  magnetically  hard  direction  are  given  for 
I  omparison,  and  the  observed  time  dependence  of  the  initial 
.iisci’oiioility  is  described  in  order  to  give  more  insight  into 
die  h^jgnclization  process. 


II  TRANSVERSE  SUSCEPTIBILITY 

Ihe  reversible  Iransverse  snsceplibilily  (RTS),  which 
measures  die  change  of  magnetization  in  the  direction  of  a 
small  excitation  field  applied  perpendicular  to  a  bias  field  H, 
was  investigated  theoretically  for  uniaxial  single-domain  par¬ 
ticles  by  Aharoni  el  al.^  In  the  case  ol  perpendicular  orienta¬ 
tion  of  bias  held  H  and  easy  axis  (i')„=9()°),  the  theory  pre¬ 
dicts  an  inlinite  RTS  in  the  (H,  easy  axis),  plane  at  field 
strengths  sufficient  for  saturation.  Assuming  a  single  crystal 
with  an  ellipsoidal  sliape,  coinciding  crystalline  and  rota¬ 
tional  axes,  and  demagnetizing  factors  V||  and  N ,  parallel 
and  perpendicular  to  these  axes,  tlic  saturating  iicitl  is  given 
by 


(2 \  2/C 

where  „)  is  Ihe  first-order  anisotropy  held, 

A)  2  are  the  lirsi-  and  second-order  anisotropy  constants, 
the  .saturation  magnetization,  and  /u^,”47rX  10  ^  (V  s)/(A/m). 

If  the  direction  of  H  coincides  with  the  easy  axis  of  the 
particle  (if, ,“()),  the  transverse  susceptibility  measurement 
yields  //^  ,  which  is  not  influenced  by  Xi Thus,  tile  coni- 
parLson  between  //,  and  in  principle  gives  the  opportu¬ 
nity  to  determine  both  the  anisotropy  constants  of  a  single¬ 
domain  panicle,  If,  on  the  other  hand,  a  muliidomain  single 
crystal  is  considered,  the  theory  predicts  a  jump  of  Ihe  RTS 
at  the  transition  into  llie  single-domain  slate.  Since  in  prac¬ 
tice  there  is  no  sliarp  kink,  us  expected  theoretically,  it  is 
generally  impossible  to  get  information  about  from  RTS 
measuremenls  of  multidomain  nicies.'^ 

III.  DETERMINATION  OF  A,  jOTROPY  CONSTANTS 

We  investigated  live  irregulaiiy  shaped 
13aFC|2  ,v  1 crystals,  which  were  prepared 
by  slow  cooling"'  of  BaO-IJal-2-B20i  melts  (Table  1).  The 
samples  were  oriented  in  a  liekl  of  loot)  kA/m  and  li.xed 
using  liquid  adhesive.  Subsequently,  wc  measured  the  mag¬ 
neiizaiion  curves  parallel  and  perpendicuiar  to  ihe  easy  axis 
in  a  vibrating  sample  magnetometer  and  tlie  IfTS  imdei  dif- 

'I'Aitl.l'.  1.  Oopaiu  eoncciiliiiliims,  anil  saiiiialion  iiiaj;ncii/alii)M  ul 

llu-  iiiwstigiilcil  siiii'h:  erysliils. 
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FIG.  1.  In-ptiasc  component  of  (he  RTS  of  sample  2  for  different  angle.s  i),,. 
Tne  measuring  frequency  was  5  kHz  and  the  excitation  ticld  slrengtli 
15  A/m. 


ferciit  angles  i?o  with  an  experimental  setup  similar  to  that 
described  in  Ref.  7,  each  time  starting  with  a  field  of  1600 
kA/ni. 

Whereas  the  undoped  single  crystal  exhibits  a  qualita¬ 
tively  good  agreement  with  the  theoretical  RTS  curves  for 
the  multidomain  case,  a  peak  of  the  RTS  occurs  for  •d„=90“ 
even  for  the  small  doping  concentration  jr*=0. 1  (Fig.  1).  Ifjc 
arid  y  increase,  the  RTS  curves  become  more  and  more  simi¬ 
lar  to  the  curves  predicted  by  single-domain  theory,  indicat¬ 
ing  that  the  domain  walls  do  not  move  without  energy  con¬ 
sumption  (as  presumed  for  the  theoretical  im'cstigation).^ 
The  location  of  the  peak,  as  well  as  its  shape,  do  not  depend 
on  the  measuring  frequency  in  the  range  between  1  and  150 
kHz  and  on  the  strength  of  the  excitation  field  which  was 
increased  to  90  A/m. 

Identifying  the  field  of  the  RTS  peak  with  H,  and  using 
the  RTS  curve  and  the  magnetization  curve  for  i^o=0  for  the 
determination  of  ,  A'’||,  and  ,  the  values  of  fi\  and  Xj 
given  in  Table  II  are  yielded.  In  addition,  we  evaluated 
and  K2  using  a  Sucksmith-Thompson  (ST)  plot  of  the  mag¬ 
netization  curve  in  the  magnetically  hard  direction.'"  The 
room  temperature  values  of  obtained  in  Ref.  4  by  the 
same  method  are  given  for  comparison. 

IV.  OUT-OF-PHASE  COMPONENT  AND  TIME 
DEPENDENCE 

The  assun^ption  of  a  damped  domain  wall  motion  is  con¬ 
firmed  further  by  the  appearance  of  a  large  oul-of-phase 
component  of  the  RTS  for  samples  2,  3,  and  4  (Fig.  2).  In 


TABLE  II.  First-order  anisotropy  ticld  and  setond-order  aiii.sottopy  con¬ 
stant  /Cl  determined  by  RTS  measurement  and  Sucksmitli-  rirompson  plot 
(ST),  respectively.  The  //)('*  values  are  given  in  Ref.  4  and  were  oblaincd  by 
the  ST  method. 
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FIG.  2.  Out-of-phase  component  of  Ihe  RTS  of  sample  2  under  the  same 
conditions  as  in  Fig.  I . 


Older  to  get  more  insight  into  this  effect,  we  measured  the 
initial  susceptibility  parallel  to  the  easy  axis.  Figure  3  shows 
the  dependence  of  the  phase  angle  of  the  initial  su.sceptibility 
on  the  strength  of  the  excitation  field  ///; ,  where  we  use 
X-X' i>  -  V”  !)•  The  most  striking  result  is  the  ex¬ 
istence  of  a  maximum  for  the  three  samples  with  low  and 
medium  degree  of  doping  at  a  characteristic  excitation  field 
7//.X'  of  about  45  .A/m.  The  x"lx'  Hitio  depends  weakly  on 
ihe  measuring  frequency  in  the  1-150  kHz  range  (Fig.  4).  As 
a  corresponding  effect  in  the  time  domain,  a  relaxation  of  the 
susceptibility  with  a  time  constant  r  of  about  20  s  at  room 
temperature  can  be  observed  on  samples  2,  3,  and  4  (Fig.  5), 
provided  that  //;,■  steps  from  zero  to  a  value  larger  than  a 
threshold  value  H j;  H 1;  c .  If  the  temperature  is  increased 
up  to  50  °C,  7- decreases  to  one-tenth  of  its  room-temperature 
value  and  becomes  undetectable  with  our  measuring  equip¬ 
ment  at  a  temperature  of  100  °C.  If  we  thus  assume  a  ther¬ 
mally  activated  process  with  t=t,)  exp(AlV/A7’),  we  yield 
T()'=2x10'"  s  and  AIV=0.7  eV  at  a  rough  estimate.  A  simi¬ 
lar  activation  energy,  as  well  as  the  existence  of  a  threshold 
field,  was  found  by  Enz  tT«/. "  on  Si-doped  YIG  and  as¬ 
cribed  to  a  diffusion  aftereffect'^  involving  electron  transi¬ 
tions  between  Fe"'  and  Fc'^'  ions.  It  is  remarkable,  in  this 
context,  that  Simsa  ct  al.  deduced  from  their  measurements  a 
preferred  occupation  of  ]2k  instead  of  4/1,  sites  by  the  Co 
and  Ti  ions  in  the  hexagonal  fundamental  cell  in  case  of 
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FIG.  4.  Phase  angle  of  the  initial  susceptibility  as  a  function  of  the  measur¬ 
ing  frequency.  The  excitation  lielet  strength  was  IS  Ayni. 

increasing  dopant  concentrations,'*''^  The  present  results  are 
not  sufficient  to  enlighten  the  conceivable  connection  be¬ 
tween  these  observations. 

V.  CONCLUSION 

The  first-order  anisotropy  field  values  determined  by 
measurement  of  the  reversible  transverse  suseeptibility  par¬ 
allel  to  the  easy  axis  of  the  single  crystals  and  by  analysis  of 
the  magnetization  curve  in  the  perpendicular  direction  arc  in 
a  good  agreement  with  the  results  of  other  authors.^"’''* 

By  contrast,  the  values  obtained  for  ihc  second-order 
anisotropy  constant  differ  both  for  the  two  methods  used 
here  and  in  comparison  with  results  published  elsewhere.  On 
one  hand,  this  reflects  the  general  difficulty  in  the  experi¬ 
mental  determination  of  K.2  \  on  the  other  hand,  if  might  in¬ 
dicate  that  the  observed  cui'vature  of  the  magnetization 
curves  is  not  due  to  the  influence  of  the  second-order  anisot¬ 
ropy  constant.  Despite  a  possibly  large  error  in  the  absolute 
value  of  Ki,  both  methods  however  do  not  indicate  a  de¬ 
crease  for  higher  dopant  concentrations,  as  was  found  by 
other  authors.'* 

The  existence  of  a  peak  in  the  reversible  transverse  sus¬ 
ceptibility  as  well  as  the  appearance  of  a  large  out-of-phase 
component  indicates  a  heavily  impeded  wall  motion  for  in¬ 
termediate  doping  concentrations.  This  assumption  is  con¬ 
firmed  by  time  domain  measurements,  which  show  a  relax¬ 
ation  of  the  initial  susceptibility  with  a  thermally  activated 


FIG,  S.  Rclaxalion  of  the  inilial  susceptibility  of  sample  3  at  room  tcmpcia- 
lure,  Tlie  exciltilioii  field  is  applied  parallel  to  the  easy  axis  and  steps  from 
0  to  .^0  A/m. 

relaxation  time.  Further  investigations  are  necessary  to 
clarify  the  suggestive  interpretation  of  these  results  in  terms 
of  a  diffusion  damped  domain  wall  motion,  possibly  due  to 
('■stribution  of  the  Co  and  Ti  ions  on  energetically  different 
lattice  sites  depending  on  the  direction  of  magnetization. 
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Preparation  of  high-coercivity  fine  barium  ferrite  powder 

W.  A.  Kaczmarek  and  B.  W.  Ninham 

Research  School  of  Physical  Sciences  and  Engineering,  Australian  National  University,  Canberra, 

A.C.T.  0200,  Australia 

The  structural  and  magnetic  properties  of  the  thermally  activated  transformation  from  nanostr’'ctural 
material,  mechanically  disordered  and  decomposed  BaFe|20n,  ferrite  powder  to  pure  crystalline 
phase,  have  been  studied  by  x-ray  diffraction,  scanning  electron  microscopy,  and  vibrating  sample 
magnetometry  analysis  techniques.  All  experiments  were  performed  on  as-milled  (1000  h)  in  air, 
and  in  vacuum  and  annealed  Ba-ferritc  samples  (4  h  at  773  and  1273  K).  In  parallel  with  the 
structure  and  particle  morphology  changes,  we  investigate  the  inOuence  of  heat  treatment  on  the 
powder  M-H  hysteresis  parameters  in  relation  to  the  preparation  routes,  i.e.,  powder  obtained  by  ball 
milling  in  air  and  vacuum,  and  annealed  in  air  or  vacuum. 


1 


I.  INTRODUCTION 

The  first  experiments  dealing  with  the  effect  of  milling 
on  the  magnetic  properties  of  barium  ferrite  were  conducted 
more  than  twenty  years  ago.''^  However,  particles  obtained 
were  well  above  the  single-domain  critical  size  (~1  ^tm  at 
room  temperature);  and  the  results  of  magnetic  measure¬ 
ments  were  ambiguous  because  they  reflect  the  influence  of 
structural  deformation  and  lattice  defects.  Likewise,  simple 
milling  techniques  used  iti  those  studies  suffered  from  lack 
of  control  and  precision  in  prescribing  required  milling  con¬ 
ditions.  Only  in  a  recently  introduced  new  type  of  ball  mills 
can  the  milling  process  be  controlled  with  required 
precision.^’"*  The  pre.sent  report  is  part  of  a  wider  project  in 
which  the  influence  of  effects  induced  during  mechanical 
processing  on  the  gas-solid  state  surface  interface  on  com¬ 
plex  oxide  systems  is  investigated,  The  influence  of  ball  mill¬ 
ing  of  BaFei20|9  ferrite  powder  on  its  structure  and  particle 
morphology  was  described  in  a  previous  paper.’’  In  this  study, 
along  with  the  structure  changes  we  investigate  the  influence 
of  heat  treatment  on  the  powder  particle  morphology  and 
magnetic  properties  in  relation  to  preparation  routes,  i.e., 
powder  obtained  by  ball  milling  in  air  and  vacuum. 

II.  EXPERIMENT 

High-purity  (99.99  wt  %)  barium  ferrite  powder 
(BaFC|20|(,)  with  particle  size  distribution  in  the  ().5-.S()-|«,m 
range  from  Alfa  Products/Johnson- Matthey  was  used  as  a 
starting  material.  Starting  sample  characterization  and  me¬ 
chanical  ball  milling  preparation  details  were  described  ex¬ 
tensively  in  the  previous  paper.^  An  additional  two  samples 
were  obtained  by  milling  in  air  and  in  low-pressure  “techni¬ 
cal”  vacuum  (  —  10^  Pa)  for  1000  h,  All  three  samples  wiP  be 
denoted  in  this  paper  as  Ba-ferrite,  AlOOO,  and  Vl()(  e- 
spectively.  Heat  treatment  was  performed  on  AlOOO  and 
VI 000  powders  at  temperatures  of  773  and  1273  K  in  air 
atmosphere,  and  in  vacuum  (scaled  quartz  tube)  for  4  h.  The 
experiments  then  yielded  samples  designated:  for  air  milled 
material  AA773,  AAI273  (annealed  in  air)  and  AV773, 
AV1273  (annealed  in  vacuum)  samples  and  for  vacuum 
milled  powder  VA773,  VA1273  tanncaled  in  air)  and  VV773, 
VV1273  (annealed  in  vacuum)  respectively.  Particle  mor¬ 
phology  was  examined  by  direct  observation  of  gold-coaled 
samples  on  a  JEOL  SEM  6400  scanning  electron  micro¬ 


scope.  Structural  characterization  was  performed  using  a 
Philips  x-ray  powder  diffractometer  employing  CoKa  (\ 
=  1.789  nm)  radiation,  Supplementary  thermo-gravimetric 
experiments  were  performed  in  a  Shimadzu  TGA-.SOH  sys- 
te.m.  The  dc  magnetic  field  behavior  of  the  material  was  in¬ 
vestigated  from  the  initially  magnetized  sample  using  a  vi¬ 
brating  sample  magnetometer  PAR  L'iS.  All  magnetic 
measurements  were  performed  at  room  temperature  on  disk¬ 
shaped  (4  mm)  samples. 

III.  RESULTS  AND  DISCUSSION 
A.  X-ray  diffraction 

X-ray  diffraction  (XRD)  patterns  of  as-milled  powders 
are  presented  in  Figs.  1(a)  and  2(a).  For  sample  AlOOO  two 
main  crystalline  phases  were  distinguished:  dominant  lines 
characteristic  for  a-Fe203  structure  indexed  and  marked  by 
F(hkl),  and  the  remaining,  most  intense,  reflections  from 
barium  ferrite  marked  as  (B)  and  indexed  below  for  sample 
AA1273.  In  the  early  study,’  directly  after  milling  no  second 
phase  was  detected  by  XRD  analysis  (only  subsequently,  af¬ 
ter  annealing  at  1273  K).  Comparing  the  above  with  the 
XRD  pattern  for  sample  VIOOO,  a  strong  tendency  to  form 
disordered  phase  was  found.  Peaks  observed  belong  to  the 
hematite  phase,  but  additional  broad  features  were  assumed 
to  be  from  nanocrystalline  Ba-ferrite  phiise.  Annealing  at  773 
K  shows  a  complex  mixture  of  two  phases,  and  the  influence 
of  ttir  pressure  during  heat  treatment  was  observed.  Charac¬ 
teristic  XRD  lines  for  both  structures  are  clearly  visible,  and 
the  broad  feature  (2fl=36°  and  A2tl=  1 0.5”)  of  VIOOO  has  a 
tendency  to  disappear.  XRD  patterns  from  AV773  and 
VV773  are  more  similar  than  those  seen  for  air-annealed 
powders.  We  assume  that  unlike  the  air-milled  sample,  the 
vacuum-milled  sample  has  oxygen  deficiency.  Annealing  in 
air  allows  restoration  of  stoichiometric  proportions.  Heat 
Irealmenl  at  1273  K  for  ^  h  produces  complete  hexagonal 
structure  restoration  for  either  vacuum-  or  air-annealed 
samples  and,  contrary  to  results  presented  above  for  lower 
annealing  temperature,  present  XRD  patterns  are  the  same. 
In  Figs.  1(d)  and  2(d)  powder  samples  annealed  in  air  are 
presented.  We  note  that  particle  crystallographic  structure  is 
uninfluenced  by  different  annealing  atmosphere  and  the  time 
required  for  "reerystallization,”  or  to  annihilate  any  defect 
induced  by  ball  milling  is  relatively  short  when  cmnpared  to 
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Scattering  Angle  2  0  (degrees) 


FIG.  I.  XUO  patterns  evolutbn  ol  the  tiir-millcil  BaFc,.Oi„  powder  for 
different  anncalltig  temperntures,  Peaks  arc  indexed  by:  F:  rr-FcjO,  and  U: 
BaFeiiO],,. 

that  usually  expected  for  “ordinary  powder  process.”  Partial 
decompo.sition  during  prolonged  milling  cannot  produce 
completely  separated  hematite  and  barium  oxide  particles. 
F.  ither,  it  takes  place  as  a  microscale  phase  separation,  and 
produces  multigrain  nanostructural  particles  of  the  three 
phases.  Then,  the  subsequent  reaction  requires  only  a  short- 
distance  diffusion  between  the  grains  within  a  particle. 

B.  Scanning  electron  microscopy 

In  Fig.  3,  IsEM  micrographs  of  AlOOO  and  VIOOU  as- 
milled  powders  as  compared  with  samples  annealed  at  1273 
K  are  presented.  Different  behavior  was  observed  for  each. 
As  a  result  of  milling,  instead  of  clusters  of  tine  particles 


25"  .t5"  65°  «5" 

SLailPliiiji  Aih’.Io  2  0  (derives) 


FIG.  2.  XKD  patterns  evolution  t)l’  fhe  vacuum-milled  13aI'Cj4)ji,  powder 
lor  dilTcrcnt  annealing  lempcratuies. 


A  1 000  - 1  gm  VI 000  - 1  pm 


AA  1273  -  1pm  VA  1273  -  1pm 


AVI  273  -  1pm  VV  1  273  -  1pm 


F'Ki.  3.  SliM  analysis  ol  as-niilled  (AIOOO)  and  (VIOOO),  and  annealed  at 
1273  K  in  air  (AA  and  VA)  and  vacuum  (AV  and  VV)  powders. 

seen  for  the  first  powder,  a  tendency  to  form  larger  and  more 
spherical  particles  can  be  noticed  for  the  vacuum  milled 
powder.  Annealing  at  both  773  and  1273  K  (air  or  vacuum) 
of  AIOOO  and  VIOOO  powders  results  in  the  same  particle 
characteristics,  as  compared  with  material  before  annealing. 
Due  to  the  short  time  of  heat  trcatmeiil,  individual  particle 
shape  was  found  to  be  insensitive  to  process  temperature  and 
atmosphere.  /-.Iter  annealing  the  pnrticle  size  remains  in  tlie 
range  0. 1-0.4  pm  and  1-3  pm,  respectively,  for  air-  and 
vacuum-milled  powders, 

C.  Magnetic  properties 

From  early  reports  on  magnetic  properties  of  milled 
barium  ferrite  it  has  been  well  established  that  overall  mag- 


606ti 


J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


W.  ,A.  Kaezmarek  and  B.  W.  Ninham 


TABLE  I.  Values  of  magnetic  liystere.sis  parumeters: 
rcmaiiencc,  and  cocrcivity.  All  parumeters  measured  al 
tylitximuin  niagnclic  Held  applied  I  T. 

volume  .siitunilioii, 
room  tcmperulurc. 

A7, 

M, 

n, 

Sample 

(kA/m) 

(kA/m) 

(kA/m) 

Bal'e|20|„ 

3«(),0 

254.7 

74,4 

A  loot) 

1 3.0 

2.7 

44.6 

AA773 

28,4 

W.S 

AV773 

52,1 

25.2 

I.S7.8 

AAI273 

347,8 

222.8 

445.6 

AVI  273 

344. 1 

203.5 

393.9 

VI  OIK) 

13.8 

.3.2 

.35.1) 

VA773 

13,9 

.3.6 

.58.5 

VV773 

22, 

5.6 

60.9 

VAI273 

3,3.5. 4 

197.6 

434.5 

VV1273 

343.0 

199.2 

netic  properties  arc  greatly  arfected  by  milling  and  annealing 
processes.''^  Our  findings  confirm  these  conclusions.  From 
the  results  of  hysteresis  measurements  performed  at  room 
temperature  presented  in  Table  I,  it  is  clear  that  for  as-niillcd 
samples  A 1000  and  VIOOO  ail  parameters  arc  extremely  low 
by  comparison  with  the  premil  led  powder.  After  sub.sequcnt 
annealing  at  773  K,  only  minimal  changes  of  hysteresis  pa¬ 
rameters  are  observed.  The  most  significant  improvement  of 
overall  magnetic  properties  was  recorded  for  powders  an¬ 
nealed  at  1273  K.  Magnetic  hysteresis  curves  for  some  of 
these  powders  are  presented  in  Fig.  4  and  all  parameters  are 
listed  in  Table  1. 

We  note  that  after  annealing  at  1273  K  hysteresis  param¬ 
eters  are  weakly  dependent  on  the  milling  air  pressure.  How- 


I'lG.  4.  Magiictizatioii  in  a  functiDii  of  oxtcriial  inagnclic  licld  sliowiiip  llic 
cl'fcci  of  annealing  al  127.1  K  on  milled  I3a-I'eriilc  pinvder.s. 


ever,  slightly  higher  M ^  values  were  observed  for  air-milled 
powders  AA1273  and  AVI 273.  On  the  other  hand,  annealing 
in  air  promotes  minimally  higher  //,.  values.  We  assume  that 
different  particle  morphology  as  seen  in  Fig.  3  is  directly 
rc.sponsible  for  magnetic  parameter  value  fluctuations.  It  is 
obvious  that  independently  of  particle  size,  for  either  air-  or 
vacuum-milled  powders,  the  observed  values  are  close  to 
(zalucs  measured  for  a  starting  powder  (—90%),  but  of  im¬ 
portance  is  the  fact  that  the  cocrcivity  incrca.scs  over  six 
times  and  reaches  a  value  445.6  kA/m.  Tills  value  is  typical 
of  chemically  coprecipitated  line  Ba-ferrite  powders  where 
perfect  crystal  structure  assures  a  defect  and  .stress-free 
.spin  arrangement  with  higli  magnelocrystallinc  anisotropy 
energy.^’  According  to  the  Stoner  and  Wolilfarlh  theory  of 
coherent  rotation,'  the  theoretical  cocrcivity  for  a  random 
assembly  of  Ba-ferritc  particles  would  be  /7,.  =  ().96 
K\IM^=hM  kA/in  (suhslituling  /^=-i-33  MJ/nr^  and 
=  390  kA/m).  The  last  value  is  higher  than  any  experimental 
value  ever  obtained  on  mechanically  processed  powders. 
Mossbauer  spectroscopy  results  in  the  same  powders  will  he 
presented  subsequently.’* 

IV.  CONCLUSIONS 

Wc  found  that,  depending  on  milling  atmosphere  (air  or 
vacuum),  the  final  average  particle  sizes  are  different  —0.3 
and  ~1  /4m,  respectively,  with  multiphase  nanostructure. 
Low  values  of  magnetization  and  cocrcivity,  characteristic 
for  decomposed  Ba-fcriitc,  were  found  for  as-prepared 
samples.  With  heat  treatment,  structural  and  magnetic  prop¬ 
erties  were  altered,  but  the  particle  morphology  is  retained. 
Annealing  at  773  K  produces  more  obvious  changes  in  mag¬ 
netic  properties;  however,  with  powders  annealed  at  higher 
temperature,  significant  values  M,. =  335, 4-347. 2  kA/m 
and  /7,. =  393. 9-445, 6  kA/m  were  obtained.  The  M ^  value 
is  near  the  typical  value  for  Ba-fcrrite  powder  (<10%),  but 
the  /■/,.  value  was  improved  quite  remarkably,  hy  a  factor  of 
six,  as  a  result  of  line  crystal  grain  size  produced  hy  short 
annealing  time. 
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Nitriding  studies  of  aligned  high  anisotropy  ThMni2-type  NdFeiiCo^.^rJIOyN 
film  samples  (abstract) 

A.  Navarathna,  P.  Samarasekara,  H.  Hegde,  R.  Rani,  and  F.  J.  Cadieu®* 

Physics  Department,  Queens  College  of  CUNY,  Plushing,  New  York  11367 

Highly  aligned  lilm  samples  of  TliMnii-type  NdFe|2  y  .-^-nyMo,,  y  +  z«=l,  have  been  directly 
crystallized  onto  heated  substrates  by  rf  sputtering.  The  deposited  lilms  have  then  been  nitrided  at 
different  nitriding  pressures  and  temperatures  to  determine  the  optimum  conditions  to  niaximi/.e  the 
coercivity.  The  films  have  generally  been  (002)  textured  so  that  the  easy  axis  of  magnetization  of  the 
nitrided  films  is  perpendicular  to  the  film  surface.  For  low  Co  concentrations  it  has  been  possible  to 
enhance  the  saturation  flux  densities,  the  coercivity.  and  the  anisotropy  field  of  the  nitrided  samples. 

Maximum  room  temperature  eoercivities  and  anisoiiupics  of  1 1..2  and  145  kOe  were  obtained  for  a 
ThMn  12-type  Nd(j(2Fex().3CO(,,)Mo4xN  (002)  textured  film  sample.  At  lower  temperatures  the 
coercivity  and  anisotropy  ro.se  smoothly  to  2D. 5  and  =^200  kOe  respectively  by  10  K..  IFised  on 
riitriding  studies  on  similar  films,  all  nitride  sites  should  be  occupied  at  1  N  per  TliMiiii  formula 
unit  for  the  high  coercivity  films.  Previously  NdFenCoo  sMoo  ^N  lilms  were  reported  with  a  room 
temperature  BH|„,|j=46.3  MGOc  at  203  K  and  50.6  MGOe  at  10  K.'  In  general,  films  that  have  been 
made  to  exhibit  a  gradient  in  any  one  component  have  exhibited  lower  energy  products  due  to  either 
a  reduced  coercivity  or  to  shouldered  hysteresis  loops. 
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Tl\e  fust  ab  initio  electronic  striicture  calculations  of  the  magnctociystalline  anisotropy  ol' 
supcrlatticcs  with  imperfect  interfaces  are  presented.  Specifically  the  possibility  of  an  inteidiffusion 
between  the  layers  at  tlie  interface  in  Co/I\l  and  Co/Pt  supcrlatticcs  is  considered.  Tlic  electronic 
structure  calculations  use  the  local  spin-density  forinalisin  as  iinplemented  with  the  layer  Korringa- 
Kohn-Rostoker  method.  Interdiffusion  at  the  interface  is  modeled  in  two  distinct  ways.  In  the  fiist 
approach  a  dilfu.se  interface  is  represented  by  ordered  airangement  of  substitutions,  while  in  the 
second  approach  interdiffusion  is  assumed  to  produce  a  .substitutionully  di.sordered  random  alloy  on 
the  layers  at  tlic  interface,  which  is  solved  using  the  coherent  potential  ap])roxim!ition.  The 
calculated  interface  anisotropies  for  supeiiattices  with  perfect  and  imperfect  interfaces  arc,  on 
average,  modeled  accurately  by  a  simple  Neel-type  model.  This  model  always  predicts  a  reduction 
in.  magnetic  anisotropy  resulting  from  the  presence  of  defects. 


I.  INTRODUCTION 

Recently  there  has  been  considerable  effort  aimed  at  de¬ 
veloping  high-density  magneto-optic  storage  devices.  One 
proposed  method  for  rctiding  the  stored  dat.i  is  to  use  the 
polar  Kerr  effect.  A  prerequisite  for  using  this  techniciue  is  a 
medium  with  perpendicular  magnetic  anisotropy,  since  this 
leads  to  optimal  coupling  between  the  incident  light  and  the 
magnetic  media.  Transition-metal  supcrlatticcs  have  a  num¬ 
ber  of  desirable  properties  which  make  them  potential 
magneto-optic  media,  including  large  Kerr  rotations,  which 
arc  still  significant  at  short  wavelengths,  and  perpendicular 
anisotropy  for  certain  multilayer  geometries. 

Perpendicular  magnetic  recording  also  offers  the  poten¬ 
tial  of  higher  aerial  storage  densities  than  longitudinal  re¬ 
cording  because  of  the  properties  of  the  demagnetization 
fields.  Many  short-period  magnetic  multilayers  exhibit  a  per¬ 
pendicular  anisotropy  resulting  from  the  influence  of  the  in¬ 
terfaces,  despite  the  tendency  for  in-plane  anisotropy  caused 
by  demagnetization  energies.  Beyond  a  critical  multilayer 
period,  the  volume  ani.sotropy  will  dominate  the  influence  of 
the  interfaces  and  in-plane  anisotropy  results.  While  the  vol¬ 
ume  term  always  favors  in-plane  magnetization  in  a  thin-lilni 
geometry,  the  interface  term  can  in  principle  produce  either  a 
longitudinal  or  a  perpendicular  contribution  to  the  magnetic 
anisotropy.  In  most  of  the  magnetic  multilayers  it  appears 
that  the  interface  contributions  favor  perpendicular  anisot¬ 
ropy.  The  range  of  superlattice  periods  which  have  the  de¬ 
sired  perpendicular  anisotropy  clearly  depends  on  the  rela¬ 
tive  strengths  of  the  interface  and  volume  terms.  The  value 
of  the  interface  anisotropy  depends  upon  the  quality  of  the 
interface,  thus,  the  strength  of  the  magnetic  anisotropy  and 


the  range  of  supeiiattice  periods  v/hich  exhibit  useful  perpen¬ 
dicular  anisotroi)y  will  depend  ott  sample  preparation.  Thus, 
it  is  of  great  interest  to  understand  and  predict  the  influence 
of  defects  on  the  magnetic  atiisotropy  energy. 

The  magnetocrystaliine  ani.sotropy  energy  in  transition 
metals  is  electronic  in  origin  and  results  from  the  spin-orbit 
interactit)!!.  The  magnetic  anisotropy  cttn  be  obtained  theo¬ 
retically  from  an  electronic  structure  calculation  by  comput¬ 
ing  the  electronic  energy  as  a  function  of  the  spin  directii  n. 
These  types  of  calculations  are,  however,  challcngitig  owing 
to  the  small  changes  of  energy  (as  compared  to  the  total 
electronic  energy)  accompanying  changes  in  the  magnetiza¬ 
tion  direction.  Calculations  for  the  elemental  magnets  Fc,  Ni, 
and  Co'‘"  predicted  incorrect  easy  axes  of  magnetization  for 
Co  and  Ni  and  while  finding  the  correct  easy  axis  for  Fe  the 
value  of  the  anisotropy  energy  was  too  small.  Systems  with 
lower  symmetry  such  as  artificial  free-standing  monolayers,'^ 
embedded  monolayers,  surface  overlayers,'’ and 
.supeiiattices'’'^  typically  have  anisotropies  which  are  an  order 
of  magnitude  bigger  and  are  large  enough  that  the  anisotropy 
energy  can  be  reliably  calculated  using  electronic  structure 
theory. 

In  this  article  fir.st-principles  electronic  structure  calcula¬ 
tions  and  a  simple  symmetry  model  arc  used  to  study  the 
influence  of  defects  produced  by  interdiffusion  on  the  mag¬ 
netic  ani.sotropy.  In  particular,  supcrlatticcs  with  three  or¬ 
dered  arrangements  of  defects  are  considered.  For  the  spe¬ 
cific  ca.sc  of  C’o/Fd  these  are;  (1)  l(Co-,Pd|)/l(Pd4)  and 
l(Co,Pd|)/2(Pd4)  -a  Pd  substitution  in  the  Co  layer  of  ICo/ 
IPdor  ICo/2Pd;  (2)  I (€04)/! (C0|Pd3)/UPd4)— a  Co  .substi¬ 
tution  in  one  of  the  Pd  layers  of  lCo/2Pd;  and  (3) 
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no.  1.  Crystal  strucluras  ol'  ordcrvU  arrangement  of  superlattice  defects. 
Liglit  and  dark  spheres  correspond  to  Co  and  I'd/l't  atoms,  respectively,  (a) 
Monolayer  substitution;  (bl  monolayer  adatom;  and  (c)  bilayer  substitution. 


l(C04)/l(C0yPdi)/l(Pd4) — a  Pd  substitution  in  one  of  the  Co 
layers  of  2Co/lPd.  Tlicsc  three  defect  structures  arc  denoted 
as  a  monolayer  substitution,  monolayer  adatom  and  bilayer 
substitution,  respectively,  and  are  shown  in  Fig.  1.  The  nota¬ 
tion  adopted  is  that  all  atoms  between  parentheses  belong  to 
the  same  layer,  thus  l(Co4)  •*  single  I 'ver  with  four  Co 
atoms  in  the  two-dimensional  layer  unit  cell.  For  each  of 
these  structures,  the  defects  are  only  connected  at  third  near¬ 
est  neighbors,  a  separation  at  which  the  delects  arc  a.ssumed 
to  be  essentially  isolated. 

In  addition  to  these  ordered  defect  structures,  we  have 
also  studied  the  magnetic  anisotropy  of  lCo/3Pd  and  ICo/ 


3Pt  supcrlaltices  where  the  interdiffusion  between  Co  and  Pd 
or  between  Co  and  Pt  at  the  interface  produces  a  substitu- 
tionally  di.sordered  random  alloy.  The  profile  of  Co  interdif- 
fusion  has  been  chosen  to  follow  a  trapezoidal  distribution, 
i.c.,  l(Co,_2.,Pd2j/l(Co,Pdi  .,)/lPd/l(Co,.Pd,_J  and 
l(Co,_2,vP*2,v)/UCOvPt,  _,.)/lPt/l(Co^Pti  for  various  val¬ 
ues  of  X.  This  composition  profile  is  one  which  is  consistent 
with  experimental  x-ray  studies**  where  interdiffusion  is  often 
seen  to  occur.  In  all  cases  the  atoms  were  assumed  to  lie  on 
a  perfect  fee  lattice  whose  lattice  constant  was  taken  to  be  a 
weighted  average  of  the  constituent  atoms.  This  choice  was 
consistent  with  all  the  experimental  x-ray  determinations  of 
the  superlatticc  crystal  structure.** 


The  electronic  structure  of  both  ordered  and  disordered 
supcrlatticcs  is  found  sclf-consisteiitly  using  the  layer 
Korringa-Kohn-Rostoker  (LKKR)  method  within  the  local- 
spin-density  approximation."’  The  Janak,  Moruzzi,  and 
Williams”  parameterization  of  the  exchange  correlation  en¬ 
ergy  and  potentials  has  been  used.  Unlike  other  studies 
where  the  spin-orbit  interaction  has  been  included  in  a  sec¬ 
ond  variational  step  using  self-consistent  potentials  obtained 
in  the  ab.sence  of  the  .spin-orbit  interaction,''’’*’  the  calcula¬ 
tions  reported  in  this  article  solve  the  Kohn-Sham  equations 
self-consistently  with  the  spin-orbit  interaction  when  the 
magnetization  is  normal  to  the  superlattice.  The  longitudinal 
magnetization  calculation  is  treated  as  a  perturbation  on  the 
.self-consistent  .solution  for  the  perpendicular  orientation  of 
the  magnetization.  The  energy  difference  is  obtained  using 
the  force  theorem'^  which  we  have  found  to  give  essentially 
identical  answers  to  within  numerical  accuracy  to  full  self- 
consistent  results  with  a  longitudinal  magnetization.  Calcu¬ 
lations  with  an  in-plane  magnetization  are  significantly  more 
time  consuming  because  of  the  lower  symmetry. 

The  LKKR  method  has  been  described  in  detail  in  Ref. 
10.  In  this  section,  therefore,  we  present  a  brief  outline  of  the 
method,  paying  attention  mainly  to  those  aspects  that  are 
unique  to  this  work. 

The  potentials  are  assumed  to  be  spherically  symmetric 
within  contiguous  muffin-tin  spheres  and  a  constant  in  the 
intcr.stitial  region  (the  muffin-tin  approximation).  This  ap¬ 
proximation  is  known  to  be  accurate  for  close-packed  metal¬ 
lic  structures,  and  since  the  anisotropy  energy  is  predomi¬ 
nantly  determined  by  the  d  states  which  arc  primarily  located 
within  the  muffin-tin  spheres,  it  is  an  excellent  approxima¬ 
tion  for  the  anisotropy  energies  of  the  metallic  supcrlatticcs 
discussed  in  this  article. 

Inside  the  muffin-tin  spheres  the  Hamiltonian  can  be 
conveniently  partitioned  into  the  usual  scalar  relativistic  77 
and  spin-orbit  H^q  terms.  In  Rydberg  atomic  unils,  which  are 
assumed  throughout  this  work,  is  given  by 

1  ()\  (F,  0\ 


n.  THEORY 

A.  Electronic  structure  theory 
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This  term  is  spin  dependent  but  diagonal  in  spin  space.  The 
spin-orbit  interaction  in  Rydberg  atomic  units  is  given  by 

_  1  '^V'  1  dV  i  \ 

~d7^^~  4A'/^c- \/+  -/J‘ 

The  forms  of  and  H^q  are  taken  from  Koelling  and 
Harmon. 

In  the  above  equations,  V[  and  arc  the  spin-up  and 
spin-down  one-electron  potentials,  V  is  the  average  of 
spin-up  and  spin-down  potentials,  c  is  the  speed  of  light, 
M  =  \l2  +  {E-V)l2c^  is  the  effective  electron  mass, 
l+  =  lj^  +  ily  and  =  — ily  are  the  raising  and  lowering  or¬ 
bital  angular  momentum  operators,  and  are  the  Car¬ 

tesian  components  of  the  orbital  angular  momentum  opera¬ 
tor.  In  the  spin-orbit  term  H^q  ,  V  is  chosen  to  be  the  average 
of  the  spin-up  and  spin-down  potentials  to  ensure  that  this 
term  is  Hermitian  for  real  energies.  H^q  couples  spin-up  and 
spin-down  wave  functions  and  this  mixing  depends  upon  the 
direetion  of  the  magnetization.  The  matrix  elements  of 
can  be  readily  obtained  by  using  spinors  appropriate  for  a 
magnetization  direction  specified  by  the  polar  angles  0  and 

/cos(6>/2)e““^'^\  I  sin(d/2)e~' 

[  sin(0/2)e‘'^'^  )>  \ -cos(fl/2)e 

Writing  the  solution  to  this  effective  Schiodinger  equation  as 
a  produet  of  radial  solutions,  spherical  harmonics,  and 
spinors,  defined  by  Eq.  (3),  results  in  a  set  of  coupled  differ¬ 
ential  equations  which  are  solved  by  standard  techniques. 

In  contrast  to  most  electronic  techniques  which  calculate 
single-particle  wave  functions  and  eigenvalues,  the  LKKR 
method  uses  multiple  scattering  theory  to  obtain  the  one- 
electron  Green’s  function  at  a  given  energy  and  wave  vector 
in  the  Brillouin  zone.  The  valence  charge  density  is  obtained 
from  the  imaginary  part  of  the  Green’s  function  from  inte¬ 
grations  over  the  two-dimensional  Brillouin  .zone  and  over 
energy  from  the  bottom  of  the  valence  band  to  the  Fermi 
energy,  rather  than  from  the  sum  of  squares  of  occupied  or¬ 
bitals.  This  energy  integral  is  performed  numerically  as  a 
contour  integral  in  the  complex  plane  which  ensures  rapid 
convergence  of  both  energy  and  Brillouin  zone  integrations. 

Multiple  scattering  theory  provides  a  convenient  frame¬ 
work  for  calculating  the  Green’s  function  by  combining  the 
atoms  together  to  form  the  solid  in  a  recursive  manner.  In  a 
LKKR  calculation  the  solid  is  partitioned  into  planes  of  at¬ 
oms  within  which  only  two-dimensional  translational  sym¬ 
metry  is  as.sumed.  The  multiple  scattering  is  then  factored 
into  intra-  and  interlayer  terms.  First  the  scattering  properties 
of  the  unique  layers  are  found  from  those  individual  atoms. 
Multiple  scattering  within  each  layer  is  solved  in  the  angular- 
momentum  basis  whose  size  scales  with  the  number  of  atoms 
in  the  layer.  Multiple  scattering  between  the  layers  is  .solved 
using  the  layer  coupling  algorithms,  derived  for  low-energy 
electron-diffraction  theory,'’*  in  a  plane-wave  basis  whose 


ii>/2  \ 

i</i/2 1  ■  (3) 


size  is  independent  of  the  number  of  layers.  Computing 
times  scale  roughly  cubically  in  the  number  of  atoms  per 
layer  and  linearly  in  the  number  of  layers  ratlier  than  as  the 
cube  of  the  total  number  of  atoms  in  the  unit  cell  as  is  typical 
for  most  conventional  electronic  structure  methods.  This 
makes  the  LKKR  method  a  very  efficient  technique  for 
studying  superlattice  electronic  structure  since  typically  each 
layer  has  a  simple  structure  and  all  the  complexity  in  the 
superlatticc  lies  in  the  stacking  together  of  the  layers. 

The  coherent  potential  approximation  (CPA)  provides  a 
technique  for  describing  the  electronic  structure  of  the  ran¬ 
dom  substitutionally  disordered  alloy  by  appropriately  aver¬ 
aging  different  configurations,''*  and  when  combined  with 
multiple  .scattering  theory  provides  a  first-principles  density 
functional  theory  of  alloys.'*’ The  physical  picture  behind  the 
CPA  is  as  follows;  A  mean  field  treatment  of  the  alloy  allows 
the  construction  of  an  effective  medium  which  has  transla¬ 
tional  in\ariancc.  Each  atomic  component  in  the  alloy  has 
the  electronic  structure  of  that  particular  atom  embedded  in 
this  effective  medium.  The  concentrations  of  atoms  can  be 
made  site  dependent,  thus,  realistic  interdiffusion  profiles  can 
be  modeled.  The  details  of  the  implementation  of  the  CPA 
within  the  l-KKR  method  arc  given  in  Ref,  17, 

The  basis  set  included  .v,  p,  and  d  partial  waves  to  de¬ 
scribe  the  scattering  in  the  layers  from  the  individual  muffin- 
tin  potentials.  In  order  to  converge  the  anisotropy  energy  to  4 
/iRy,  13  plane  waves  to  describe  the  interlayer  scattering, 
135  k  points  per  irreducible  Brillouin  zone  wedge,  and  48 
energy  points  were  needed.  The  spin-orbit  interaction  lowers 
the  symmetry  of  the  crystal,  thus  care  must  be  taken  to  in¬ 
clude  all  inequivalent  wedges  of  the  Brillouin  zone. 

B.  Simple  theory 

Re.sults  of  our  previous  electronic  structure  calculations’ 
showed  that  the  magnetic  anisotropy  had  significant  contri¬ 
butions  from  all  points  in  the  Brillouin  zone  and  that  Pd 
atoms  distant  from  the  interface  contributed  negligible 
amounts  to  the  anisotropy.  This  suggested  that  the  magnetic 
anisotropy  could  be  interpreted  in  terms  of  a  real  space 
model  with  near-neighbor  interactions  and  that  only  Co-Co 
and  Co-Pd  or  Co-Pt  interactions  were  important. 

Symmetry  dictates  tliat  the  lowest-order  contribution  to 
the  magnetic  ani.sotropy  is  /.(/CM)'  where  L  is  the  interac¬ 
tion  strength,  R  is  an  interatomic  unit  vector,  and  M  is  a  unit 
vector  pointing  along  the  magnetization  direction.  The  total 
anisotropy  of  the  superlattice  can  be  found  by  summing  the 
basic  interaction  (wer  all  nearest-neighbor  pairs  of  atoms.  In 
the  Co/Pd  multilayers  the  simple  model  is  parameterized  by 
the  geometrical  arrangement  of  the  atoms,  and  by  two  con¬ 
stants  Lf  describing  Co-Co  interactions,  and  /,„,  describing 
Co-Pd  interactions.  A  similar  pair  of  constants  are  needed  to 
describe  the  Co/Pt  system.  The  philosophy  of  this  model  is 
the  same  as  that  suggested  by  Neel  in  1^54  in  his  study  of 
surface  anisotropy;"*  differences  include  tlie  use  of  two  pa¬ 
rameters  to  characterize  the  two  different  interactions,  and 
the  correction  of  some  algebraic  errors  in  Neel's  original 
work. 

In  contrast  to  our  previous  work*  where  explicit  numeri¬ 
cal  values  for  the  different  atomic  interactions  were  required 
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TABLE  I.  Energies  of  supcrlatticcs  willi  ordered  arrangements  of  defects. 


Defect 

Perfect 

Difference 

System 

Energy  t/rRy) 

Sy.stcin 

Energy  (/rP.y) 

LKKR 

Simple  tlieory 

l(CO,I>t)/l(Pl4) 

186 

KCojl/KPL) 

389 

-4.2/C,, 

-4.08-,, 

l(Co,Pd)/l(Hih) 

46 

l(C04)/l(Pd4) 

72 

-2.9/1,, 

-4.08',, 

l(COiPI)f2(Pl,,) 

98 

l(t.'04)/2(Pt.,) 

322 

-4,08,, 

l(Co,,Pd)/2(Pib) 

16.*! 

l(C04)/2(Pd4) 

242 

-4,08,, 

l(Co,)/l(C()Pi,)/l(Pl,) 

39.^ 

l(C»4)/2(Pl4) 

322 

+  1,88.',, 

-2.08,, 

KCojl/KCoPdp/LPd,,) 

173 

l(C\)4)/2|Pd4) 

242 

■23K, 

-2.08,, 

ltC04)/l(Co,,l>n/l(Plj) 

211 

2(Co4)/1(P|.,) 

240 

- 1 .0/C,, 

-2.08,, 

1(a)4)/l(Co,il>d)/l(Pd4) 

-29 

2(C04)/l(Pd4) 

30 

-16/V,, 

-  2.08,, 

to  quantify  the  simple  tlteory,  in  the  ease  of  superlutliccs  with 
interfacial  defects  the  elianges  in  anisotropy  can  always  be 
expressed  as  a  fraction  of  that  found  in  the  perfect  structure. 
This  obviously  makes  the  results  more  useful  in  interpreting 
experimental  results. 

First  we  will  derive  an  expression  for  the  anisotropy  of 
an  unstrained  (111)  superlattice  which  is  composed  of  ;i  lay¬ 
ers  per  cell  where  the  probability  of  finding  a  Co  atom  on 
layer  j  is  given  by  Pj .  All  nearest-neighbor  atoms  are  con¬ 
tained  either  within  the  plane  or  in  the  adjacent  planes  for 
this  superlattice  orientation,  thus  it  is  more  convenient  to 
consider  the  effective  interactions  between  atoms  in  tlic  same 
plane  IFy,  and  the  effective  interactions  between  atoms  in 
adjacent  planes  tV],  These  effective  interactions  take  into 
account  the  geometric  arrangcinent  of  the  atoms  in  the  [111] 
planes.  A  .superscript  m  or  /  is  added  to  differentiate  between 
ferromagnetic-paramagnetic  and  ferromagnetic-ferro¬ 
magnetic  atom  interactions.  Specifically  VVfi  sums  the  inter¬ 
action  between  a  Co  atom  and  six  Co  first  nearest  neighbors 
in  a  [111]  plane,  while  VF™  .sums  the  interaction  between  a 
Co  atom  and  six  Pd  or  Pt  first  nearest  neighbors  in  a  [III] 
plane.  Similar  definitions  apply  to  'W{  and  VP'".  All  four  of 
these  effective  interactions  can  be  expressed  in  terras  of  the 
basic  interatomic  interactions  Lf  and  L„, .  Using  these  effec¬ 
tive  interactions  gives  the  following  for  the  magnetic  anisot¬ 
ropy  of  the  disordered  superlattice: 

/I 

2/C,  =  2  Wi  +  2(\- FjlPj W'l;  +  P^Pj , w{ 

;  =  i 

+  Pj{  1  -  Pj , )  W"'  +  (\~P^)  Pj ,  ,  W'l" .  (4) 

T\vo  identities  can  be  derived  immediately  since  the  ani.sot- 
ropy  of  the  pure  material  and  the  50:50  alloy  are  zero  be¬ 
cause  of  the  cubic  symmetry.  This  yields 

W{^+W{^W”+W'['  =  {).  (5) 

Using  these  relations  and  noting  that  the  n -layer  superlattice 
has  two  interfaces  per  unit  cell  it  follows  that  the  interface 
anisotropy  for  the  imperfect  interface  A',  can  be  simply  ob¬ 
tained  from  that  of  the  perfect  interface  K^,  by 
/( 

{Pj-Pjnf,  (6) 
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where  the  interface  anisotropy  of  the  ordered  superlattice  is 

(7) 

In  a  similar  way  one  can  derive  expressions  for  the  reduction 
in  anisotropy  energy  of  the  three  ordered  defects;  They  are 
4/C,,,  for  the  monolayer  substitution,  and  2 A,,  for  the  mono¬ 
layer  adatom  and  bilayer  substitutioti.  A  simple  geometric 
picture  would  suggest  that  a  Pd  substitution  in  the  Co  mono- 
layer  would  modify  two  interfaces  and  thus  might  be  ex¬ 
pected  to  reduce  the  anisotropy  by  2A,, ,  while  the  Co  ada¬ 
tom  and  the  bilayer  substitution  only  modify  one  interface 
and  thus  might  be  expected  to  reduce  the  anisotropy  by  A,, . 
The  simple  Neel  theory  predicts  that  the  inlluenee  of  the 
defects  is  twice  as  large  as  naively  expected,  demonstrating 
the  dramatic  effect  of  defects  on  the  magnetic  interface  an¬ 
isotropy. 

lCo/5Pd  superlattices  fabriciited  under  a  variety  of  dif¬ 
ferent  experimental  conditions  show  a  wide  variation  in  the 
measured  magnetic  anisotropy.  A  lCo/5Pd  superlattice 
grown  by  molecular-beam  epitaxy  has  the  largest  anisotropy 
of  5.9X11)’  erg/enr  (Ref.  19),  and  a  lCo/5Pd  superlattice 
grown  epitaxially  in  UllV  had  an  anisotropy  of  4.9X10’ 
erg/cni^  (Ref.  20).  Sputtered  lCo/5Pd  superlattices  made  by 
different  groups  have  ani.sotropies  of  2.bX  lO'  erg/cm“  (Ref. 
21)  and  2.4xl0’  erg/cm’  (Ref,  22),  respectively.  These  can 
be  compared  to  the  theoretical  values  for  a  perfect  lCo/5Pd 
superlattice  of  b.bXK)^  erg/cm’  (Ref.  7)  and  H.7X10^ 
erg/cm’  (Ref.  6),  All  of  the  experimental  supcrlatticcs  will 
contain  defects,  with  the  sputtered  samples  having  the  largest 
concentration.  The  range  of  values  observed  is  clearly  con¬ 
sistent  with  the  theoretical  expectations  for  supcrlatticcs  with 
defects. 

III.  RESULTS  AND  DISCUSSION 

Table  1  :ihows  the  calculated  tinisotroplcs  for  all  of  the 
ordered  defects  iii  Co/Pd  and  (ilo/Pt.  As  was  stated  in  the 
previous  section,  the  simple  theory  predicts  a  reduction  of 
4A,,  for  Pd  and  Pt  sub.stitutions  in  a  Co  monolayer.  The 
results  of  the  electronic  structure  theory  for  substitutions  in 
the  Co  monolayer  also  show  a  reduction  in  the  anisotropy.  In 
previous  work  on  perfect  Co/Pd  sunerlattices^  we  have  no¬ 
ticed  that  the  simple  model  reproduces  average  trends  in  the 
magnetic  anisotropy  while  the  results  of  electronic  structure 
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TABLE  II.  Energies  ol' superliilliees  with  liiiulom  nrrimgemenls  ol  ilefecis. 


Defeel 

I’crleel 

Diflciciicc 

System 

Energy  t/xRy) 

Syslein 

linergy  t/dty) 

LKKR 

Simple  (licory 

Oj)  t)/!  ((  ()))  jPljlg)/ 11*1/1  (C  0(nl*l||  g) 

I6.S 

ICo/IPl 

64.6 

I.5A,, 

■  l.tIA,, 

1  (CooKl’d,,.,)/ 1 1  ('ll,,  1  Pd,,,,)/ 1  Pd/l l( -n,, , Pil„ „) 

2R.S 

ICo/.IPd 

5(1.6 

■I.OA,, 

■I.IIA',, 

HCo„  „l’l„  ^)/ 1  (C«„  ,1’|„ ,)/ 1 1’l/ 1  (Co„  ,PI„ ,) 

H.O 

ICii/IPi 

64.6 

I.SA',, 

-  1 ,6  A',, 

1  (Co,, „l’d,| .,)/ 1  (Co„  ,Pd„«)/ 1  l’d/1  (Co,,  d’d„ „) 

14.6 

ICii/.IPd 

-1.5  A',, 

- 1 ,6A., 

calculations  I'oi  iiuliviclual  systems  can  show  siyiiilicant  de¬ 
viations  iVoni  the  predictions  ol'  the  simple  theory.  The  stan¬ 
dard  deviatitrn  of  the  lit  in  this  case  was  1 .2A.’^, .  Tliose  varia¬ 
tions  can  probably  be  orplaincd  by  noliii}’  that  while  each 
l)oint  in  the  Brillouin  zone  contributes  to  Ibe  anisotropy,  cer¬ 
tain  points  are  more  imporlant  titan  others  and  that  these 
points  tire  .snpcrlattice  dependent. 

i'or  the  I'onr  monolayer  substitutions  studied,  the  average 
rcduclion  is  1 .4/C,,  which  is  .statistically  the  .same  as 

the  simple  theory  prediction  of  4/C,, .  In  the  case  ol'  the  or¬ 
dered  delects  structures  with  substitutions  in  the  C'o  bilayer 
and  Co  substitutions  in  the  Pd  or  Pt  layer  (last  I'onr  lines  of 
Table  1)  the  simple  theory  predicts  it  reduction  of  2/C,,  in  the 
anisotropy.  'I'he  agreement  between  the  electronic  structure 
results  and  the  simple  theory  is  clearly  not  as  good,  lixclud- 
ing  the  2Co/ll’d  supciiattiee,  leads  to  an  average  reduction 
of  0.5/C,,±  1.7/c’,,  which  is  still  eonsistent  with  tlic  simple 
theory  tlntugli  the  standard  deviation  is  larger.  Uefect-fiec 
2(\)/IPd  has  a  much  smaller  anisotropy  than  simple  theory 
would  predict  and  thus  il  is  not  too  surprising  that  the  intro¬ 
duction  of  defects  produces  iin  anomalous  result. 

Since  the  simple  theory  works  best  in  tin  average  sense 
one  might  expect  better  agreement  between  the  predictions 
of  the  simple  model  and  the  results  of  the  electronic  structure 
calculation!  for  superlattices  where  the  defects  are  jilaced  in 
a  rando'n  manner.  To  model  a  realistic  interdiffusion  profile 
we  have  assumed  a  trapezoidiil  distribution;  this  distribution 
is  consistent  with  the  x-ray-diffraction  data  which  wc  have 
examined.  The  superlattices  which  wc  Imve  examined 
are  1((’0|  i,Pd2,.)/l(Q)|  ,Pd,)/l  l’d/l(Co| .  ,.Pd,.)  and 
l(CO|  2,.Pl2,)/l(CO|  ,Pt,)/lPt/l(CO|  ,1\)  for  .x-^^O.l  and 
0.2.  The  results  of  the  LKKR  CJl’A  and  the  preiliclions  rrf  the 
simple  theory  are  shown  in  Table  II,  The  Ncel-typc  model 
predicts  a  reduction  of  !.()/<,,  and  1  .(r/C,,  for  a’ -0.1  and 
,v-0.2,  respectively.  Electronic  structure  theory  gives 
1.  ,2/w,, ±0.4/f,,  for  the  former  and  1 .6/C,, ±0. 2/C,,  for  the 
latter,  in  excellent  c|uantitative  agreement  with  the  simple 
theory.  Simple  theory  also  reproduces  the  results  of  the  indi¬ 
vidual  lirst-principles  calculations  its  well  as  the  average 
trend,  and  deviations  are  significantly  smaller  than  tho.se  seen 
in  i!v*  ordered  calculations.  I'he  better  agreement  is  attributed 
to  the  fact  that  the  LK.KIC  (i'PA  calculations  represent  en¬ 
semble  averages  of  many  possible  superlattices  with  the 
same  layer  compositions.  Thus,  the  assumption  of  uniform 
contributions  to  the  anisotropy  from  points  in  the  Lirillouin 
zone,  implicit  in  the  Neel-like  theory,  is  likely  to  be  a  better 
approximation. 


IV.  CONCLUSIONS 

Using  the  LKKR  electronic  structuie  method  we  have 
performed  lirst-principles  calculations  of  the  magnetocrystal¬ 
line  anisotropy  energy  of  ti  supeiialticc  with  imperfect  inter¬ 
faces.  Both  ordered  arrangements  of  defects  and  a  random 
.substitutional  alloy  have  been  studied.  Using  a  simple  Neel- 
type  theory,  expressions  for  the  expected  changes  in  anisot¬ 
ropy  a.ssociated  with  each  type  of  defect  have  been  derived. 
Detailed  comistrisons  show  the  value  of  the  simiile 
symmetry-based  model  as  a  quantitative  predictor  of  the  ex¬ 
pected  trends.  The  imperfect  superlattices  where  the  inlerdif- 
fusion  causes  a  random  arrangement  of  defects  are  expected 
to  be  a  more  retilistie  model  of  the  experimental  interface, 
and  in  this  situation  the  simple  theory  is  both  found  and 
expected  to  be  more  useful.  We  have  shown  that  the  inllu- 
cnce  of  imperfections  is  generally  larger  than  geometric  ar¬ 
guments  would  suggest,  .'ind  tltiit  defects  act  to  reduce  the 
magnetic  ani.sotropy. 
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Magnetic  anisotropy  of  metal/Co/metal  and  metal/Co/insuiator  sandwiches 

Michael  H,  Wiedmann,  Brad  N.  Engel,  and  Charles  M.  Falco 

Pliy.sicx  Dcparlmcttl  mul  ()i>ticiil  Sciences  Center,  University  of  ,\riz<)nct,  Tucson,  Arizona  8572 1 

In  situ  polar  Kerr-cfl'ecl  nicasurcmcnts  have  been  used  to  study  the  magnetic  anisotropy  of 
MBE-grown  Au(Ill)/Co/X  and  Pd(lll)/Co/X  sandwiches,  where  X  is  the  nonmagnetic  metal  Ag, 

All,  Cu,  and  Pd  or  tiie  insulator  MgO.  For  the  metals  it  was  recently  found  that  the  magnitude  of  the 
Co/X  perpendicular  interface  anisotropy  is  strongly  peaked  tit  -1  atomic  layer  (1,5-2. 5  A) 
coverage.  To  investigate  structural  inllucnccs  on  the  anisotropy,  reflection  high-energy  electron 
diffraction  (RHEF.D)  and  low-energy  electron  diffraction  (LBED)  have  been  used  to  measure 
changes  resulting  from  overlayer  coverage.  Analysis  of  digitized  Rl  IEriD  images  captured  every  ~  I 
A  during  metal  overlayer  coverage  shows  no  abrupt  change  of  the  in-plane  lattice  constant.  The 
out-of-plane  lattice  spacing  has  also  been  invcstigtited  as  a  function  of  nonmagnetic  metal  coverage 
by  measuring  LEED  l-V  curves  along  the  ((),())  rod.  In  the  case  of  Cu,  where  the  LEED  behavior 
is  nearly  kinematic,  no  evidence  was  seen  of  any  abrupt  structural  changes  at  —I  atomic  layer 
coverage.  These  results  suggest  the  observed  peak  in  magnetic  anisotropy  is  not  structural  in  origin. 

To  further  study  this  phenomenon,  the  intlucnce  of  an  insulating  oveiiayer,  MgO,  on  the 
perpendicular  magnetic  properties  has  been  measured. 


I.  INTRODUCTION 

A  fundamental  understanding  of  the  niagnclic  anisotropy 
arising  from  the  interface  between  magnetic  and  nonmag¬ 
netic  metal  films  is  an  important  current  problem  in  magne¬ 
tism.  Of  particular  interest  for  optical  data  storage  applica¬ 
tions  are  material  systems  that  di.splay  perpendicular 
anisotropy,  such  as  Au/Co  and  l\l/Co,  Possible  explanations 
advanced  for  this  strung  ani,sotro|)y  include  the  reduced  co¬ 
ordination  symmetry,'  altered  electronic  structure,"  and  lo¬ 
calized  epitaxial  strain  at  the  interface  between  two  different 
materials.''  Previously,  we  have  investigated  influences  on 
the  interface  anisotropy  by  varying  overlayer  coverage  tind 
material  species.'’'''  For  Ag,  Au.  and  Cu  we  have  found  that 
the  magnitude  of  the  Co/metal  perpendicular  interface  an¬ 
isotropy  is  .strongly  peaked  at  -^1  atomic  layer  coverage. 

In  this  article  we  report  on  detailed  structural  character¬ 
ization  of  the  metal  overlayers  by  rellection  high-energy 
electron  dilTraction  (RUEED)  and  low-energy  electron  dif¬ 
fraction  (LEED).  We  also  investigated  the  effects  of  an  insu¬ 
lating  overlaycr  (MgO)  on  the  magnetic  properties  of  single 
crystal  Co  films  grown  on  Au(Il  1)  surfaces. 

II.  EXPERIMENT 

The  results  reported  here  arc  for  Co  films  in  the  thick¬ 
ness  range  2  A  deposited  on  5()0-A-thick  buffer 

layers  of  either  Pdf  11!)  and  Au(  1 1 1 ).  The  buffer  layers  were 
grown  on  annealed,  Co-seeded  GaAs(ll())  substrates.  We 
used  tin  effusion  cell  for  Pd  deposition  at  0.15  A/s,  and 
optical-fccdback-controlled  electron-beam  evaporators  to  de¬ 
posit  the  Au  (').  1  A/s),  Co  (0.25  A/s),  Cu  (0. 1  A/s),  and  MgO 
(~2  A/s).  All  deposition  rates  were  determined  from  Ruth¬ 
erford  backscattering  spectrometry  (RBS)  analysis  of  thick 
calibration  films.  Tiie  background  pressure  for  the  metals 
was  5S5X1()  Torr  during  deposition  and  sslXlO  Torr 
for  the  insulator.  The  crystalline  quality  of  the  films  was 
monitored  during  growth  with  RHEED.  The  RllEED  images 
were  captured  with  a  chargc-coupled-device  (C(.'D)  camera 
system  capable  of  re.solving  changes  in  in-plane  lattice  spac- 


ings  of  --1%.  A  reverse-view  LEED  system  with  an  identical 
CCD  camera  was  used  to  measure  changes  in  perpendicular 
lattice  spacings  upon  coverage  by  measuring  intensity  versus 
voltage  {I-V)  curves  of  the  specular  beam.  I’hc  growth  must 
be  interrupted  after  each  coverage  step  in  order  to  rotate  the 
sample  stage  to  perform  LEED.  I-V  curves  can  be  completed 
in  less  than  20  min  with  minimal  surface  contamination  be¬ 
tween  depositions. 

Magnetic  and  magneto-optic  characterization  of  the 
samples  was  ctirricd  out  by  in  situ  polar  Kcrr-effecl  measure¬ 
ments.  The  sample  can  be  transferred  between  the  deposition 
chamber  of  our  molecular-beam-epitaxy  (MBE)  system  and 
another  connected  ultrahigh-vacutim  chamber  (/^<2X1() 
Torr)  where  it  is  aligned  between  the  inrles  of  an  external 
electromagnet.  The  magnetic  field  is  applied  along  the 
sample  normal  with  a  maximum  field  of  ±2.2  kOe.  We  use  a 
50  kHz  photoelastic  modulator  and  lock-in-amplilicr-based 
detection  scheme  with  a  HeNe  laser  to  measure  the  polar 
Kerr  ellipticity  of  the  sample  as  a  function  of  applied  field, 

III.  STRUCTURAL  CHARACTERIZATION  OF  METAL 
OVERLAYERS 

The  role  of  crystal  structure  in  our  observed  coverage- 
dependent  anisotropy  is  an  important  question  that  is  difficult 
to  address.  Because  magnetic  anisotropy  is  very  sensitive  to 
the  local  environment,  subtle  changes  in  atomic  spacings 
could  cause  significant  effects.  We  have  used  RHEED  and 
LEED  to  investigate  coverage-dependent  changes  in  the  sur¬ 
face  lattice  spacing.  Using  RHEED,  we  have  measured  in¬ 
tensity  profiles  across  a  streak  pattern  of  a  Co  surface  as  it  is 
progressively  covered  with  Au.'’  Starting  with  a  30  A  Co  film 
deposited  on  a  500  A  AufI  1 1)  butter  layer,  RHEED  images 
were  captured  every  4  s  during  uninterrupted  Au  deposition 
at  a  rate  of  0.1  A/s,  giving  a  coverage  interval  of  -0.4  A.  At 
the  coverage  equivalent  of  1  atomic  layer  (2.4  A),  the  dif¬ 
fraction  peak  is  compo.sed  of  contributions  from  both  bulk 
Au  and  bulk  Co  spacings.  After  2  atomic  layers  of  coverage, 
the  peak  is  dominated  by  diffraction  from  the  bulk  Au  spac- 


J.  Appl.  Phys,  76  (10),  15  November  1994 


002 1  -8979/94/76(1 0)/6075/3/$6.00 


w  1 994  American  Institute  of  Physics 


6075 


1 00  200  aoo"  400  1^’  600 


Electron  Energy  (eV) 


0  5  10  15  20 


F'Kj.  1.  LEED  /-V  curves  of  (0,(1)  specular  lieuni  for  Co(lll)  surface  anil  a 
tliick  Cu  iilin  (200  A)  deposited  on  top  of  it. 

ing.  Because  the  Au  immediately  grows  incoherently  and 
strain  free,  these  measurements  suggest  that  the  Co  in-planc 
lattice  spacing  is  unaffected  by  tlie  Au  overlaycr.  A  similar 
experiment  was  carried  out  for  a  Cu  overlaycr  on  Co,  where 
the  two  materials  have  a  roughly  2%  lattice  mismatch.  In  thi.s 
ca.se  we  also  sec  no  abrupt  changes  in  the  surface  lattice 
spacing. 

Becau.se  the  RHEED  geometry  is  only  sen.sitive  to  the 
in-plane  lattice  spacings,  we  cun  obtain  information  about 
the  out-of-plane  spacings  from  LEED  versus  I-V  measure¬ 
ments,  Although  not  us  rigorous  a,s  a  full  dynamical  analysis, 
one  can  determine  the  average  out  -of-plane  lattice  spacing  of 
the  top  few  monolayers  from  measured  I-V  curve  of  the 
specular  or  (0,0)  beam,  This  simple  analysis  is  only  valid  for 
materials  which  show  weak  or  no  multiple  scattering.  Tlie 
average  lattice  spacing  is  deduced  by  compari.son  of  the  re¬ 
sulting  intensity  peak  locutions  to  calculated  Bragg  peaks.  In 
this  article  we  report  results  from  l-V  curves  of  the  (0,0) 
beam  of  Cu  deposited  on  Co(lll),  In  this  case,  the  overlaycr 
is  a  different  material  from  the  substrate  and  therefore  this 
analysis  provides  a  combined  weighted  average  lattice  .spac¬ 
ing  of  both  materials.  As  an  examine  of  the  sensitivity  of  this 
technique.  Fig,  1  .shows  an  I-V  curve  of  a  clean  Co(lll) 
surface  and  that  from  a  bulklikc  thick  Cu  film  deposited  on 
top  of  the  Co  surface.  The  two  representative  curves  show 
well-defined  Bragg  peaks  which  are  slightly  shifted  from 
each  other.  To  measure  the  effect  of  the  overlaycr  as  it  is 
grown,  I-V  curves  were  taken  after  each  of  many  Cu  depo- 
sitioii.r  of  ~1  A  each  (the  equivalent  of  0.5  atomic  layers  of 
Cu),  As  the  bare  Co  is  increasingly  covered  with  ('u  we 
observe  a  continuous  shift  from  the  Co  peak  positions  to  the 
Cu  peak  positions.  Furtlier  deposition  of  Cu  beyoi.d  H  A 
coverage  docs  not  change  the  location  of  the  peaks.  These 
peaks  can  be  associated  with  Bragg  dilfraction  by  taking  into 
account  an  inner  potential  correction,  indicating  that  both  the 
materials  Co  and  Cu  behave  nearly  kinematically.  The  peak 
location  of  the  specii'arly  rcHected  beam  can  be  calculated 
from  the  following  relation.^ 

2(/-"-l-V'(,)cos-  0=(/^^^/d)^  (1) 

where  E”  arc  the  Bragg  energies,  F,,  is  the  inner  potential,  0 
is  the  angle  of  incidence,  n  (he  order  of  the  peak,  and  cl  the 


no.  2.  Cttiango  in  iivcriu’c  ptrpciiiliculiii  lii'.tico  spacings  dcicriniiicil  IVii'ii 
.sliifls  in  lowcst-ctiurgy  peak  Incalioiis  in  I-ig.  1.  Tlic  coiitimious  curve  is 
cnlculnicd  nssutiiing  hulk  Co  niid  Cu  lattice  constants  and  a  mean  .sampling 
depth  of  3  A.  Tlrcrc  is  no  evidence  of  any  ahriipt  cliangc  at  t  atomic  layer 
coverage. 


out-of-planc  lattice  constant.  The  energies  and  distances  arc 
given  in  hartrees,  1  hartice=27.18  cV,  and  bolus,  1  bohr 
=0.529  A.  respectively.  The  angle  of  incidence  of  the  elec¬ 
tron  beam  was  ~7°  in  the  (11-2)  azimuth.  The  measured 
spectra  of  the  Cu(lll)  surface  are  very  similar  to  those  mea- 
.sured  by  Reid.”  Wc  have  measured  the  inner  potential  shift 
for  bulk  Co  and  bulk  Cu  to  be  7.7  and  8.5  cV,  respectively.  It 
should  be  noted  that  we  do  not  know  how  the  inner  potential 
Fp  varic.s  as  Cu  is  deposited;  however,  because  tlie  two  bulk 
values  arc  nearly  the  same,  wc  used  their  average  (8.1  eV)  in 
all  of  our  calculations.  This  causes  only  a  small  uncertainty 
in  our  determined  lattice  spacings  and  is  included  in  the  error 
estimates. 

From  the  shifts  in  the  Bragg  peaks  upon  coverage  wo 
can  calculate  changes  in  the  average  out-of-plane  lattice 
spacing  according  to  Eq,  (1),  and  which  are  shown  as  the 
circles  in  Fig,  2.  Here  we  have  used  the  lowcst-energy  peak 
at  1.^7  eV  which  is  tin;  must  surface  sensitive  with  a  mean 
.sampling  depth  of  only  —?>  A,  The  mean  free  path  of  LEED 
electrons  at  137  eV  is  roiighly  6  k\'  however,  in  a  rellcction- 
diffraction  experiment  in  which  a  monocncrgctic  beam  must 
enter  and  exit  the  crystal,  the  mean  sampling  depth  is  half  the 
value  of  the  mean  free  path.  Wc  have  also  calculated  the 
coverage  dependence  of  the  average  lattice  constant  that 
would  be  expected  if  both  the  Co  and  Cu  remain  at  their  bulk 
spacings.  This  average  spacing  is  calculated  using  depth- 
dependent  weighting  factors  derived  assuming  an  exponen¬ 
tial  decay  of  the  LEED  electrons  with  a  probing  depth  of  .3 
A.  The  calculated  solid  curve  in  Fig,  2  is  in  good  agreement 
with  the  measured  data  indicating  tliat,  to  within  our  uncer¬ 
tainty,  Cu  grows  at  its  bulk  perpendicular  lattice  constant  on 
the  Co  .surface.  We  see  no  evidence  of  any  abrupt  structural 
changes  of  greater  than  —I). 6%  at  ~  1  atomic  layer  coverage 
that  would  correlate  with  our  observed  peak  in  tlie  anisotropy 
at  this  coverage. 

We  have  al.so  taken  LEED  I-V  .spectra  of  the  specular 
beam  for  Au  and  Fd  ovcrlayci.s  on  Co.  Both  materials  show 
strong  multiple  scattering  where  the  peaks  do  not  correspond 
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FIG.  3.  In  situ  polar  Kerr  cllipticiiy  loop  from;  (a)  uncovcreii  18  A  Co  on 
Au( li I );  (b)  2  A  Cu  deposited  on  1 8  A  Co;  (c)  120  A  MgO  deposited  on  2 
A  Cu. 

to  Bragg  peaks  and  therefore  the  above  shnp'.e  analysis  can¬ 
not  be  applied. 

!V.  MAGNETIC  CHARACTERIZATION  OF  MgO 
OVERLAYSRS 

In  order  to  further  study  this  phenomenon  we  haae  mea¬ 
sured  the  influence  of  an  insulating  overlayer,  MgO,  on  the 
perpendicular  magnetic  properties.  For  the  noble  metals  Ag, 
Au,  and  Cu,  for  which  we  obsere  e  the  anomalous  anisotropy 
beha'  ior  near  1  atomic  layer  coverage,  there  is  also  a  hybrid¬ 
ization  between  the  ferromagnetic  metal  and  the  overlayer 
e!tcti.onic  states,®  .n  the  case  of  an  insulating  MgO  overlayer 
this  electronic  interaction  between  the  ferromagnetic  mate¬ 
rial  and  overlayer  is  eztiemcly  weak,’”  Therefore,  one  would 
';Ol  expect  significant  changes  in  anisotropy  upon  insulator 
coverage. 

The  deposition  of  the  MgO  was  carried  out  by  e-beam 
evaporation.  RBS  analysis  of  the  MgO  film  showed  a  1:1 
’toichionietric  ratio  of  Mg  to  O,  in  agreement  with  previ- 
ousiy  Imported  results  from  e-bcani -evapomted  MgO."  We 
have  also  earned  out  Auger  electron  sped' oscopy  on  the 
samples  immediately  after  deposition.  The  Auger  spectra  of 
ihc  deposited  MgO  film  agree  with  ibose  in  the  iitciature.'^ 
Thus,  we  do  not  expect  any  oxidation  of  the  metal  surlace 
due  to  dissoci  lion  of  MgO. 

Figure  3  ,';ho\/S  polar  Kerr  dlipticity  loons  of  18  A  Co 
deposited  on  a  thn.!;  Au(lll)  buffer  layer,  2  A  Cu  deposited 
on  the  bare  Co,  and  ''120  A  MgO  deposited  on  top  of  the 


Cu.  The  initial  magnetic  moment  of  the  bare  Co  is  in  plane. 
As  we  previously  reported,  upon  coverage  with  just  2  A  of 
Cu  we  see  a  large  increase  in  the  perpendicular  anisotropy. 
Interestingly,  after  depositing  a  MgO  cap  of  --120  A  thick¬ 
ness  we  observe  a  decrease  in  the  perpendicular  anisotropy. 
The  MgO  shows  polycrystalline  growth  as  evidenced  by  the 
disappearance  of  the  Cu  RKEED  streak  pattern.  In  a  different 
experiment  we  started  with  a  perpendicularly  magnetized  4 
A  Co  film  with  a  coercive  field  of  Oe;  subsequent 

deposition  of  —30  A  polycrystalline  MgO  reduces  the  coer¬ 
cive  field  to  Oe  with  no  change  in  the  magnitude  of 

the  measured  ellipticity. 

It  is  surprising  to  find  such  a  large  change  in  anisotropy 
since  the  electronic  interaction  between  the  metals  and  MgO 
should  be  very  weak.  It  is  possible  that  the  MgO  overlayer 
induces  strain  in  the  Co.  Unfortunately,  because  MgO  grows 
polycrystalline  la  this  case  we  are  unable  to  use  in  situ  struc¬ 
tural  characterization  techniques  to  investigate  changes  due 
to  MgO  coverage.  Work  is  in  progress  to  investigate  other 
insulating  materials, 

V.  SUMMARY 

We  have  used  RHEED  and  LEED  to  investigate  struc¬ 
tural  influences  on  the  perpendicular  anisotropy  of  Co(lll) 
ultrathin  films  upon  coverage  with  the  noble  metals  Ag,  Au, 
and  Cu.  Neither  RHEED  nor  LEED  show  evidence  for 
abrupt  changes  in  surface  and  out  of-plane  lattice  spacings 
for  Au  and  Cu,  respectively.  We  have  also  investigated  the 
effect  of  an  insulating  overlayer  (MgO)  on  the  magnetic  an¬ 
isotropy  with  in  situ  polar  Kerr-effect  nieasurements  and  ob¬ 
serve  a  reduction  in  the  perpendicular  anisotropy. 
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Using /'/f  situ  polar  magneto-optical  Kcrr-cffect  mcasurcmeiUs,  the  variation  of  the  Kerr  rotalimi  and 
magnetic  anisotropy  of  a  (()()()l)Co  ultrathin  lilm  on  a  (lll)Au  substrate  has  been  precisely 
recorded,  during  the  first  stages  of  the  growth  of  an  overlayer  of  metal  M  =  Au,  Cu,  and  Pd.  As 
reported  earlier,  a  drastic  increase  of  the  magnetic  anisotropy  was  observed,  with  a  peak  around  1 
monolayer  of  overlayer  thickness.  From  a  careful  study  of  the  variation  of  the  renianeni  Ken- 
rotation,  it  could  be  shown  that  only  the  interface  contribution  to  the  anisotropy  changes  with  the 
overlayer  thickness,  while  the  bulk  contribution  remains  mostly  con.stanl.  The  overall  behavior  can 
be  interpreted  in  terms  of  electronic  effects  in  the  metal  overlayer,  acting  on  the  interface  anisotropy 
via  band  hybridi.zation  at  the  interface. 


Considerable  work  has  been  devoted  in  the  last  few 
years  to  the  study  of  the  magnetic  anisotropy  in  ferromag¬ 
netic  ultrathin  films.'  Besides  the  magnctocrystallinc  inter¬ 
face  anisotropy  introduced  by  Neel,“  strain-induced  magne¬ 
toelastic  anisotropy’  or  spin  polarization  of  the  interface 
layer  in  the  nonmagnetic  substrate'*  have  been  proposed  to 
explain  the  observed  behaviors  of  anisotropy  versus  the  fer¬ 
romagnetic  film  thickness,  or  for  different  nonmagnetic 
metal  substrates.  A  new  powerful  way  to  investigate  the  ori¬ 
gin  of  the  magnetic  anisotropy  in  ultrathin  films  is  to  mea¬ 
sure  its  development  in  situ,  during  the  first  stages  of  the 
growth  of  an  interface  between  the  film  and  a  metallic  over- 
layer.  It  has  been  reported  reecntly''-’  that  the  coercivily  and 
the  perpendicular  anisotropy  of  Co  ultrathin  films  on  Pd(  111) 
and  Atiflll)  substrates  exhibit  drastic  increase  with  only 
submonolayer  coverage  by  Cu,  Ag,  Au.  and  Pd,  while  a  cleat- 
peak  is  observed  around  one  atomic  layer  (AL)  of  overlayer 
thickness:  however,  owing  to  the  complexity  of  in  situ  ex¬ 
periments,  only  total  anisotropy  for  one  Co  thickness  could 
be  measured,^'**  Wc  have  proposed'’  an  original  method, 
based  on  the  analysis  of  the  evolution  versus  the  Co  film 
thickness  tc,,  of  the  polar  magneto-optical  Kerr  (PMOKF.) 
rotation  at  remanence.  We  report  here  a  detailed  applicalion 
of  this  method  to  the  case  of  a  (0001  )Co  film  on  a  (1 1  DAu 
substrate,  upon  coverage  by  ;i  metal  M  =  Au.  Cu,  or  Pd. 

Details  of  our  sample  preiraration  method  have  been 
published  previously.'’''  To  achieve  maximum  precision  and 
reliability  in  our  study  of  the  magnetic  properties  versus 
films  thicknesses,  we  grow  stepped  wedge  samples  using  a 
moving  shutter  between  sample  and  evaporation  sources.  For 
each  sample,  ten  2-mm-vvide  steps  are  made,  with  increasing 
Co  thicknesses.  Then  the  M  overlayer  is  grown  in  successive 
thin  (0..‘i-l  AC)  layers,  and  after  eompleli'.-n  of  each  new 
layer,  c'' -orehensive  I'MOKT  and  renection  high  energy 
electron  o.flraction  (RlIETD)  scans  are  perfor-.ned  oy  mov¬ 
ing  the  sample  in  from  of  a  fixed  e  or  laser  beam. 

As  we  reported  earlier,  a  smorrtliing  of  die  free  surface 


with  1-2  MLof  Au  coverage  is  observed  by  Rl  IEED.'’ This 
is  a  major  phenomenon,  which  involves  an  important  reorga¬ 
nization  of  the  Co  layer  to  rub  out  at  least  short-range  rough¬ 
ness.  It  may  be  attributed  to  a  surfactant  effect  of  Au:  Indeed, 
the  surface  energy  of  (lll)Au  is  lower  than  the  (()()()l)Co 
one.  This  behavior  is  not  observed  for  Cti  and  Pd  coverage. 

Our  PMOKE  configuration,  in  which  both  magnetic  field 
and  laser  beam  are  perpendicular  to  the  sample,  allows  direct 
determination  of  the  tinisotropy  coefficients  only  for  films 
magnetized  in  pltme,  :md  provided  that  sufficiently  high 
fields  can  be  applied  to  saturate  the  magnetization  of  the 
sample.  In  the  present  study,  this  would  restrict  the  determi¬ 
nation  to  only  a  few  selected  values  of  To  get  an 

evaluation  of  the  variation  of  the  anisotropy  coefficients  for 
any  /(•„  and  combination  we  have  proposed'’  an  original 
method  that  uses  the  fact  that,  for  hep  Co  thin  films,  the  two 
first  anisotropy  coefficients  K|  and  K2  have  comparable 
magnitude  (with  Ki>()),  and  tlve  change  in  easy  axis  from 
perpendicular  to  in  plane  with  /(■„  occurs  via  an  intermediate 
state  where  the  easy  direction  lies  on  a  cone  of  half-angle  y. 
Provided  the  sample  remains  in  a  single-domain  state,  which 
is  likely  at  least  for  low  to  intermediate  values  of  y,  the  ratio 
of  the  remanent  to  satura'ed  Kerr  rotations  0^1  Rs< 
intermediate  state,  should  be  equal  to  cos(  y),  given  by 

cos(  -y)  —  I  (  -  2  +  a  I  I-  2  A'-;  )/2A,  j'-'’.  (!) 

Here,  M.;  is  the  saturation  iruignetization,  which  in  the  fol¬ 
lowing  we  shall  assume  constant  and  e(|Uiil  to  the  bulk  value. 

A.ssuming  that  AA  dties  not  change  much  with  /(■„  (this 
a.ssumption  is  confirmed  a  posteriori  at  the  end  of  this  ar¬ 
ticle),  a  good  characterization  of  the  dependence  of  A'  |  vs  f(  „ 
is  givn,'  by  the  crossover  thickness  1*  at  which  ff— 4,^".  By 
introducing  for  A'|  the  usual  expressions  with  interface 
anisotropies  A'yi  and  A',,,,  respectively,  for  the  first  (Co/Au) 
and  second  tvaciuim/Co  or  M/C'o)  interfaces,  and  a  volume 
contribution  A,  ,  one  obtains  the  expression 
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FIG.  1.  Saturation  polar  Kerr  rotations  measured  on  a  Ati/Co/Aui 111)  sand¬ 
wich  vs  the  Co  thickness  for  different  values  of  the  overlayer  thick- 
^Au  • 


ness  (a 


FIG.  2.  Normalized  remanent  Kerr  rotation  vs  normalized  Co  thickness, 
measuicd  on  a  Au/Co/Au( 111)  sandwich  for  different  values  of  the  Au  over¬ 
layer  thickness  (see  legend  inside  the  figure). 


Ksi+K,2  =  t*{27TM^^-K,-K2).  (2) 

Furthermore,  if  both  volume  contributioirs  K^,  and  K2  do 
not  depend  on  the  overlayer  thickness  ,  one  can  easily  see 
by  combining  Eqs.  (1)  and  (2)  that,  for  a  given  metal  M,  the 
vs  dependencies  for  any  values  should  super¬ 
impose  on  the  same  vs  {t/t*)  scaling  curve. 

Examples  of  hysteresis  loops  measured  in  situ  at  differ¬ 
ent  stages  of  the  interface  growth  have  been  given  earlier.*' 
For  values  above  7  AL  (4  AL  for  Cu  coverage),  where  the 
loops  are  not  perfectly  square,  the  maximum  magnetic  field 
in  our  setup  is  too  low  to  allow  direct  determination  of  6g . 
For  lower  f^o  values  the  measured  values  vary  linearly 
with  tcn,  as  can  be  seen  for  Au  coverage  in  Fig.  1.  To  evalu¬ 
ate  ^5  for  any  Co  thickness,  we  thus  extrapolate  this  linear 
variation  to  higher  fco  values,  By  high-field  (20  kOe)  mea¬ 
surements  in  air  on  samples  with  a  thick  coverage,  we 
checked  that  this  extrapolation  is  valid  at  least  up  to  15  Al.of 
Co.  An  importHiit  effect  seen  in  Fig.  1  is  the  occurrence  of  a 
nonzero  intersect  with  the  fQ,  axis,  in  agreement  with  Ref. 
10.  This  can  be  attributed  to  an  interface  effect.  A  more  de¬ 
tailed  study  will  be  published  elsewhere." 

Figures  2  and  3  display  the  variation  of  O/ilOs  vs  t/l*, 
respectively,  for  Au  and  Pd  coverages.  In  both  cases,  within 
experimental  precision  all  points  appear  well  on  the  same 
scaling  curve.  This  good  agreement  with  scaling  hypothesis 
confirms  that  K2  is  rather  constant  and  does  not  change  much 
with  a  similar  behavior  is  obtained  for  Cu  coverage. 
Those  curves  appear  actually  more  rounded  than  the  ones 
calculated  for  perfect  films. This  can  be  easily  acccunled 
for  by  introducing  a  narrow  distribution  of  anisotropy  coef¬ 
ficients,  which  could  originate  from  nonuniform  Au  substrate 
roughness,  or  from  inhomogeneous  densities  of  stacking 
faults  or  strains. 

As  stated  above,  this  scaling  behavior  allows  us  to  a.s- 
sume  confidently  that  measurement  of  t*  versus  overlayer 
thickness  characterizes  precisely  the  variation  of  the  inter¬ 
face  anisotropy  vs  "fhe  variation  of  I*  vs  A,, 

for  M  =  Cu,  Au,  and  Pd  is  given  in  Fig.  4.  We  observe  a  very 
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fast  increase  in  t*  at  the  very  beginning  of  the  overlayer 
growth.  For  Cu  and  Au,  a  narrow  peak  appears  around 
rcu=1.0  AL  (respectively,  /^„  =  1.5  AL),  followed  by  a  sub¬ 
sequent  decrease  of  t*  toward  saturation.  A  smoother  in¬ 
crease  of  /*  is  observed  with  M  =  Pd,  as  in  Ref.  8.  In  agree¬ 
ment  with  previous  reports,^”^  the  coercivity  of 
perpendicularly  magnetized  Co  films  displays  a  de¬ 

pendence  versus  /m  very  similar  to  that  of  f*.  Note  also  that 
the  value  of  r*  that  we  measure  on  uncovered  Co  film 
(t*=4.3  ML)  is  in  very  good  agreement  with  that  reported 
previously,'^ 

Not  much  can  be  said  at  this  point  on  the  evaluation  of 
absolute  values  of  Ksi+K^2’  which  would  requiie  knowl¬ 
edge  of  and  K2  for  each  overlayer  metal  M,  One  can, 
however,  observe  that  the  scaling  curves  of  Figs,  2  and  3  are 
very  similar,  which  leads  one  to  expect  similar  values  for 
and  K2  for  M=Au  and  Pd.  It  is  difficult  to  conclude  for 
M  =  Cu,  as  a  much  smaller  perpendicular  anisotropy  results 
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FICi.  .3.  Norniiilizecl  rcmaiicilt  Ktrr  lolalion  vs  normalized  Co  thickness 
mciisured  on  a  l’d/Co/Au(  111)  .sandwieli  for  differcnl  values  of  the  I’d  over¬ 
layer  lliiekness  (see  legend  inside  the  figure). 
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FIG.  4.  Variation  vs  M  ovcrlaycr  thickness  (|^(  of  the  Co  thickness  (*  where 
the  remanent  Kerr  rotation  is  equal  to  l/v'J  times  the  saturation  Kerr  rota¬ 
tion,  for  M  =  Au,  Cu,  anJ  Pd. 


in  a  narrow  observation  range,  and  thus  in  less  precise  evalu¬ 
ations.  Nevertheless,  to  get  comparative  values  of  interface 
anisotropies  for  all  three  coverages,  we  have  assumed  one  set 
of  volume  coefficients  K,j  and  Ki,  measured  on  similar 
Au/Co/Au  samples,'"’  and  made  the  assumptions  that:  (i)  in 
the  Au/Co/Au  sandwich  both  interfaces  have  the  same  ; 
(ii)  the  first  (Co/Au)  interface  keeps  the  same  for  any 
coverage.  This  last  assumption  in  particular  corresponds  to 
the  intuitive  feeling  that,  after  deposition  of  several  atomic 
layers  of  Co,  deposition  of  a  thin  overlayei  should  not 
change  much  the  first  interface.  The  obtained  values  of 
are  given  in  Table  I.  Note  that  the  interlace  anisotropies  for 
thick  coverages  arc  in  good  agreement  with  previously  re¬ 
ported  ones.'  One  interesting  result  is  the  negative  (in-plane) 
interface  anisotropy  of  the  vacuum/Co  interface,  in  agree¬ 
ment  with  theoietical  predictions. 

The  most  interesting  behavior  remains  the  peaked  de¬ 
pendence  of  the  anisotropy  versus  ffq.  We  have  shown  here, 
for  the  first  time,  that  the  changes  occur  in  the  “interface” 
contribution.  In  principle,  strain-induced  anisotropy  (MEA) 


TABLE  I.  Interface  anisutrapy  ciicfficicnis  evaluated  from  the  measured  r* 
displayed  in  Fig.  4.  We  assumed  one  set  of  volume  anisotropy  eoiistams  for 
all  ovcrlayer  metals,  measured  on  similar  Au/Co/Au  saiidwielies  (Ref.  1.4); 
K,.=.S.8X  K)'’  erg/em'  and  1  x  U!"  erg/cm'.  The  peak  values  have  heen 
estimated  for  respective  thicknesses  1..S.  1,  and  1  AL  of  An.  Cii.  ami  I’d 
overlayers. 


IiKcrfaee 

K.v 

Peak  value  (erg/enr) 

Thick  overlayei  (erg/em  ) 

Viicuum/Co 

~(I.17 

Au/Co 

0.83 

(I..58 

Cu/Co 

0.17 

(i.OO 

I’d/Co 

0.53 

(1.4s 

can  give  a  pseudointerface  term,’  which,  as  observed  here, 
should  be  higher  for  Au  and  Pd  coverage,  those  metals  hav¬ 
ing  a  large  lattice  mismatch  with  Co.  This  MEA  is  unlikely 
to  be  the  dominant  contribution  here,  as  it  ctruld  explain 
neither  the  negative  sign  of  for  the  vacuum/Co  interface, 
nor  the  peak,  nor  even  the  amplitude  of  the  change  in  for 
Au  and  Pd  coverage,  Also,  a  /^,-dcpetident  relaxation  of  the 
distance  between  subinterface  and  interface  atomic  planes  in 
Co  could  contribute.  However,  the  most  likely  origin  of  the 
behavior  reported  here  is  an  evolution  with  of  the  elec¬ 
tronic  band  structure  of  the  metallic  overlayei,  acting  on  the 
interface  anisotropy  through  band  hybridization  with  the  Co. 
Indeed,  very  important  changes  have  been  observed  by  pho¬ 
toemission  on  electronic  structures  of  ultralhin  layers  of  Cu 
on  CofOOOl), or  Au.  Moreover,  in  both  cases  the  de¬ 
pendence  of  the  band  structure  bears  striking  similarities 
with  the  behavior  displayed  in  Fig.  4  here,  with,  for  instance, 
the  existence  of  spccilie  two-dimensional  (2D)  electronic 
structures  for  1-1.5  AL  coverage  that  relax  very  rapidly  to¬ 
ward  the  bulk  structure  with  further  deposition  of  less  than  1 
AL.  The  existence  of  such  2D  structures  requires  abrupt  and 
Hat  interfaces.  In  this  scheme,  the  more  rounded  behavior 
observed  here  for  Pd  coverage  could  be  attributed  to  some 
alloying  at  the  interface,  as  we  have  evidenced  earlier  on 
similar  samples. 

Finally,  we  cannot  rule  out  the  occurrence  of  a  small  spin 
polarization  in  the  Au  or  Cu  monolayer  on  Co,  as  observed 
recently  at  the  Co/Cu  interface.'^ 

This  re.seurch  has  been  sponsored  by  a  HCM-EEC  pro¬ 
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The  contrasting  effects  of  ion  implantation  and  thermal  annealing  on  structural  and  magnetic 
properties  of  Co/Pd  multilayers  have  been  studied.  Ion  implantation  causes  local  damage  to  the 
multilayers,  resulting  in  enhanced  magnetization  due  to  the  polarization  of  the  neighboring  Pd, 

Thermal  annealing  generates  massive  mterdiffusion  across  the  interfaces  into  the  formation  of 
Co-Pd  alloys  with  a  lower  magnetization.  Effects  on  coercivity  and  rcmanence  have  also  been 
studied, 


Magnetic  multilayers  have  been  the  subject  of  numerous 
studies''^  owing  to  their  unusual  propi  lies  and  potential  ap¬ 
plications,  Novel  properties  such  as  enhanced  magnctiz.ation, 
large  (sometimes  perpendicular)  magnetic  anisotropy,  tai¬ 
lored  spin  structures,  and  giant  magnetotransport  properties, 
have  been  uncovered.  Among  the  multilayers,  Co/Pd  has 
been  extensively  studied  in  recent  years, stimulated  by 
both  fundamental  interests  and  technological  applications. 
For  constituent  layers  with  very  small  thicknesses,  the  per¬ 
pendicular  anisotropy  together  with  substantial  Kerr  effect 
have  led  to  the  application  of  Co/Pd  multilayers  in  magneto¬ 
optical  recording  media,'’ 

While  the  novel  properties  of  multilayers  are  intimately 
related  to  the  high  degree  of  structural  coherency  of  the  lay¬ 
ered  structure,  a  complete  understanding  of  the  relationship 
between  interfacial  characteristics  and  physical  properties  re¬ 
mains  lacking.  In  this  work  we  have  systematically  altered 
the  inlerfacial  characteristics  of  Co/Pd  multilayers  using  ion 
implantation  and  thermal  annealing,  and  studied  the  resultant 
structural  and  magnetic  properties.  Our  studies  *'.how  that 
these  two  methods  give  rise  to  very  different  effects  on  the 
multilayer  structure. 

The  Co/Pd  multilayer  samples  have  been  deposited  onto 
glass  substrates  using  two  electron-beam-deposition  sources 
in  a  vacuum  of  lx  10  **  mbar.  The  samples  are  denoted  as 
[Co(a:  A)/Pd(>’  A)]„ ,  where  jr  and  y  are  the  Co  and  Pd  layer 
thieknesses,  respectively,  and  n  is  the  number  of  repeats  of 
the  Co/Pd  bilayers.  One  set  of  samples  with  [Co(10  A)/Pd(59 
A)j|(j  has  been  subjected  to  230  keV  of  Ar'  implantation  at 
room  temperature  at  a  low  current  density  of  50  iiA/cm^'  to 
avoid  sample  heating,  I.x)w  fluences  of  1 X  lo''^-5x  lO'"’ 
ions/em^  which  arc  small  compared  with  1  monolayer  of 
ions  (IXIO'"’  ions/cm^),  have  been  u,sed.  Another  set  of 
samples  of  [Co(14  A)/Pd(44  A)],^  have  been  thermally  an¬ 
nealed  for  30  min  in  a  helium  atmosphere  at  various  tem¬ 
peratures  up  to  700  K.  Structural  characteristics  of  all  the 
samples  have  been  made  by  a  0-20  x-ray  diffractometer  with 
CvKa  radiation.  Magnetic  properties  have  been  measured 
using  a  vibrating  sample  magnetometer  (VSM)  with  the 
magnetic  field  parallel  to  the  film  plane. 

Figure  1  shows  the  x-ray-diffraction  data  of  the  as- 
prepared  and  the  ion-implanted  [Co(10  A)/Pd(59  A)J|^ 
samples.  The  as-prepared  sample  [Fig.  1(a)]  shows  several 


satellite  peaks  near  the  Pd(l  1 1)  peak.  Because  Co  layers  are 
thin  and  have  a  much  lower  scattering  factor,  no  substantial 
diffraction  peaks  near  the  Co(lll)  peak  are  revealed  nor  ex¬ 
pected.  It  is  well  known  that  the  intensity  of  the  satellite 
peaks  is  dictated  by  the  layer  profile  and  the  repeatability  of 
the  bilayers.  The  structural  coherence  of  the  multilayers  is 
manifested  by  the  width  of  the  diffraction  peaks.  From  the 
width  of  the  main  diffraction  peak,  beyond  the  instrumental 
width,  the  structural  coherence  length  L  has  been  determined 
to  be  about  270  A,  which  is  about  four  bilayers.  These  results 
show  that  the  as-prepared  sample  has  a  well-defined  layer 
structure  with  [111]  crystalline  orientation. 

Figures  1(b)- 1(e)  show  the  difl'raction  data  for  lon- 
implanted  samples  of  [Co(10  A)/Fd(59  A)],})  with  Ar  flucncc 
varying  from  5X10''^  to  7.5X  1()‘‘'  ion,s/cm^.  Several  features 
are  noted  for  samples  within  this  fluence  range.  For  increas¬ 
ing  fiuence,  the  satellite  peaks  decrease  progressively  in  in¬ 
tensity  but  remain  observable  in  all  cases.  More  important, 
the  width  of  the  main  diffraction  stays  e.ssentially  the  same  as 
that  of  the  as-prepared  sample.  These  results  indicate  that 
layer  structure  and  the  structural  coherence  length  /,  remain 
intact,  but  the  layer  profile  becomes  more  diffuse  as  a  result 
of  ion  implantation. 

A  contrasting  situation  occurs  when  the  Co/Pd  multilay- 
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l-l(i.  1.  X-riiv  spectra  ol  (a)  as-prcpaicd  saiiipk'  and  llie  iinplanleil  .samples: 
(lit  .sxll)",  (,;)  I  xio'-',  (d)  .SX  in'-',  and  (e)  7.S  x  |()"  i,,n.s/aii'. 
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FIG.  2.  X-ray  .spectra  of  samples  annealed  at  different  temperatures  .  The 
peak  positions  corresponding  to  bulk  Co  and  I’d  arc  shown  a;  the  top.  Alloys 
with  different  compositions  have  also  been  indexed. 


ers  have  been  thermally  annealed  at  various  annealing  tem¬ 
peratures  .  The  x-ray-diffraction  data  of  the  as-prepared 
(7"^= 300  K)  and  repre.sentativc  data  of  the  annealed  samples 
(T^  up  to  693  K)  of  [Co(14  A)/Pd(44  A)]i)t  are  shown  in  Fig, 
2.  Discernible  change  of  the  diffraction  are  observed  for 
3*523  K;  most  notably  a  diminution  of  the  satellite  peak 
intensity  and  the  appearance  of  additional  diffraction  peaks. 
It  is  useful  to  recall  that  Co  and  Pd  form  fee  Co-Pd  alloys 
over  the  entire  composition  range.  The  lattice  parameter  of 
the  alloy  decreases  monotonically  from  that  of  pure  Co  to 
that  of  pure  Pd.  At  the  top  of  Fig.  2  the  locations  of  the 
diffraction  peaks  of  Co(lll)  and  Pd(lll)  are  shown,  and  the 
(111)  peak  of  a  Co-Pd  alloy  falls  between  those  of  Co(lll) 
and  Pd(lll)  according  to  the  composition.  At  T^==573  K,  in 
addition  to  the  satellite  peaks,  a  new  peak,  corresponding  to 
C0|6Pd84,  appears.  At  Tj^-623  K  both  the  (111)  and  (200) 
peaks  of  Co3()Pd7o.  in  addition  to  the  remanence  of  the  sat¬ 
ellite  peaks,  are  observed.  Finally,  at  r^=693  K,  only  (111) 
and  (200)  peaks  corresponding  to  predominantly  Co^oPdyo 
and  a  small  portion  of  Co5Pd95  are  obseiwed.  There  are  no 
satellite  peaks  remaining,  and  the  layer  structure  has  been 
completely  destroyed.  It  may  be  noted  that,  if  the  Co  and  Pd 
atoms  in  [Co(14  A)/Pd(44  A)]ig  were  mixed  completely  and 
uniformly,  one  would  have  obtained  an  alloy  of  Co3,)Pd7y, 
which  is  very  similar  to  the  alloy  composition  found. 

From  the  above  results,  it  is  clear  that  both  ion  implan¬ 
tation  and  thermal  annealing  can  cause  deterioration  of  the 
multilayers;  however,  the  processes  with  which  the  layer 
structure  and  the  interfaces  are  compromised  arc  very  differ¬ 
ent  in  the  two  cases.  At  low  fluence,  ion  implantation  causes 
local  damages  of  the  layer  structuic,  while  most  of  the  layer 
Structure  and  the  structural  coherence  of  the  multilayer  re- 
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F!G.  3.  Saturation  magnetization  in  unit  of  cinu/cnv'  of  Co  at  300  K  (dotted 
curves)  and  73  K  (solid  curves)  as  functions  of  flucnccs  (left-hand  side)  and 
annealing  temperatures  (right-hand  side). 


main  intact.  On  the  other  hand,  thermal  annealing  is  far  more 
disruptive.  It  promotes  interdiffusion  of  all  the  constituent 
atoms  at  the  interfaces,  very  efficiently  destroying  the  multi¬ 
layers  even  at  moderate  annealing  temperatures.  Further¬ 
more,  due  to  the  inlerdiffusion,  the  multilayer  rapidly  con¬ 
verges  to  the  terminal  and  homogeneous  alloy  composition. 

Thc.se  conclusions  made  from  .structural  studies  are  cor¬ 
roborated  by  the  magnetic  properties.  It  is  useful  first  to  re¬ 
call  the  magnetic  properties  of  COj.Pd,o(,_^  alloys  of  which 
the  magnetic  ordering  temperature  7’^  increases  rapidly  and 
monotonically  with  Co  content.  The  values  of  are  less 
than  300  K  for  the  alloys  with  low  Co  content  (a;<10).^’  The 
magnetic  moment  per  atom  of  Co-Pd  alloys  also  rises  mono- 
tonicaliy  with  Co  content.  However,  because  of  the  strong 
polarization  effect  on  the  Pd  atoms  by  the  nearby  Co  atoms 
(also  known  as  the  giant  moments),  these  polarized  Pd  atoms 
contribute  significantly  to  the  magnetization. 

The  .saturation  magnetization  Af of  the  Co/Pd  multilay¬ 
ers  after  ion  implantation  and  thermal  annealing  arc  shown  in 
Fig.  3.  First  of  all,  the  as-prepared  samples  have  a  higher  A/,, 
than  that  of  bulk  fee  Co,  owing  to  the  well-known  polariza¬ 
tion  effect  of  Pd.  The  enhanced  magnetization  has  also  been 
observed  in  other  Co/Fd  and  Fc/Pd  (Ref.  7)  multilayers. 
Mo,st  remarkably,  after  ion  implantation,  there  is  further  en¬ 
hancement  of  M ,  and  Af ,  has  a  weak  temperature  depen¬ 
dence;  the  values  at  77  and  300  K  are  similar.  This  indicates 
that,  as  the  interfaces  arc  systematically  disrupted  by  ion 
implantation,  more  Pd  atoms  are  exprrsed  and  polarized  by 
the  displaced  Co,  hence  a  larger  Af  ,  .  Furthermore,  most  of 
the  magnetic  species  remain  siiungly  coupled  to  share  a  Itigh 
value  of  T(^ .  Quite  the  contrary,  the  thermally  annealed 
samples  show  a  decrease  in  A/,  and  a  stronger  temperature 
dependence  in  A/,.  Beth  of  these  obser'atlons,  whicli  are 
consistent  with  another  group’s  results,**  arc  the  results  of  the 
formation  of  Co-Pd  alloys  with  relatively  low  Co  contents, 
hence  lower  values  of  7’f . 

In  Fig,  4,  the  magnetic  coercivity  //,.  for  the  implanted 
[Fig.  4(a)]  and  the  annealed  [Fig.  4(b)J  samples  arc  shown. 
We  discuss  the  annealed  samples  fust.  Changes  in  //,  occur 
when  the  formation  of  the  Co-Pd  alloy  appears  at 
K.  Higher  values  of  'I\  result  in  large  values  of//,.,  and  //,. 
shows  .similar  behaviors  at  the  three  temperatures  (77,  1.50, 
and  .300  K)  measured.  For  the  ion-implanted  samples,  //,.  for 
the  ion-implanted  samples  w.ith  higher  fluences  (  vixio'"* 
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FIG.  4.  lii-planc  cocrcivity  and  squarcncs.s  M,/M,  al  different  tempera¬ 
tures  as  f'Jtictions  of  flucnces  (left-hand  side)  and  annealing  temperatures 
(right-hand  side). 

ions/cm^)  has  similar  temperature  dependencies  as  the  an¬ 
nealed  samples.  Tlie  results  for  the  low  fluences  are,  how¬ 
ever,  more  complex.  In  particular,  the  results  of  the  im¬ 
planted  samples  with  fluences  less  than  IXIO'"*  ions/cm'^ 
suggest  the  possibility  of  a  phase(s)  with  low  ordering  tem¬ 
perature  (<.300  K).  The  precise  nature  of  these  possible 
phases,  albeit  of  low  sample  content,  has  not  been  a.scer- 
tained. 

Finally,  we  turn  to  remanent  magnittization  M,.  ex¬ 
pressed  as  the  squareness  M^IM^  shown  in  Figs.  4(c)  and 
4(d).  After  ion  implantation  with  low  liuence,  the  squareness 
becomes  larger,  suggesting  an  increase  in  the  in-plane  anisot¬ 
ropy.  At  high  fluence,  the  squarene.ss  decreases  due  to  the 


presence  of  Co-Pd  alloy  phases.  In  the  annealed  samples,  the 
predominant  evolution  of  the  multilayer  is  toward  the  forma¬ 
tion  of  Co-Pd  alloys,  which  generally  give  rise  to  lower 
squareness. 

In  conclusion,  we  have  observed  via  structural  and  mag¬ 
netic  properties  the  very  different  effects  on  the  Co-Pd 
multilayer  due  to  ion  implantation  and  thermal  annealing. 
Ion  implantation  causes  local  damage  to  the  interfaces  while 
maintaining  the  layer  structure,  whereas  thermal  annealing 
promotes  massive  interdiffusion  toward  the  formation  of 
Co-Pd  alloys.  Consequently,  contrasting  behaviors  in  satura¬ 
tion  magnetization  and  other  magnetic  properties  have  been 
observed. 
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Sputtering  pressure  effects  and  temperature-dependent  magnetism 
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The  temperature  dependence  of  the  sputtering  Ar  pressure  effects  on  magnetic  properties  and  the 
coercivity  mechanism  of  Co(2  A)/Pd(13  A)  multilayers  were  studied  as  the  sputtering  Ar  pressure 
varied  from  3-15  niTorr  and  the  temperature  from  300  to  35  K.  It  is  found  that  the  roughness  of  the 
interfaces  or  film  surface  increases  with  increasing  sputtering  pressure,  the  anisotropy  increases  with 
decreasing  temperature  and  increasing  Ar  pressure  and  shows  a  maximum  at  12  mTorr,  and  the 
coercivity  increases  with  Ar  pressure  and  shows  stronger  temperature  dependence  at  higher  Ar 
pressure.  The  coercivity  mechanism  was  analyzed  in  terms  of  the  coercivity  predicted  by 
Kronmiiller’s  theory  [Phys.  Status  Solidi  B  144,  385  (1987)].  Wall  pinning  is  found  to  be  the  main 
mechanism  and  the  size  of  the  pinning  site  increases  slightly  as  the  Ar  pressure  increases. 


III.  RESULTS  AND  DISCUSSIONS 
A.  Structure  properties 


I.  INTRODUCTION 

Co/Pd  multilayers  have  been  studied  intensively  in  the 
last  decade  for  pure  and  applied  reasons. For  the  Co/Pd 
multilayers  with  nanoscale  Co  layer,  the  interfacial  magne¬ 
tism,  which  is  strongly  influenced  by  the  preparation  condi¬ 
tions,  plays  a  crucial  role  in  determining  the  magnetic  behav¬ 
ior.  Hashimoto  el  al.,^  de  Haan  et  al.,^  Shin  et  al.*'  and  He 
et  alJ  have  reported  the  Ar  pressure  effects  on  magnetic 
properties  at  room  temperature.  It  is  found  that  the  coercivity 
increases  with  increasing  Ar  pressure  during  deposition 
and  the  anisotropy  increases  monotonically  with  increasing 
/•’a,  (up  to  /'^r=“5()  mTorr),’  or  shows  a  maximum  at 
mTorr.'*’^’ 

In  this  article  the  temperature  dependence  of  the  sputter¬ 
ing  pressure  effects  on  magnetism  was  studied  as  the  tem¬ 
perature  varied  from  300  to  35  K.  The  coercivity  mechanism 
was  investigated  in  terms  of  the  initial  magnetization  curves 
and  minor  loops  at  different  temperatures,  and  compari.sons 
were  made  to  Kronmuller's  model. ^ 

II.  EXPERIMENT 

[Co(2  A)/Pd(13  A)ix35  (35  is  the  number  of  bilayers) 
multilayers  were  deposited  onto  ^lass  substrates  by  dc  mag¬ 
netron  sputtering  under  pressure  P^,=3,  6,  0,  12,  and  15 
mTorr.  All  live  samples  were  fabiicated  in  one  vacuu.m  run  to 
insure  identical  preparation  conditions  except  for  the  ,\r 
pressure. 

The  structure  properties  were  characterized  with  the 
x-ray  diffraction  and  atomic  force  microscopy  (AFM)  and 
the  magnetic  properties  were  measured  by  an  alternating  gra¬ 
dient  force  magnetometer  (AGFM)  with  the  temperature 
changed  from  300  to  35  K.  The  coercivity  W,  (7')  and  iriag- 
netization  M{T)  data  were  obtained  from  the  perpendicular 
hysteresis  loops  and  the  measured  anisotropy  K'„{T)  data 
were  determined  from  the  area  between  the  parallel  and  per¬ 
pendicular  magnetization  curves. 


“'I’cr.nanian  address:  Di.'|)arliiienl  of  I’liysics.  Ciycoiiysaiij;  Natiiiiial  Uiiivcr- 
sily,  (’hinjii  ()fill-70l.  Kuion. 


Figure  1  shows  the  small-angle  x-ray-diffraction  pat¬ 
terns.  It  is  .seen  clearly  that  the  amplitude  of  the  diffraction 
peaks  decreases  with  increasing  .sputtering  Ar  pre.ssurc  and 
when  the  sputtering  pressure  is  greater  than  9  mTorr,  the 
diffraction  peaks  become  obscure.  I’his  is  attributed  to  the 
roughness  of  the  interfaces  which  increases  as  the  sputtering 
pressure  increases  since  the  sputtered  Co  and  Pd  atoms  ex¬ 
perienced  more  collisions  with  Ar  atoms  and  form  larger 
clusters  at  the  glowing  film  surface. 

Figure  2  shows  the  AFM  pictures  of  samples  sputtered  at 
(a)  mTorr  and  (b)  15  mTorr  and  it  is  found  that  the 

surface  roughness  in  Fig.  2(b)  is  much  larger  than  that  in  Fig. 
2(a).  If  the  .surface  roughness  may  be  regarded  as  the  accu¬ 
mulation  of  the  roughness  of  all  individual  layers  oi  inter¬ 
faces,  Fig.  2  indicates  clearly  that  the  interfaces  have  larger 
roughness  when  .sputtered  in  the  higher  Ar  pre.ssurc,  which  is 
consistent  with  the  result  in  Fig.  1 . 


The  Ar  pressure  dependence  of  the  anisotropy  {K„ 
K'„  -1-  IttM])  as  the  temperature  varied  from  31K)  to  35  K  is 
demonstrated  in  Fig.  3.  It  is  seen  that  K„  increases  a.s  the 
temperature  decreases.  As  the  pressuie  increases  K„  first  in¬ 
creases,  then  decreases  and  shows  a  small  peak  at  P/,,,=  \2 
m'r  for  all  temperatures.  This  behavior  is  qualitatively  con¬ 
sistent  with  earlier  work'’’  except  that  our  peaks  arc  rather 
small;  shows  larger  Ar  pressure  dependence  at  iower  tem¬ 
perature.  The  origin  of  such  K„  .behavior  is  atiributed  to  the 
interfacial  magnetism  which  strongly  depends  on  the  polar¬ 
ization  of  Pd  atoms  at  the  interfaces'''"'  and  the  morphology 
of  interfaces.  As  the  temperature  decreases  the  induced  Pd 
moment  incrca.ses  which  enhances  the  .  Hashimoto  and 
co-workcr.s'  have  explained  qualitatively  the  behavior  of  Ar 
pressure  dependence  of  /C„  in  terms  of  the  stress-induced 
anisrrtropy  because  the  stress  in  the  flint  changes  from  com¬ 
pressive  to  tensile  as  the  Ar  pressure  increases.  Recently  Vie- 


B.  Temperature  character  of  pressure  effects  on 
magnetic  properties 
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FIG.  1.  Small-ungic  x-ray  dilfraction  for  Co(2  A)/l’d(l.’l  A)  deposited  at 
different  Ar  sputtering  pressure.s:  (a)  3  triTorr;  (li)  6  iiiTurr;  (c)  9  nfForr;  (d) 
12  mTotr;  and  (cl  15  triTorr. 


tora  and  MacLaren"  employed  the  symmetry-derived  model 
based  on  summing  A (M-R)^  pair  interactions  (where  M  is 
the  magnetization  direction,  R  is  the  vector  connecting  the 
two  atoms,  and  L  is  an  interaction  parameter)  to  calculate 
anisotropy  for  Co/Pd  and  Co/Pt  multilayers.  We  intend  to  use 
this  approach  to  calculate  the  behavior  quantitatively. 

The  sputtering  pressure  dependence  of  coercivity  //<.  as 
the  temperature  varied  from  300  to  35  K  is  shown  in  Fig. 
4(a).  The  coercivity  increases  monotonically  with  increasing 
PyY,.  and  shows  stronger  dependence  at  the  lower  tem¬ 
perature.  This  behavior  cannot  be  attributed  fully  to  the 
change  of  as  shown  in  Fig.  3.  In  order  to  understand  such 
behavior  properly,  we  also  need  to  consider  the  pinning  ef¬ 
fect  of  the  domain-wall  motion  which  is  discussed  in  more 
detail  in  the  following  section. 

The  temperature  dependence  of  is  shown  in  Fig.  4(b): 
//j.  increases  as  the  temperature  decreases  and  shows  slron- 


(a)  3  iifT 
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FIG.  2.  AFM  niicrogriiplis  of  Co(2  A)/Pd(13  A)  iluposilud  til  Ar  .spullcriiig 
pressure  of:  (a)  3  iriTorr  and  (l>)  1.5  niTon. 
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FIG.  3.  Sputiciing  Ar  pressure  dependence  of  measured  anisotropy  at 
different  tcniperalures. 


ger  temperature  dependence  at  higher  .  The  physical  ori¬ 
gins  of  this  feature  are  discussed  below. 

C.  Coercivity  mechanism 

In  order  to  study  the  coercivity  mechanism  the  initial 
curves  and  minor  loops  were  measured  at  room  and  low 
temperature.  All  the.se  curves  show  the  typical  domain-wall 
pinning  feature:  The  magnetization  is  small  at  low  applied 
field  H„  and  increases  rapidly  while  H„  reaches  a  threshold 
value  which  corresponds  to  the  field  required  to  exceed 
the  pinning  barrier.  As  the  temperature  docrea,ses  the  thresh- 
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FIG.  4.  (a)  Spnitering  Ar  pressure  dependence  of  coercivily  rrl  rlilfereni 
leinpeiature  and  (Ir)  lenrpeialiire  dependence  of  enereivily  ul  differeni  .sput¬ 
tering  Ar  pressure. 
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From  the  fits  we  could  estimate  the  size  of  the  pinning 
sites  for  each  sample.  Tne  estimated  sizes  are  4.7,  3.9,  5.0, 
5.2.  and  10.6  A  for  the  samples  prepared  at  P^,=^,  6,  9,  12, 
and  15  mTorr,  respectively  [see  Fig.  5(b)].  The  estimated 
values  show  that  the  size  of  the  pinning  site  increases  with 
increasing  sputtering  pressure.  Equation  (1)  also  tells  us  that 
H^{T)  depends  on  the  product.  Although  decreases 
with  increasing  for  mTorr  (as  shown  in  Fig.  3), 

/7c  still  increases  with  increasing  for  P,^,>12  mTorr  [as 
shown  in  Fig.  4(a)]  because  increases,  and  we  have 
pointed  out  this  feature  earlier. 


IV.  CONCLUSIONS 

The  variation  of  the  anisotropy  and  coercivity  as  a  func¬ 
tion  of  temperatures  is  closely  related  to  the  polarization  of 
the  Pd  atoms  at  the  interfaces  and  the  film  morphology 
which  was  controlled  by  the  sputtering  Ar  pressure.  The 
dominant  mechanism  for  the  coercivity  is  the  wall  pinning 
and  the  size  of  the  pinning  sites  increase  with  increasing  the 
sputtering  pressure. 


FIG.  5.  (u)  A  linear  fitting  to  tlie  exfrerimcntal  data  aftc'  Fz).  (1)  and  the  r„ 
obtained  is  4.7  A.  (b)  llic  sputtering  Ar  pressure  dependence  of  the  esti¬ 
mated  size  of  the  pinning  site. 

old  field  77, (,  increases  because  of  the  decreasing  thermal 
activation  energy  as  predicted  by  Kirby  e/  a/.'^ 

Kronmuller’s  formulas**  were  used  to  analyze  the  coer¬ 
civity  mechanism  in  more  detail.  If  wall  pinning  is  the  domi¬ 
nant  mechanism,  the  coercivity  77^(7’)  is  given  by 

=  tor  (1) 

and 

77,(7)- ,f'(<5^/r„)(2A'„/M,)-/7,ffM,  for  (2) 

where  k  and  k'  are  both  related  to  the  exchange  coupling 
constants  and  the  anisotropy  constants,  ly  is  the  size  of  the 
pinning  site,  and  is  a  demagnetization  factor,  The  v'all 
width  Sji  is  given  by  where  A  and  K  are  ex¬ 

change  constant  and  anisotropy,’^  respectively. 

Figure  5  is  an  example  of  tlie  fitting  curve  ba.sed  on  Eq. 
(1)  for  the  sample  prepared  at  3  mTorr  Ar  pressure.  Similar 
fittings  for  all  samples  (P^,=6,  9,  12,  and  15  mTorr)  have 
been  performed.  The  fact  that  the  [77,./^/^.,  (2/v„ 
experimental  points  measured  at  different  temperature:;  are 
on  a  straight  line  implies  that  the  domain-wall  pinning  is  the 
dominant  mechanism. 


ACKNOWLEDGMENTS 

We  gratefully  acknowledge  financial  support  from  NSF 
under  Grant  No.  DMR-9222976.  We  thank  A.  Runge  for  as¬ 
sistance  and  helpful  discussions. 

'p.  F.  Carcia,  A.  D.  Meinlialdt,  ami  A,  Suiia,  Appl,  I'hys.  Lett.  47,  78 
(1985). 

^N.  Engd,  C.  D.  England,  R.  A.  Van  Lesuwen,  M.  H.  Wiedman,  and  C.  M. 
Falco,  Fhys.  Rev,  Leu.  67,  1910  (1991). 

■’F.  J.  A.  den  Broeoler,  H.  C.  Dunkcrsluol,  H.  J.  G.  Draaisina,  and  J,  M.  dc 
Jongc,  J.  Appl.  Phys.  61,  487  (19H7). 

■'S.  Hashimolo,  Y.  Oeliiui,  and  K.  Ann,  J.  Appl.  Phys.  66,  4909  (1989), 

■'p.  dc  Haan,  O.  Mcng,  T.  Katayama,  and  J.  C.  Lodder,  J.  Magn.  Magn. 
Malct.  113,  29  (1992). 

"S.  C.  Shin,  J-  H.  Kim,  and  D,  H.  Aim,  J,  Appl.  Phys.  69,  .5664  (1991). 

^P.  He,  Z.  S.  Shan,  J,  A.  Woollam,  and  0.  J.  Scllmyer,  J.  Appl.  Phys.  73, 
.^9.54  ( 1993). 

"H.  Kronmullcr,  Phys.  Slalus  Sulidi  13  144,  385  (1987);  H.  Kromnullcr,  K. 
D.  Dur.s(,  and  M.  Sagawa,  J,  Magn.  Magn.  Mater,  74,  291  (1988). 

■'K.  M.  Bozorth,  P.  A.  Wolff,  D,  D.  Davis,  V.  B,  Compton,  and  J.  H. 
Wcrnick.  Phys.  Rev.  121,  1157  (1961). 

'"Z.  S.  Shan,  P,  Hit,  C.  Moore,  J.  Woollam,  and  D.  J.  Scllmyer,  J.  Appl. 
Phys.  73,  60.57  (1993). 

"R.  H.  Viotora  and  .1,  M.  MaeLaren,  Phys.  Rev  B  47.  11  583  (1993). 

'^R.  D.  Kirby,  J.  X.  Slien,  R.  J.  Hardy,  and  D.  J.  Scllmyer,  Phy.s.  Rev.  B  49, 
10  810  (1994), 

r.  Suzuki,  H.  Notarys,  D.  C.  Dobbertin,  C.  J.  Lin,  D,  Weller,  D.  C.  Miller, 
and  G.  Gorman,  IEEE  Trans.  Magn.  MAG-28,  2754  (1992). 


8086  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Jeong  at  at. 


Magnetoeiastic  effect  in  Co/Pd  multilayer  films 

Young-Suk  Kim  and  Sung-Chul  Shin 

Department  of  I’hysics,  Korea  Advanccil  Institute  of  Science  and  Technology,  Kusiing-Doii)’,  Yiisun^-(iti, 
Taejon  305-701,  Korea 

In  situ  mcasiiiemcnts  of  the  stress  are  reported,  and  the  magnetoeiastic  contribution  to  tlic  magnetic 
anisotropy  is  clarified,  in  Co/Pd  multilayer  films  prepared  by  dc  magnetron  sputtering.  The  stress 
was  varied  between  2.36X  lo'"  and  4.22X  lo'"  dyn/cm“  in  the  Co  sublayer  of  the  film  with  an  abrupt 
drop  of  the  stress  in  the  Co  sublayer  thicker  than  about  5  A.  This  abrupt  change  seems  to  be  related 
with  a  structural  transition  of  a  cohereut-to-incoherent  matching  at  the  interface  with  thickening  the 
sublayer.  The  stress-induced  anisotropy  of  the  samples  having  perpendicular  magnetic  anisotropy  is 
found  to  be  40%-80%,  compared  to  Neel’s  surface  anisotropy. 


I.  INTRODUCTION 

Co-based  multilayer  films  are  of  great  interest  today  be¬ 
cause  of  their  novel  properties  and  potential  technical 
applications.''^  In  particular,  the  perpendicular  magnetic  an¬ 
isotropy  observed  in  those  materials  has  been  attracting  wide 
attention  for  the  application  of  the  materials  to  magnetic  and 
magneto- optical  recording.  Co/Pd  multilayer  films  have  been 
reported  to  show  the  perpendicular  magnetic  anisotropy  for 
the  samples  having  a  Co  sublayer  thinner  than  about  8  A  and 
Pd  sublayer  thicker  than  about  5  A.'^”'’  The  perpendicular 
magnetic  anisotropy  in  this  system  is  generally  believed  to 
be  related  to  the  change  in  the  magnetic  anisotropy  of  the 
interfacial  atoms  as  a  con.sequence  of  the  reduced  symmetry 
in  their  surroundings,  as  Neel  first  suggested.’  However,  re¬ 
cent  studios  have  indicated  that  the  stres.s-induced  magnetic 
anisotropy  also  plays  a  role,  especially  for  the  samples  pre¬ 
pared  by  sputtering.'*'  In  this  article,  we  report  in  situ  mea¬ 
surements  of  the  stress  and  clarify  the  magnetoeiastic  contri¬ 
bution  to  the  magnetic  anisotropy  in  Co/Pd  multilayer  films. 

II.  EXPERIMENT 

Co/Pd  multilayer  films  were  prepared  by  dc  magnetron 
sputtering  :  rom  2-in.-diam  Co  and  Pd  targets  on  4-cni-k)ng. 
1.1-cm-widc,  and  130-/tm-thick  glass  substrates  at  the  Ar 
.sputtering  pressure  of  10  mTorr.  The  distance  between  the 
substrate  and  the  sputtering  source  was  12.7  cm.  An  edge  of 
the  substrate  was  fixed  by  a  cantilever  holder.  The  multilayer 
structure  was  achieved  by  alterntitely  exposing  the  substrate 
to  two  sputtering  sources  via  a  reciprocating  shutter.  lApical 
deposition  ratc.s  of  Co  and  Pd  were  0..‘i3  and  0.81  A/s,  re¬ 
spectively. 

The  stress  of  a  multilayer  film  was  measured  in  situ  dur¬ 
ing  the  deposition  using  a  homemade  optical  displa.xment 
detection  system  as  depicted  in  Fig.  1.  A  displacement  sen¬ 
sor,  composed  of  38  optical  fibers  of  50  /r.m  core  diameter, 
was  installed  behind  the  free  end  of  the  substrate.  The  back 
side  of  the  substrate  was  coated  by  l()()()-A-thick  Al  to  en¬ 
hance  the  reflectivity.  A  change  in  the  gap  distance  between 
the  sensor  and  the  .substrate,  caused  by  the  stress  of  a  depos¬ 
ited  film,  was  detected  by  measuring  a  corresponding  change 
in  the  reflectivity  from  the  back  side  of  the  substrate.  'I’hc 
.sensitivity  of  the  di.S|)lacement  sensor  used  in  this  study  was 
0.05h  V//xm  and  it  turned  out  to  he  good  enough  to  delect  the 
stress  caused  by  a  deposition  of  a  monatomic  iayer  of  Co  or 


Pd,  The  multilayer  structure  was  examined  by  low-  and  high- 
angle  x-ray  diffractometry.  The  magnetization  was  measured 
by  a  vibrating  sample  magnetometer  (VSM)  and  the  mag¬ 
netic  anisotropy  was  measured  using  a  torque  magnetometer 
at  an  applied  field  of  10  kOe. 

III.  RESULTS  AND  DISCUSSION 

All  samples  in  this  study  developed  low-angle  x-ray- 
diffraction  peaks  irrespective  of  the  sublayer  thickness, 
which  suggests  the  existence  of  the  multilayer  structure  in 
those  samples.  High-anglc  x-ray-diffraction  studies  revealed 
that  the  samples  were  polycry.stallinc  grown  along  the  [111] 
cubic  orientation. 

Figure  2  shows  a  typical  results  of  in  situ  measurement 
of  the  gup  distance  between  the  substrate  and  the  optical 
probe  with  the  deposition  time  for  the  sample  having  8-A- 
thick  Co  sublayers  and  y-A-thick  Pd  sublayers.  The  positive 
slope  for  the  Co  sublayer  implies  the  existence  of  a  tensile 
stress  in  the  Itiyer,  while,  the  negative  shipe  for  the  Pd  sub¬ 
layer  implies  a  compressive  stress  in  the  layer.  This  result  is 
as  expected,  since  the  d  .spacing  of  the  (111)  matching  plane 
of  Co  is  smaller  than  that  of  Fd;  however,  it  is  inter- 
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PIG.  2.  A  plot  of  the  gap  distance  vs  deposition  time  for  the  sample  having 
8-A-lhlck  Co  and  9-A-thick  Pd  layers. 


FIQ.  4.  A  plot  of  the  stress  vs  the  Co  sublayer  thickness  for  a  series  of  the 
samples  having  a  constant  Pd  sublayer  thickness  of  9  A. 


esting  to  note  that  the  slopesi  of  the  Co  and  Pd  sublayers  are 
changed  with  increasing  sublayer  thickness.  To  see  the  varia¬ 
tion  of  the  stress  with  the  sublayer  thickness,  we  calculate 
the  stress  existed  in  each  sublayer  using  the  well-known 
Stoney  formula'^  as  follows: 


£,r.  Ad 
3/^1 -  p,)  A</ 


(1) 


where  Eg,  i>g,  I,  and  are  Young’s  modulus,  Poissons’s 
ratio,  and  the  length  and  thickness  of  a  substrate,  respec¬ 
tively,  Ad  is  the  change  of  the  gap  distance  and  Atf  is  the 
change  of  the  lilm  thickness.  £,',.-1.51X10'^  dyn/cm^ 
Pj=0.3, 1  =  3  cm,  and  r  ,.=130  are  used  in  the  calculation. 

Using  Eq.  (1)  we  plot  the  stress  as  a  function  of  the 
sublayer  of  Co  and  Pd  in  Fig.  3.  Since  the  Co  sublayer  was 
deposited  first,  the  Co  sublayers  are  expressed  by  the  odd 
numbers  and  the  Pd  sublayers  by  the  even  numbers.  The 
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PIG.  3,  A  plot  of  the  stress  as  a  fiirietioii  of  the  Wtli  sublayer  of  Co  and  Pd. 


error  bar  corresponds  to  the  root-mcan-square  deviation  of 
the  mean  stress  of  the  Nth  sublayer,  which  was  obtained  by 
taking  the  derivative  at  100  points  in  each  sublayer  in  Fig.  2. 
The  stress  in  a  multilayer  film  is  mainly  caused  by  two  ori¬ 
gins:  an  adhesion  of  the  film  to  the  substrate  and  the  lattice 
mismatch  between  two  dissimilar  adjacent  sublayers.  The  be¬ 
havior  of  the  stress  with  the  sublayer  thickness  in  Fig.  3 
implies  that  an  influence  of  the  substrate  yields  a  tensile 
stress  with  a  maximum  of  2.00X10"’  dyn/cm^  in  tlie  sub¬ 
layer,  possibly  due  to  a  smaller  therinul-cxpansion  coefficient 
of  the  glass  substrate  than  the  Co/Pd  multilayer.  This  effect  is 
n'lOiiotonically  decreased  and  seems  to  be  negligible  when 
the  film  is  thicker  than  about  100  A.  Therefore,  that  a  very 
small  compressive  stress  observed  in  the  first  several  Pd  su¬ 
blayers  is  not  surprising;  in  this  thickness  range  the  tensile 
stress  due  to  the  substrate  is  appended  to  a  compressive 
.stress  caused  by  the  lattice  mismatch.  From  Fig.  3  we  note 
that  the  lattice  mismatch  between  Co  and  Pd  layers  yields  a 
2.36X10'"  dyn/cm^  tensile  stress  for  the  Co  sublayer  and  a 
1.81X10'"  dyn/cm^  compressive  stress  for  the  Pd  sublayer  in 
this  particular  sample,  which  is  larger  than  the  stress  of 
e-beam-evaporated  samples." 

Interestingly  enough,  we  have  observed  that  the  stress  of 
the  Co/Pd  multilayer  film  was  suddenly  dropped  with  in¬ 
creasing  the  Co  sublayer  thickness.  Figure  4  shows  a  plot  of 
the  stress  versus  the  Co  sublayer  thickness  for  a  series  of  the 
samples  having  a  constant  Pd  sublayer  thickness  of  9  A.  A 
distinct  drop  in  the  stress  can  be  seen  when  the  Co  sublayer 
thickness  is  larger  than  about  5  A.  Since  the  samples  were 
prepared  on  the  same  glass  substrates  at  the  same  sputtering 
i;onditions,  the  contribution  other  than  the  lattice  mismatch 
to  the  stress  of  the  film  should  be  the  same.  Therefore,  a 
sudden  drop  in  the  stress  is  believed  to  be  related  with  a 
structural  change  from  a  coherent  to  incoherent  intcrfacial 
matching  between  Co  aiid  Pd  sublayers  with  increasing  the 
Co  sublayer  thickness.  The  critical  thickness  for  a 
coherency-incohcrcncy  transition  observed  in  our  sample 
agrees  with  a  tlicorctical  value  of  ~5  A  estimated  by  den 
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FIG.  5.  A  |)lol  of  llic  ani.sotiopy  energy  K„  and  the  stress-induced  anisotropy 
as  a  lunelion  of  tlie  Co  sublayer  ihiekaess. 

Broeder  and  co-workers.'  The  structural  transition  is  under 
investigation  by  transmission  x-ray  diffractometry  and  will 
be  published  elsewhere. 

In  our  system  the  perpendicular  magnetic  anisotropy  ex¬ 
ists  for  the  samples  having  a  Co  sublayer  thinner  than  about 
8  A  as  seen  in  Fig.  5.  The  anisotropy  energy  associated 
with  a  multilayer  can  be  described  phenomenologically''  as 
IK +■/<■„  ,  where  K,  is  the  interface  anisotropy  and 
Ky  is  the  volume  anisotropy.  For  a  coherent  multilayer  AT,,  is 
only  due  to  Neel’s  surface  anisotropy  and  the  strain-induced 
anisotropy  is  contained  in  ;  however,  for  an  incoherent 
case  the  misfit  strain  anisotropy  may  contribute  to 

When  the  lattice  mismatch  is  much  larger  than  the  mag¬ 
netostriction  coefficient  as  in  Co/Pd  multilayers  the  stress- 
induced  magnetic  anisotropy  energy  is  given  by'" 

=  (2) 

where  \  is  the  magnetostriction  coefficient  and  ct-q,  is  the 
stress  of  the  Co  sublayer.  Because  of  a  negative  \  for  Co/Pd 
multilayers"  the  strained  Co  sublayer  yields  a  positive  per¬ 
pendicular  anisotropy  energy.  In  Fig.  5  the  stre.ss-induced 
anisotropy  is  plotted,  together  with  the  magnetic  anisot¬ 


ropy  energy  K,^ .  As  seen  in  the  figure,  AT^  of  ~3. 1 1 X  lO"  and 
—  1.87X10"  erg/cm’'  are  obtained  for  the  coherent  and  inco¬ 
herent  samples,  respectively.  The  Neel  surface  anisotropy  AT;^ 
in  our  samples,  obtained  from  a  plot  of  /futc,,  vs  is  esti  ¬ 
mated  0.16  erg/cm^.  The  contribution  of  K/^  to  A'„  for  tiie 
samples  showing  perpendicular  magnetic  anisotropy  is  esti¬ 
mated  to  be  between  2.7X10"  and  8x10"  erg/env'.  Hence, 
the  inagnetoelastic  contribution  to  the  perpendicular  mag¬ 
netic  anisotropy  is  40% -80%  in  comparison  with  the  contri¬ 
bution  by  Neel’s  surface  anisotropy. 

IV.  CONCLUSIONS 

We  have  investigated  the  effect  of  the  stress  on  the  mag¬ 
netic  anisotropy  in  Co/Pd  multilayer  films  prepared  by  dc 
sputtering.  In  situ  measurements  of  the  stress  have  revealed 
that  multilayers  had  a  tensile  stress  of  2.36X  10'"-4,22x  lo'" 
dyn/cin^  in  the  Co  sublayers.  An  abrupt  reduction  of  the 
stress  was  observed  when  the  Co  sublayer  thickness  was 
larger  than  5  A,  whie';  is  believed  to  be  caused  by  a 
cohcrent-to-incohcrent  transition.  It  was  found  that  for  the 
perpendicular  magnetic  ani.sotiopy  of  our  samples,  the  mag- 
neloelastic  contribution  due  to  the  lattice  mismatch  is  much 
comparable  to  Ihe  contribution  by  Neel’s  surface  anisotropy. 
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Interface  processing  in  multilayer  films 
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We  have  investigated  the  effect  of  ion  modification  of  multilayer  growth  and  ion  etching  of 
multilayer  interfaces  on  perpendicular  anisotropy  and  giant  magneioresislance  in  sputter  deposited 
Co/Pt  and  Co/Cu  multilayers.  These  two  properties  are  thought  to  be  p,irlicularly  sensitive  to  the 
form  of  the  interface  profile  in  multilayers,  We  find  that  the  ion-assisted  deposition  conditions  usetl 
degrade  both  perpendicular  anisotropy  and  GMR  through  interface  smoothing  and  mixing.  In 
contrast,  thermal  annealing  and  first  experiments  in  ion  etching  show  that  GMR  can  he  increased  by 
smoothing  of  the  Co/Cu  interfaces. 


INTRODUCTION 

Co/Pt  and  Co/Cu  MLs  are  believed  to  exhibit  structure 
sensitive  magnetic  anisotropy'"^  and  giant  magneto- 
resistance,'’  We  have  used  such  systems  as  models  in  prelimi¬ 
nary  investigations  of  the  effect  of  ion  beam-assisted  sputter 
deposition,  ion  beam  etching,  and  thermal  annealing  on  these 
properties. 

EXPERIMENT 

The  MLs  were  deposited  in  a  UllV-compatible  magne¬ 
tron  sputtering  system  equipiied  with  dc  magnetrons  and  a  ^ 
cm  Kaufman  ion  source.  The  Co,  Pt,  and  Cu  layers  were 
deposited  onto  glas.n  substrates  by  ion-assisted  deposition, 
i.e,,  the  ion  beam  (0-400  cV,  2  mA)  on  and  irradiating  the 
ML  during  growth,  or  by  ion  eteliing,  i.e.,  with  the  deposition 
interrupted  and  the  top  surface  of  each  Co  layer  irradiated 
with  the  ion  beam  for  10  s.  The  tleposition  rate  was  ahoni  0.1 
iim  s'. 

The  magnetic  hysteresis  loops  were  measured  in  a  VSM 
(Co/Cu  MLs)  or  in  a  Kerr  M/0  loop  plotter  (Co/Pt  Ml.s). 
Anisotropy  (Co/Pt  MLs)  was  investigated  by  torque  magne- 
tometry,  and  magnetoresistance  (Co/Cu  MLs)  was  measured 
by  the  standard  four  irrobe  dc  method.  Some  basic  structural 
changes  were  inferred  from  x-ray  diffraction  measurements. 
All  measurements  were  carried  out  at  room  temiierattire. 
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IMT'.  1  I'ohu  Ken  loops  (a)  and  torque  curves  (li)  tor  l^vtli.d  lun  Cn/I.^ 


RESULTS  AND  DISCUSSION 

Pigure  1(a)  shows  the  polar  Kerr  hysteresis  loops  for  a 
.series  of  three  1 5.v(('.4  nm  Co/1 .2  nm  Pt)  MLs  deposited  by 
ion-assisted  growth.  It  can  be  seen  that  as  the  ion  energy  is 
increased  the  loops  depart  more  tind  more  from  squarctiess 
and  the  coercivity  ol  the  MLs  decreases,  'flie  shearing  of  the 
loops  is  reflected  in  the  torque  curves  of  Pig.  1(b),  which 
show  a  graduiil  decrease  in  the  torque  amplitude  with  in¬ 
creasing  ion  energy.  The  negative  slope  at  0=i)  confirms  the 
normal  to  tiie  ML  as  the  easy  direction  {()  is  the  angle  be¬ 
tween  the  normal  to  the  ML  and  the  licld  direction)  for  the  0 
cV  (no  ion  flux)  and  UK)  eV  MLs.  However,  for  2IK)  eV  the 
torque  curve  is  clearly  modilied  with  the  iippearance  of  a 
change  of  slope  near  zero  torque  and  //-  (),  These  changes 
indicate  that  the  effective  perpendicular  anisotropy  decreases 
with  incieasing  ion  energy  from  a  value  of  '-•(iXU)"’  J  m  ' 
for  the  “unassisted"  ML  and  that  the  easy  direction  of  mag¬ 
netization  rotates  from  the  normal  to  the  ML  towards  the 
plane.  A  similar  result  has  been  obtained  for  ion  beam  etch¬ 
ing  of  a  series  of  7,v(l).4  nm  Co/1.2  nm  Pt)  MLs,  Again,  a 
decrease  in  torque  and  perpendicular  anisotropy  with  in¬ 
creasing  ion  energy  was  observed. 

Sputter  deposited  Co/Pt  MLs  with  thicker  (,>(), 8  tim)  Co 
layers  do  not  stiow  such  strong  perncndicular  anisotropy.''  " 
Pigure  2(a)  gives  polar  Kerr  loops  for  a  series  of  four  l.S 
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X(1.2  nni  Co/1.2  nm  Pt)  MLs  deposited  with  ion  assistiince 
at  0,  100,  200,  and  400  eV.  These  perpendicular  loops  change 
gradually  with  increasing  shear  and  decreasing  coercivity  un¬ 
til  at  400  eV  the  loop  has  the  shape  typical  of  a  hard  axis 
loop.  The  torque  curves  for  these  MLs,  given  in  Fig.  2(b), 
change  from  two  similar  curves  of  small  amplitude  for  0  and 
100  cV.  whicii  can  be  analyzed  in  terms  of  an  easy  cone  of 
magnetization  about  the  normal  to  the  ML,  which  is  isotropic 
in  its  plane,  to  curves  for  200  and  400  eV  for  which  the  easy 
direction  is  clearly  in  the  plane  of  the  ML  as  signiiied  by  the 
positive  slope  of  the  torque  curve  at  (/=0. 

X-ray  diffraction  confirmed  the  layered  and  textured 
structure  of  the  low  energy  ion-assisted  and  etched  MLs. 
Increasing  the  beam  energy  in  ioti-assisted  deposition  even¬ 
tually  destroys  the  layered  structure  as  indicated  by  the  ratio 
of  the  (111)  maximum  to  the  first  satellite  maximum, 
i/^sai-  200,  and  400  eV  MLs  described  in 

Fig.  2,  /i  I  i//s„,  was  measured  as  1.7,  1.6,  2.3,  and  <»,  respec¬ 
tively. 


Turning  to  the  C'o/Cu  systems,  lugs,  .ila)  and  3(b)  show 
the  VSM  hysteresis  loops  and  magneloresislanee  loops  for 
four  ion-assisti  d  20a(1  nm  Co/2  nm  Cu)  MLs.  These  MLs 
are  structured  for  the  .second  maximum  in  ihe  CMR 
oscillation.'''^  It  can  be  seen  in  Fig.  3(a)  that  (lie  ML  depos¬ 
ited  without  ion  assistance  (0  cV)  gave  a  sheared  magnetic 
hysteresis  loop  having  a  lower  remanence  than  MLs  depos¬ 
ited  with  ion  assistance  suggesting  some  definite  untiferro- 
magnetic  coupling  between  the  Co  layers  in  Ihe  0  eV  ML. 
Figure  3(b)  shows  a  GMR  of  15%  for  this  ML.  The  figures 
also  show  that  ion  assistance  in  the  deposition  gradually  de¬ 
stroys  the  properties  of  the  ML;  it  reduces  the  amount  of 
antiferromagnetic  coupling  in  the  ML  and  it  eventually  pro¬ 
duces  a  much  less  sheared  hysteresis  loop  at  200  eV,  I'ig. 
3(a).  There  is  a  concomitant  decrease  in  the  GMR  ratio  to 
almost  zero.  Fig.  3(b). 

Thermal  annealing  and  x-ruy  meusurements’'  show  that 
the  GMR  in  Co/Cu  MLs  is  destroyed  along  with  the  layered 
structure  at  temperatures  above  about  300  °C'.  However,  an 
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iiicruaM;  in  (iMR  can  iv  I'Rscrvcd  in  aiiiu'.iliii^'.  ai  lnwti  icin 
pcraJurcs.  'll>is  is  illuslratcil  in  !  i(i  4i.i)  lot  ,i  l(i  '  1 1  mil  (  o  ' 
inn  (,'u)  Ml.  where  the  (IMR  incieases  t>\  ahum  ‘'O'l  up  lu 
250''('.  Signilieantly,  we  h.iiie  louiul  tlial  ion  L'cluttg  can 
alsu  prirduce  an  iinpruvcmciil  m  (iMR  I  igme  4(hi  shows 
CiMR  liMips  lor  a  series  ol  Mi  s  having  ilic  sirncture  li>  •  il 
nm  C'o/2  nm  Tui  in  winch  llic  (  u  suilaces  liave  iHcn  luii 
cleheti  lit  diltereni  energies  Iheie  is  a  cleat  iiiipiusemeni  m 
('(MR  111  energies  up  to  l.Sd  e\'.  We  have  sume  esulciiec  dial 
this  effect  is  followed  hv  a  decrease  at  cttcigies  greater  tlvaii 
2tM)  eV. 

In  the  ion-assisted  de|H)sitiuns  the  ratio  at  die  ion  to 
atom  fluxes  can  he  calculated  as  /,  /,,  .1  and  there  is  suth 

cient  energy  translcrred  in  collisions  ol  the  ions  with  the 
condensing  and  condensed  .itoiiis  to  cause  smiaec  displace 
nients  and  densificatioii  ol  the  niierostruciure  ol  the  giownig 
layers.*'  However,  certainly  at  the  higher  energies,  there  is  a 
jro.ssihilily  of  atom  miMiig  t’v  the  ion  Ivimhaidmeni  ai  am 
interface  as  the  de|rositioii  progresses  and  this  will  encourage 
a  less  sharp  com|s)siiioiial  piolile  nr  the  Ml  \o  irrateri.d 
lo.ss  Iroi'tt  the  Ml-s  was  detected  up  to  nnr  energies  ol  2INI  c\ 
and  measurahle  sputtering  oi  die  giowmg  Ml  o  oiilv  c\ 
peeled  at  energi  s  greater  lhair  '(K)  or  4tMI  e\ 

In  ion  etching,  niodiliealioii  ol  the  suilace  and  near 
surface  regioirs  o!  the  interrunied  sirueture  e.m  Ik  eviKcteil 
As  the  individual  layers  m  die  Ml.s  discussc'd  heie  aie  less 
llian  ten  alomie  layers  tliiek.  and  some  are  ol  die  older  ol  two 
to  three  atomic  layers,  ihete  is  a  |rossilidil\  ot  moililisation 
and  mixi'ig  at  die  interlaec  helow  die  tie.iled  'Uilace  Monte 
('arlo  simulations  show  dial  loi  die  (  o  (  u  Ml  s,  with  in  nm 
Co  and  211  nm  (  u  la\eis,  tins  el‘ ’ei  is  iioi  sigmlK.jiii  lor  liKi 
eV'  ions,  hill  al  200  e\  misiiig  !  (  >>  mio  (  u  iKsiiis  ovei  .i 
legion  0  4  nm  in  width  ,ieio's  the  mieil.ose  t’elow  die 
etciied  surface  In  the  (  o  Pi  Ml  s,  ioii,ukiahk  displ.iienieiii 
ol  atoms  liom  lire  0  4  nm  lliK  k  (  o  l,i\ei  nilo  the  undeiKme 
IM  laver  is  |iredicii'.l  .il  Uni  (A,  hut  m  ike  k.isv  o|  the  1  .’  itm 
Co  laveis.  tins  is  ,iiih  sige.lii  am  .n  energies  .ilsm  Uni  f.\ 
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Ilie  elleels  in  die  ion  tie,iled  (  o  I’l  Ml  s  diseiwscd  heti 
can  he  compaied  lo  lliost  ie|ioilcd  lor  t  o  l*i  Ml  s  spniiei 
de|Misned  m  llleiiiiali/ing  "  eoiidiliotis,'  winch  result  iii 
loiighei  inierlaces  ,md  coaisei  miciosirucluics  and  sitoiigci 
|KM|K'luhculat  ariisotrojiv  and  hilgei  ciK'icivilies  We  can 
tlieielois  teason.ihU  mieipiet  oui  icsulls  lor  die  loss  ol  |K‘1' 
IH'tuliculai  amsciiopi  m  (  o  I’l  Mi  s  m  letms  ol  smiace 
smiH'Oriiig  at  the  lower  ion  energies  ,ind  miciosiiiicimal 
miKOhcaltoti  iitvol'. mg  mi\mg  ami  rouplieiiing  ol  the  mici' 
lace  al  higher  eiftigies 

llie  ptogiessue  loss  ol  (iMR  and  aiiiileiromagneiic 
eoiipliiig  m  the  ion  assisted  (  o  Cu  '  ll  s  mas  have  Iveii  due 
to  modilicalion  ol  die  niierosiruetuie  and  texiuie  ol  die  lav 
ers  and  or  mlerlaie  regions  1  he  iiuii.il  mcreiise  m  (pMR  in 
the  low  eiicigv  >on  etehed  Ml  s,  .iiul  m  die  llieimalK  .in- 
Healed  slnu  tines,  lollowed  I'v  a  loss  ai  liigliei  energies,  sug¬ 
gests  stioiigis  dial  meieased  eleelion  sc.illcimg  was  i.aused 
h\  mlerlaie  smiace  s!ni>oilniig  We  pl.iii  lo  investigate  Ihi'se 
siiggesud  mi'. losliiie U'l.il  .md  oUeil.iee  ih.mges  hv  hieli 
resolutron  eleilron  mnniseopv  .md  v  i.iv  ii  lleciomeli'. 
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Anomalous  interface  magnetism  in  ultrathin  Co  films  with  in-plane 
anisotropy 

F.  0.  Schumann,  M.  E  Buckley,  and  J.  A.  C.  Bland 

(  I  iihiiijiiin.  \  Hmiil.  (  unil'iiJiit  (  Hi  Olll.,  I  iiih-tl 

Usiii^;  llii.'  Mtaunclii-iiplical  Kerr  effect,  we  lutee  olwervcil  a  s'rikinj;  seiiMiisiu  of  llie  ni.i^'.iK'tie 
|ir(tpettie‘>  I't  ulHaftiin  (  n  e 'u(fK)  I )  filnix  lo  Milimiinulave!  coeerafie^  I’f  (  ii  In  pailieuf.n  laiee 
miiimDiiolDme  eiianuev  of  ihe  e'letei^e  field  II  the  lieij’ht  nt  the  II  loop  iitia^nelo  opin.,il 
>.iHnall,  aiul  llie  tafn*  k  ol  leioanenl  aiul  ‘'atiifalioti  ma^iieli/alions  aie  ohsei\eii  Utih  meieaMiip  <  ii 
iliieknesN  the  eoerei\it\  fw'.l  '.liarpU  deere-i'ev.  ieaehin>:  a  niiniiiuini  .it  .iiouiul  fl  1  monol.ivei  (MI  i 
followed  Ih  a  >;i  "du.il  meiea-'e  to  eoiitt.i'>t,  the  maf;nelo-t*plieal  ML>,iial  i''  hnind  lo  peak  nUoiiuK  ,il 
(he  eame  (  ii  oveila^Ci  ihiekile^e  ol  (I  ’  Ml  .  deeavinj;  ill  niafiniliide  with  liirtliet  (  ii  eo\,eiaj;e 


I  INTRODUCTION 

It  le  now  will  e‘>lat’li‘-fied  ■  NpeimieiilalU  lltal  hoiiinap 
nelk  ineilavets  e.oj  di.r  lu.dh  aliei.t  llie  niapnelie  piopeilies 
ol  iillr.tiliiii  m.ifiiu'tn  fthiv.  ie(>'!|ted  Iw  I’l.  I’si'.ki  tl  ill 
,iiid  Wyhei  I'l  ill  Mote  leeeiilK  1  nj:el  n  d  ha\  e  ehown 
(tie  iidlueiae  of  iiltMtIiin  (  ei,  .Xp  and  I’d  o\e/la\et\  on  the 
|x‘i|Kndieulai  Miapneiiein  o(  (  o  IMi  till  tilnv^,  wlieie  (he  eo 
eve'iee  field  eAliitnie  ,t  nonrnoiK'tnme  de|Hndeiiee  on  Ihe  nini 
(tiapnehe  o\ciia\e'i  th'ekiiee’'  It  le  iheicfoie  of  iilletewt  tt>  lest 
itie  etteel  of  a  nonniapnede  iv,eila\ei  in  Ihe  iillraltiin  lepiine 
lot  .1  tiliis  wiili  in-j'lane  anisitftopv  Ihe  (  od  ultklli  system 
df^piays  tn  plane  amsoKopN,'  and  iijxin  eoadnp  with  sev¬ 
eral  iiionoiayers  iMl  i  ol  <"i),  .i  teiliielion  of  Ihe  Cline 
(eni}>e-iatii(i ,*  and  of  tile  oiil  ot  plane  anisotropy'  and  eoer- 
eive  field"'  .tie  km'VMi  to  oeeiii, 

II.  EXPERIMENT 

Ihe  ex|ici intents  weie  earned  out  in  an  ullratiiph 
vaeuuni  ehanihei  with  a  base  piessuie  ol  I  (1^  Id  niliar, 
and  a  pressure  o|  less  than  5.(1  ■  |(l  mhar  during  Co  and 
Cu  de[HiM(iort  At'  spiilleiiiig  (I  kV)  and  annealing  up  lo 
7(MI  K  resulted  in  .i  elean  and  well  ordeted  Cudidl)  surl'aee. 
Magnelo-ojitjeal  Ken  elleei  in  ihe  (ransverse  geometry''  has 
tKen  eni|n'oeed  lui  leeording  hysteresis  loops,  with  the  niag- 
nelie  lield  aligned  along  the  (IK),'  easy  axis.''''’  Co  and  Cu 
films  were  grown  wilh  the  sample  ai  .UId  K  with  lypieal 
ile|H)siiion  r.iles  ol  d.  1  Ml.  min  I'or  Co  and  d.d5  Ml./niin  for 
C  u  I  pidged  using  'he  Auger  peak  heights  and,  for  the  ( \),  the 
sharp  Olivet  or  ferromagnelie  ortler  as  a  guide),'"  All  mag- 
nelie  nieasuieinetils  were  |ierlormed  at  ,d()(l  K. 

III.  RESULTS  AND  DISCUSSION 

Ihe  ilinkiie.s  d,  ,,  ol  the  (  o  layers  has  heen  varied  be¬ 
tween  1  .iiul  7  il,  .  where  i/,  is  Ihe  eriiieal  thiekness  at  which 
long  range  order  oceiiis  al  '(dd  K  The  ahsolule  value  of  r/,  is 
Ih-Iw een  1  and  I  7  Ml  ’  ' '  ' 

in  I  ig  1  we  ilisplav  several  M-H  loops  of  a  l.(x/,  Co/ 
<  uKHili  Idni  ohtaitied  during  growth  o(  the  Cu  overlayer. 
(  leaiK  minule  lovet.iges  lediiee  11  dtasiieaily  and  change 
S.  ilu  lalio  lit  leiiianenl  iii.igiieti/.ilion  lo  saluialioii  niagne- 
li/.ilioii  'aii|'iisingl\  I'u'  -.ijuaiest  loop  is  ohiailU'd  lot  a 
sin.dl  (  II  lOfil.ivei  llinkh'.ss  ol  .ipproximalelv  d2  Mi  A 


i.aieful  an.iKsis  o|  .dl  M  II  loojis  during  this  giowih  se 
i|uence  leeeals  a  nonnionoionic  dependence  M,,,  dhe  loop 
.mil'hltulei  .Old  11  on  (  u  thiekness  d,  .is  shown  in  I  ig 
and  ot  S  mol  showni  In  p.iiliculai  llie  coeiciviU  exhilnis  a 
shall'  iiiinimuni  al  llie  lliickness  al  winch  S  and  U,.,,  |Kak 
I  III  .ill  (  o  lluckncsscs  siiiilicd.  ijiialilalivcl'  similar 
'.oi.iiions  III  each  ol  these  i|uaiil!lies  are  ohseived.  e\ce|H 
dial  the  nonmoiioionic  heha'ior  ol  .S  is  less  pronounced  lor 
ihinnei  lilnis.  lor  which  .S  is  c  user  lo  unity  Ilian  loi  Ihe 


1-I(  i  I  \'.i»!tMis  M  ii  «)t  :i  I  .<></  thick  i  o  (  iilOO  1 1  lilni  Jui  ing  .1  ( *u 

om-Hh\ci  scqiiC'Ki',  uilh  (  u  thickness  0(11.04.  0.10, 

Mu\  (I  W»  Ml  loi  i.O  U  »,  iL'spccUvels 
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I  lCi  2.  The  fL*'.ul^  A  viuclul  4iKilyMs  4)1  Ihc  Cu  overlayer  grtiwih  s<- 
queuee  ot  a  1  (w/,  Ihiek  (  \v('ul(MU  l  tilni  arc  shown  revealing  (he  noninono 
tome  behavior  oi  the  saturation  ma^neio-optiea!  signal  in  ta).  ami  (he 
CiKiteive  ficlil  //.  in  (hi. 


thicker  Co  films.  VVe  lidinc  the  peak  enhaueemeiit  as  fol¬ 
lows; 


A- 


A/s„(()) 


with  ML 


(1) 


We  can  now  summuri/.e  the  main  experimental  ilndings  for 
all  the  structures  studied  as  follows;  W,.  always  rapidly  drops 
by  roughly  a  factor  of  ~3,  and  A  is  always  of  the  order  of 
20%  upon  the  deposition  of  only  0.2  ML  of  Cu. 

In  Fig.  3  we  show  the  thickness  dependence  of  of  a 
l.Srfc  thick  Co/CuiOOl)  film.  We  notice  again  a  nonlinear 
behavior  in  the  submonolaycr  range  as  in  Fig.  2.  At  higher 
coverages  we  see  a  noticeable  drop  of  below  the  value 
for  the  uncovered  Co/Cu(001)  film,  which  is  more  pro¬ 
nounced  than  that  which  would  be  caused  by  optical  attenu¬ 
ation  through  the  Cu  layer.  A  low-energy  electron  diffraction 
study  of  the  energy  dependence  of  the  Bragg  peak  intensity 


FIG.  3.  The  behaviiir  of  for  a  l..S</,  thick  Co/Cii((l()l )  lilm.  Note  M 
drops  below  lire  value  for  the  uncovered  lihn  at  high  Cu  coverages. 


maxima  for  the  (00)  beam  did  not  indicate  strong  changes  in 
the  perpendicular  lattice  parameter  occurring  upon  Cu  depo¬ 
sition. 

The  drop  in  H,  may  indicate  a  drastic  change  in  the 
magnetic  anisotropy.  A  correlation  between  the  change  in 
perpendicular  anisotropy  and  coercivity  induced  by  an  over¬ 
layer  is  reported  by  Engel  cl  '  '  for  Cu-coated  Co/Pd 
films.  We  would  like  to  point  out  that  Schneider  cl  ul.^  report 
that  the  coercive  field  of  films  grown  at  300  K  is  much 
higher  than  for  tho.se  of  identical  thickness  grt  wn  at  4.S0  K. 
This  observation  is  eonsistenl  with  our  data  if  wc  assume 
that  the  films  grown  at  high  tempcratuics  correspond  to  the 
coated  structures  we  have  studied,  as  suggested  by  the  obser¬ 
vation  by  Kief  ct  ul.'^  that  surface  Cu  segregation  occurs  at 
elevated  temperatures. 

The  increase  in  magneto-optical  signal  with  Cu  de|iosi- 
tioii  is  surprising.  We  find  that  the  degree  of  enhancement 
due  to  the  0.2  Ml,  Cu  overlayer  is  comparable  with  the  in¬ 
crease  in  magnetic  signal  that  would  occur  for  an  equivalent 
inci  case  in  the  Co  thickness.  Schneider  ct  al.’^  report  a  reduc¬ 
tion  ot  the  Curie  lemperalurc  I\  u|)on  Cu  deposition;  there¬ 
fore  one  might  expeet  a  reduction  ot  A/..,,,  upon  Cu  deposi¬ 
tion.  Since  and  change  with  Cu  overlayer  thicknc.ss 
Jcu ,  it  is  feasible  that  I\  erruld  also  be  a  general  function  of 
with  the  reported  reduction'*  being  the  limiting  behavior 
at  higher  Cu  coverages.  However,  bccau.se  I\  increases  rap¬ 
idly  with  Co  thickness/  '^  any  effects  due  to  a  change  in  7( 
should  be  more  pronounced  for  films  with  a  thickness  of 
l.iJ,.  than  for  those  ot  1.7d,. ;  our  findings  show  a  similar 
behavior  for  all  Co  thicknesses.  We  can  therefore  rule  out 
changes  in  the  Curie  temperature  us  a  possible  mechanism 
for  the  enhancement  in  loop  amplitude  we  observe. 

At  present  we  cannot  rule  out  the  possibility  that  the 
deposition  of  small  amounts  of  Cu  acts  like  a  "surfactant,” 
improving  the  .riruelural  quality  of  the  film.  This  is  suggested 
by  the  almost  perfectly  square  loop  shown  in  Fig.  1(b)  for 
0.2  ML  Cu  coverage.  However,  further  Cu  deposition  causes 
the  loop  to  become  less  square,  which  contradicts  this  expla¬ 
nation  at  higher  thiekne.sses.  Also  the  peak  enhancement  is 
difficult  to  explain  via  surfactant  cfl'ect.  It  is  also  possible 
that  the  Cu  overlayer  affects  magnetic  domain  pinning  or 
domain  wall  energies. 

In  our  opinion,  the  most  likely  mechanism  for  the  behav¬ 
ior  we  observe  is  that  the  evolving  interface  electronic  struc¬ 
ture  influences  the  magnetic  properties  (anisotropy  in  par¬ 
ticular).  Recent  calculations  by  Freeman'*’  show  that  the 
presence  of  a  Cu  overlayer  considerably  influences  the  mag¬ 
netism  of  fee  Co/Cu(0()l).  The  anomalous  anisotropy  behav¬ 
ior  observed  by  Engel  ct  is  believed  to  arise  from  the 
interface  electronic  structure,  although  we  note  that  in  this 
case  the  maximum  effect  is  obtained  for  a  nonmagnetic  over- 
layer  thickness  of  around  0.8  ML.  In  our  view,  the  signifi¬ 
cance  of  the  preseni  work  is  that  it  implies  that  “anomalous” 
interface-induced  changes  in  the  magnetic  properties  may 
also  occur  for  films  with  planar  anisotropy,  suggesting  that  a 
common  mechanism  may  apply  in  both  cases. 
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IV.  SUMMARY 


In  summary,  we  have  observed  a  nonmonotonic  depen¬ 
dence  of  i.,agnetic  properties  of  ultrathin  Co/Cu(001)  films 
upon  coaling  with  submonolayers  of  Cu  that  may  originate  in 
the  electronic  structure  of  the  interface.  Most  important,  we 
report  an  enhancement  of  the  magneto-optical  signal  upon 
deposition  of  0.2  ML  Cu.  Surprisingly,  these  observations 
suggest  that  features  analogous  to  the  anomalous  anisotropy 
in  perpendicular  Co/Pd(lll)  films^  '’  also  occur  in  the  in¬ 
plane  Co/Cu(001)  system.  These  results  emphasize  the  im¬ 
portance  of  the  interaction  between  the  substrate  and  the 
magnetic  layer,  which  can  give  rise  to  striking  and  largely 
unexplored  effects  in  the  submonolaycr  range. 
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The  effect  of  substrates  on  the  magnetic  properties  has  been  studied  for  Co  and  Fc  films  both  on 
AI2O3  (1120)  and  MgO  (001)  substrates  by  using  ferromagnetic  resonance  techniques.  For  Fe(OOl)/ 
MgO(OOl)  samples  the  thickness  dependence  of  the  magnetocrystalline  constant  and  of  the  effective 
magnetization  values  have  been  determined  from  the  in-plane  angular  variation  of  the  resonance 
field  //(,.  Different  reasons  for  the  thickness  dependencies  of  these  parameters  are  discussed.  For 
Co(l  1  U/AFOid  120)  the  angular  variation  of //,|  exhibits  an  uniaxial  anisotropy,  for  which  several 


causes  are  discussed.  For  Co(  1 120)/MgO(  100)  a  four- 
is  due  to  the  twinned  structure  of  these  samples. 


I.  INTRODUCTION 

Magnetic  properties  of  thin  films  are  affected  to  a  'arge 
degree  by  interfacial  effects  arising  from  the  interaction  of 
the  film  with  the  substrate.  Understtinding  these  interface 
anisotropies  in  thin  ferromagnetic  layers  is  also  very  impor¬ 
tant  for  dealing  with  the  more  complex  problem  ol  magnetic 
multilayers  and  in  particular  with  the  analysis  of  exchange 
coupling.  Recently,  anisotropy  measurements  using  the  lon¬ 
gitudinal  Kerr  effect  were  curried  out  on  cobalt  films  grown 
by  molecular  beam  epitaxy  (MUF)'  and  on  iron  films  pre¬ 
pared  by  i'f  sputtering  techniques.’  For  ihe  observed  anisotro¬ 
pies  possible  sources  for  tite  film/substiate  interaction  were 
suggested,  However,  final  conclusions  can  only  he  drawn 
after  detailed  investigations  of  the  thickness  and  temperature 
dependences  of  the  anisotropy  hiive  been  carried  out.  It  is 
well  known  that  the  ferromagnetic  resonance  (FMR)  tech¬ 
nique  is  a  powerful  tool  lor  the  study  of  magnetic  anisotro¬ 
pies.  Here  we  report  the  results  of  it  l-MR  study  of  tire  in¬ 
plane  anisotrripy  of  Ci'  and  Fe  films  on  AI.O,  (11201  and 
MgO((K)l)  substrates  over  wide  temperature  imd  thickness 
ranges. 

II.  EXPERIMENT 

Cobalt  films  were  grown  by  MBF  techniques  on 
AbOidl^O)  and  Mg()(()01)  subsirates.  During  film  grvrwth 
the  substrate  temperature  was  held  constant  at  l\  -02(1  K  for 
the  sapphire  substrate  and  at  l\  .10(1  K  for  the  magnesium 
oxide  substrates.  The  sample  jrreparation  and  the  grrrwth 
conditions  are  described  in  more  detail  in  Ref.  Some  films 
were  exposed  later  to  high  temperatures  t47(i  Ki  at  a  hydro¬ 
gen  atmosphere  of  about  100  mm  llg.  For  one  sample  the 
effect  of  the  substrate  temperature  on  the  anisotropy  was  also 
examined. 

The  Fe  films  were  grown  by  rf  sputtering  on  Mg()(001 ) 
substrates  at  300  K  in  a  .Sxio  '  !>;,  pure  Ar  (‘W.OW'-;) 
plasma  with  a  growth  rate  of  0.1  A/s.  Further  details  are 
provided  in  Ref.  4.  In  order  to  prevent  oxidation,  the  iron 


fold  in-plane  anisotropy  was  observed  which 


films  were  covered  by  a  protective  gold  layer  of  40  A  thick¬ 
ness. 

The  structural  properties  of  films  were  studied  by  out-of¬ 
plane  and  in-plane  x-ray  .scattering  experiments.  It  should  be 
noted  that  the  structural  quality  of  our  rf  sputtered  films 
come  clo.se  to  the  quality  of  the  MBli  grown  epitaxial  films. 
The  epitaxial  relation  of  bee  F'e(ll)O)  on  fee  MgO(lOO)  fol¬ 
lows  the  4.S°  epitaxy  expected  from  the  bulk  lattice  con¬ 
stants.  i.e..  the  F'e|100)  in-plane  axis  is  parallel  to  the 
MgO[110l  axis.  Thin  Co  films  on  ADO,  (1120)  substrtitcs 
grow  in  ti  fee  or  hep  structure  depending  on  the  film  thick¬ 
ness  with  either  the  (lll)-axis  or  (0001)  pointing  perpen¬ 
dicular  to  the  film  plane.  C  o  films  on  MgOdOO)  substrates 
gi  'sv  in  the  hep  structure  with  the  ( 1 120)  plane  parallel  to  the 
film  plane. 

FMR  experiments  were  Ciirried  out  at  d.4  CiHz  in  the 
temperature  range  from  20  to  400  K.  I  he  iingular  dependen¬ 
cies  of  the  spectra  were  observed  with  both  the  dc  magnetic 
field  and  the  high  frequency  field  in  the  film  plane. 

III.  RESULTS 
A.  Fe/MgO 

The  results  of  the  FMR  measurements  were  analyzed 
using  |lie  standard  formalism  (see,  e.g..  Ref.  .S).  Magnetic 
free  energy  was  lakei,  consisting  of  a  Zeeman 
/■’/  A/// sin  r/cos(  (/>  </';/).  a  demagnetization  F p 

2-trM'  cos'/y.  and  a  magnetocrystalline  anisotropy  term 

/■',  K|isiir  20  t  sin'/y  sin'  2(A),  (1) 

where  tRO/t)  «UHi  dOt)  are  the  angles  of  the  magnetization 
M  (magnetic  field  //)  with  respect  to  the  film  normal  and  to 
the  A  axis  in  the  film  plane  (w  plane),  respectively.  In  our 
geometry  0^  v2. 

By  fitting  the  four-fold  angular  dependenee  of  the  reso¬ 
nance  field  position  //i,,  the  AnM  value  and  the  cubic  an¬ 
isotropy  cons’  int  K I  were  determined.  In  Fig.  1  is  plotted 
as  a  function  of  the  reciprocal  film  thickness  /,  '  and  in  Fig. 
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FIG.  1.  The  anisotropy  constant  Ai,  for  Fc((l()l)  on  MgO(()()l)  plotted  as  a 
function  of  reciprocal  Fc  Hint  thickness  and  for  different  temperatures. 

2  4ttM  is  plotted  as  a  function  of  temperature  and  for  the 
different  film  thicknesses.  These  data  clearly  show  a  thick¬ 
ness  dependence  of  K  |  and  of  4  ttM  . 

The  thickness  dependence  of  may  be  caused  by  the 
epitaxial  misfit  between  film  and  substrate.  If  the  epitaxial 
stress  is  located  within  a  few  atomic  layers  near  the  interface, 
we  expect  Af|  to  vary  inversely  proportional  with  the  film 
thickness  because  K^  represents  the  volume  density  of  the 
anisotropy  energy.  X-ray  scans  from  these  films  revealed 
structural  features  which  are  consistent  with  this 
interpretation."* 

The  thickness  dependence  of  4  nM  comes  as  a  surprise, 
at  least  for  the  thickness  range  studied  here.  However,  it 
should  be  stressed  that  our  t-MR  experiments  cannot  distin¬ 
guish  between  an  apparent  decrease  and  a  real  reduction  of 
the  saturation  moment  due  to  interface  effects.  The.se  possi¬ 
bilities  shall  be  discussed  in  the  following. 

An  apparent  renormalization  of  the  saturation  moment 
could  be  caused  by  epitaxial  misfit  stresses.  In  this  case  a 
term  accounting  for  the  magnetostriction  effects  should  be 
included  in  the  expression  for  the  free  energy.  The  angular 
dependence  of  this  contribution  is  similar  to  that  for  the  de¬ 
magnetization  term.  Therefore,  in  the  expression  for  the  free 


FIG.  2.  The  (cniperuture  depeiulencc  of  ihe  A-nM  viiluc  plollcil  for  ail  sMkI 
icd  sampic.s. 


energy  the  effective  value  47rA/..ff  should  be  used.  Evaluat¬ 
ing  the  contribution  from  the  magnetostriction  effect  to 
47rA/„ff,  the  correct  sign  is  recovered,  but  the  magnitude  is 
far  from  being  able  to  explain  the  reduction. 

A  more  important  contribution  to  the  apparent  reduction 
of  may  come  from  the  axial  crystal  field  generated 

by  interfaces.  This  uniaxial  anisotropy  field  leads  to  perpen¬ 
dicular  anisotropy  of  thin  films. ^  Estimates  show  that  this 
reason  is  partly  responsible  for  the  apparent  reduction  of 
4-rrM^(f  as  observed  by  FMR. 

At  this  point  we  would  like  to  discuss  the  possibilities 
for  a  real  reduction  of  the  net  magnetic  moment.  Early  ob¬ 
servations  of  moment  reductions  in  rather  thick  films'*  could 
be  discarded  because  of  oxide  formations  on  film  surfaces 
resulting  in  “dead  layers’"  (see,  e.g..  Ref.  9).  However,  this 
seems  not  to  be  the  case  here  because  of  the  use  of  a  protec¬ 
tive  gold  layer.  From  a  theoretical  point  of  view,  band  struc¬ 
ture  calculations  lead,  in  general,  to  moment  enhancements 
at  (inter)surfaccs  due  to  hand  narrowing  effects  (see,  c.g., 
Refs.  10  and  II).  However,  in  these  calculations,  possible 
quantum  fluctuation  effects  of  the  local  moments  cannot  be 
incorporated.  They  are  important  at  real  interfaces  resulting 
from  random  anisotropy  fields  and  changes  of  the  sign  of  the 
exchange  coupling.  In  our  case,  for  instance,  antiferromag- 
iiclic  (super)cxchungc  interaction  between  Fe  spins  via  oxy¬ 
gen  ions  at  the  Fe/MgO  interface  can  be  expected.  Then  the 
ground  slate  would  not  correspond  to  a  fully  saturated  ferro¬ 
magnetic  moment  of  the  film.  Strong  frustrations  of  the  ex¬ 
change  coupling  may  even  lead  to  .some  canting  of  the  spins 
near  the  surface  or  interface  ("surface  magnetic 
reconstruction'"'''"). 

B.  Co/  AI2O3 

FMR  measurements  on  the  angular  variation  of  the  reso¬ 
nance  field  //()  showed  a  uniaxial  in-plane  anisotropy,  which 
can  be  described  by  the  free  energy: 

/•'(  -A'l  .sin'V(  ^ -  sin"'  (HK„/2)s\n~  llcos2</f.  (2) 

Figure  ^  sfiows  the  temperature  dependenee  of  the  in¬ 
plane  uniaxial  anisotropy  field  fur  two  samples 

with  /(„=- 121)  A  and  A,  For  the  f(„  - 120  A  thick 

sample  tin'  //„  value  increases  with  decreasing  temperature, 
whereas  1  .r  the  sample  with  /(■„-. "^.SO  A,  //„  is  reduced  as 
compare  to  the  thinner  sample  and  is  nearly  temperature 
independent.  After  annealing  the  thin  sample  in  a  hydrogen 
atmosphere,  the  //„  value  drops  and  approaches  the  //„  value 
for  the  thick  sample.  Moreover,  we  nolieed  that  lowering  the 
substrate  temperature  during  film  growth  has  the  effect  of 
decreasing  the  //„  and  its  temperature  dependence  seems  to 
disappear. 

From  these  observations  at  least  two  contributions  to  tiie 
uniaxial  anisotropy  can  be  inferred.  The  <eniperature  depen¬ 
dent  part  may  be  caused  by  strains  arising  from  the  differ¬ 
ence  in  thermal  expansion  coefficients  of  the  substrate  and 
the  film.  This  part  depends  on  the  growth  temperature  and 
decreases  after  annealing  al  temperatures  lower  than  the 
growth  temperature.  The  temperature  independent  part  may 
be  due  to  internal  oxidation  of  (  0  alums  along  the  oxygen 
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FIG.  3.  The  temperature  dependence  of  the  in-plane  uniaxial  anisotropy  field 
—  shown  for  two  samples  of  Co(lll)/  Al2Or(1120)  with  film 

thicknesses  (f„  =  12(l  A  and  (f-,, =3.5(1  A.  In  addition,  the  data  for  the  thinner 
sample  are  shown  before  and  after  annealing. 

chains  on  the  Al20t  (1120)  surface  as  was  suggested  in  Ref. 
2,  or  due  to  the  existence  of  an  array  of  steps  on  the  surface 
of  the  substrate  which  cieates  uniaxial  in-plane  anisotropy,  as 
observed  by  Heinrich  el  a!. 

C.  Co/MgO 

The  in-plane  angular  variation  of  the  FMR  resonance 
field  clearly  exhibits  a  four-fold  ani.sotropy  for  Co  on 
MgO((H)l)  similar  to  anisotropies  usually  observed  for  cubic 
crystals  in  the  (1(H))  plane.  In  conltasl  to  I’e,  the  Co  films 
have  hep  ( 1 12(1)  orientation  with  (he  c  axis  in  the  film  plane. 
By  surface  x-ray  scattering  methods  it  was  established  that 
the  Co  films  on  MgO  exhibit  a  twinned  structure  with  the 
c-axis  oriented  parallel  to  the  MgOl  KKIJ  and  MgOjOlOj  di¬ 
rections.  This  twin  structure,  in  turn,  causes  an  apparent  four¬ 
fold  structural  and  hence  a  four-fold  magnetic  in-plane  an¬ 
isotropy.  It  can  be  supixtsed  that  the  strong  exchange 
interaction  provides  the  coupled  uniform  motion  of  moments 
of  different  crystal  domains,  thus  generating  a  single  I'MR- 
resonance  line.  For  the  anisotropy  contributions  of  the  two 
crystallographic  domains  the  averaged  mtignetocryslalline 
term  can  be  written  as: 

-  \  (K^  +  2K2)s\ivO+  ',K:  sm''0 

-f  j/Ci  siri''t/  co;  4</>.  (.1) 

Here  K  |  and  are  the  lirst-  and  second-order  uniaxial  mag- 
netoerystalline  anisotropy  eonstants.  In  this  case  the  values 
measured  in  FMR  are  Att/V/ +//,, , -( //^,,/2  tmd  /f.,, 
(  =  A)  /M  and  2  =  Ai  /iW).  If  for  4ttM  the  bulk  value 

is  assumed,  a  ncgiitivc  value  for  is  obtained,  indicating 


that  AirM  is  reduced.  This  reduction  is  most  likely  due  to  the 
reasons  already  discussed  above  for  the  case  of  Fe/MgO. 

IV.  CONCLUSIONS 

FMR  measurements  of  MBE  grown  Co  films  and  of  rf 
sputtered  Fe  films  on  the  AI2O3  (1120)  and  MgO  (001)  sub¬ 
strates  have  been  performed  over  a  wide  temperature  range 
and  for  several  film  thicknesses.  For  all  studied  systems, 
film/substrate  interactions  were  detected.  The  particular  an¬ 
isotropy  observed  depends  on  the  specific  substrate  material 
chosen  and  on  the  preparation  conditions  such  as  substrate 
temperature  during  growth.  Thus,  for  iron  films  on  the 
MgO(OOl)  substrates,  a  reduction  of  the  value  in 

comparison  to  the  bulk  saturation  moment  was  observed 
with  decreasing  thickness.  It  was  argued  that  this  effect  may 
possibly  be  caused  by  surface  contributions  to  the  out-of¬ 
plane  axial  anisotropy.  An  additional  contribution  may  come 
form  an  interface  reduction  of  the  saturation  moment.  In  the 
case  of  C0/AI2O3  samples  with  the  Co  fee  [111]  axis  perpen¬ 
dicular  to  the  film  plane  a  strong  and  unexpected  uniaxial 
in-planc  anisotropy  was  observed.  This  anisotropy  probably 
arises  in  part  from  the  difference  of  the  thermal  expansion 
coefficients  of  the  film  and  the  substrate  and  in  part  from  the 
oxidation  of  Co  along  oxygen  chains  on  the  AFOidlio) 
surface  or  from  .step  arrangement  on  the  surface  of  the  sub¬ 
strate.  Finally,  tor  Co  films  on  MgO(()()l)  substrates  a  four¬ 
fold  in-planc  anisotropy  v;as  observed  due  to  the  twinned 
hep  structure  of  the  film  and  a  decrease  of  the  value 

was  obtained  resembling  the  Fe/MgO  system. 
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The  relationship  between  the  microstructure  and  magnetic  properties 
of  sputtered  Co/Pt  multilayer  films  (abstract) 

Y.  H.  Kim,  Amanda  K,  Petford-Long,  and  J.  P.  Jakubovics 
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Co/Pd  multilayer  films  (MLFs)  arc  of  interest  because  of  their  potential  application  as  high-density 
magneto-optical  recording  media.  Co/Pd  MLFs  with  varying  Co  and  Pd  layer  thicknesses  were 
grown  by  sputter-deposition  onto  (100)  Si  wafers.  X-ray  diffraction  and  high  resolution  electron 
microscopy  were  used  to  study  the  microstructure  of  the  films,  and  Lorentz  microscopy  was  used  to 
analyze  their  magnetic  domain  structure.  The  films  show  an  fee  crystal  structure  with  a 
compromised  lattice  parameter  and  a  strong  (111)  crystallographic  texture  in  the  growth  direction. 

The  compromised  interplanar  spacing  parallel  to  the  surface  increased  with  decreasing  thickness 
ratio  (/o/Om)’  ‘“''J  the  columnar  grain  size  decreased  with  increasing  Pd  layer  thickness.  Films  with 
/(■„=(). 35  nm  and  /|.(|  =  2.8  nni  (columnar  grain  diameter  20  nm)  showed  promising  magnetic 
properties,  namely  a  high  perpendicular  magnetic  anisotropy  (1.S5X10‘'  Jm  ’),  with  a 
perpendicular  coercivity  of  08.7  kA  m  a  perpendicular  rcmanencc  ratio  of  99%,  and  a 
perpendicular  coercivity  ratio  of  88%.  The  magnetic  domains  were  uniform  and  of  a  narrow  stripe 
type,  confirming  the  perpendicular  easy  axis  of  magnetization.  The  Curie  temperature  was  found  to 
be  about  430  °C.  Films  of  pure  Co  and  Pd,  grown  for  comparison,  also  showed  columitiir  grain 
structure  with  grain-size;;  of  the  same  order  as  those  seen  in  the  MLFs.  In  addition  the  Pd  films 
showed  a  (111)  textured  fee  structure. 
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Identification  of  magnetoeiastic  and  magnetocrystaiiine  anisotropy 
contributions  in  uitrathin  epitaxial  Co(110)  films  (abstract) 

J.  Fassbender,  Ch.  Mathieu,  B.  Hillebrands,  and  G.  Guntherodt 

2.  Physikalischcs  In.siilut,  RWTH  Atichen,  S20S6  Aachi'ii,  Germany 

R.  Jungblut  and  M.  T.  Johnson 

Philips  Research  Laboratories,  Prof.  Uolsllaaii  4,  5656  A/\  Eindhoven.  The  Netherlands 

Magnetic  anisotropies  of  uitrathin  transition-metal  films  arc  inherently  related  to  their  structural 
properties.  In  uitrathin  films  the  large  fraction  of  atoms  located  at  the  film  interface  generates  strong 
interface  anisotropies,  whereas  elastic  strain  fields  caused  by  the  forced  registry  of  atoms  at  the 
substrate/film  interface  induce  magnetoeiastic  anisotropy  contributions.'"'  So  far  the  experimental 
confirmation  of  the  transition  from  these  thin-filni  properties  to  bulk  anisotropy  properties, 
characterized  by  a  dominating  magnetocrystaiiine  ani.sotropy,  has  not  yet  been  presented.  Magnetic 
anisotropies  reflect,  depending  on  their  origin,  both  the  crystallographic  symmetry  and  the 
symmetry  of  the  film  geometry.  For  a  clear  sepr.-ation  between  magnetoeiastic,  magnetocrystaiiine 
and  Neel-type  interface  anisotropy  contributions,  the  film  symmetry  and  thickness  must  be  chosen 
such  that  the  respective  different  anisotropy  contributions  appear  with  different  symmetries  and  film 
thickness  dependencies.  This  is  the  case  for  ( I  l())-oricnted  fee  Co  films.  In  the  present  study  we  use 
the  Brillouin  light-scattering  technique  for  the  determination  of  the  anisotropy  contributions.  An 
analysis  of  the  spin-wave  frequency  measured  as  a  function  of  the  in-plane  direction  of  the  external 
field  and  the  film  thickness  yields  information  about  all  relevant  ani.sotropies.  The  samples  used 
were  molecular-beam-epitaxy  grown  in  ultraliigh  vacuum.  Onto  a  Cu  (I  lO)  single-crystal  substrate 
a  wedge-type  sample  and  two  staircase-shaped  samples  with  distinct  thicknesses  in  the  range  of 
8-lU)  A  were  grown.  To  obtain  symmetric  Co/Cu  interfaces  the  Co  layers  were  covered  with  a  12 
A  Cu  layer.  Finally,  a  2b-A-thick  Au  protective  layer  was  deposited.  Low-energy 
eleetron-difTraction  studies  were  used  to  obtain  the  structural  data  of  the  films.  All  relevant 
anisotropy  contributions — the  magnetocrystaiiine  anhsotropy,  and  the  uniaxial  in-plane  and 
out-of'planc  anisotropy  contributions — were  determined.  Three  different  anisotropy  regimes  are 
observed  as  a  function  of  the  Co  layer  thickness  </(■„.  This  thickness  regime  up  to  1."^  A  is  dominated 
by  the  magnetoeiastic  anisotropy  contributions  as  a  result  of  the  p.seudomorphic  film  growth  of  the 
Co  layer.  For  Co  layer  thicknesses  larger  than  LI  A  we  find  a  reduction  of  the  magnetoeiastic 
anisotropy  contributions.  This  is  structurally  correlated  to  an  anisotropic  relaxation  of  the  in-plane 
Co  lattice  constant.  In  the  reginte  of  d(„>5!)  A  we  observe  a  thickiie.ss-independent  value  for  the 
magnetocrystaiiine  anisotropy  eontribution  K|  =  -8.5X  ]()■'  erg/cm'.  Thi.s  anisotropy  contribution 
is  largely  suppressed  for  (/(„<.'!()  A.  This  finding  might  either  indicate  a  breakdown  of  the  usually 
postulated  linear  superposition  principle  of  magnetic  anisotropy  contributions  to  the  free  anisotropy 
energy,  or  it  might  point  to  a  subtle  modification  of  the  electronic  band  structure.  At  the  onset  of  the 
magnetocrystaiiine  anisotropy  we  find  a  change  in  the  easy  magnetization  direction  from  (001)  for 
thin  Co  films  to  (111)  I'or  thicker  ones.  Frn-  a  more  detailed  discussion  see  Ref.  4. 
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Nature  of  half-metallic  ferromagnets:  Transport  studies 

J.  S.  Moodera  and  D.  M.  Mootoo 

Francis  Bitter  National  Maf’nel  Laboratory,  Massachusetts  Institute  of  Technology,  Cambridge, 
Massachusetts  02139-4307 

The  half-metallic  ferromagnetic  compounds  due  to  the  absence  of  states  at  /:/■  for  minority  spin 
electrons,  as  predicted  by  band  theory,  should  exhibit  unique  features  in  their  transport  properties. 
Transport  measurements  conducted  as  a  function  of  T  and  H  for  NiMnSb  and  PtMnSb  thin  lilms 
show  interesting  behavior.  In  //  =  0,  the  resistivity  versus  T  shows  the  absence  of  the  7  "  dependence 
at  low  temperature  found  in  ferromagnets  such  as  Fc.  Ni,  etc.  The  Hall  constant  increases 
significantly  below  about  100  K  for  both  compounds;  NiMnSb  shows  a  factor  of  seven  increase. 
Transvcr.se  magnetoresistance  changes  sign  between  295  and  4.2  K.  Transport  data  seem  to  imply 
a  drop  in  the  carrier  density  and  a  large  increase  in  their  mobility  at  low  temperatures,  which  is 
consistent  with  zero  density  of  states  for  minority  spins  at  E,.  ,  but  additional  measurements  are 


needed  to  clarify  theoretical  understanding. 


I.  INTRODUCTION 

The  prediction  of  an  energy  gap  for  the  minority  spin 
carriers  at  the  Fermi  level  {Eg)  in  certain  Heusler  alloys  has 
not  yet  been  verified.'  Such  materials  have  been  called  as 
half-metallic  ferromagnets,  in  that  only  majority  spin  carriers 
occupy  the  Fermi  level,  leading  to  100%  polarized  conduc¬ 
tion  electrons.  Among  several  compounds  which  may  be 
classified  as  HMF,  NiMnSb,  and  PtMnSb  are  the  two  com¬ 
pounds  that  have  been  studied  the  most.^‘‘*  However,  very 
limited  transport  measurements  have  been  carried  out.  The 
study  on  polycrystal  and  single-crystal  bulk  .samples  of 
NiMnSb  and  PtMnSb  by  Otto  et  al.^  covers  the  resistivity 
and  Hall-effect  measurements  in  the  whole  temperature 
range,  from  the  ferromagnetic  Curie  temperature  to  the 
liquid-helium  range.  However,  detailed  temperature  variation 
of  p  at  low  T  is  lacking.  For  normal  ferromagnets  such  as  Fc, 
Ni,  and  Co  near  liquid-helium  temperatures,  p  varies  as 
due  to  spin  flip  scattering  of  charge  carriers  by  magnons.''*’ 
In  the  case  of  an  HMF  material  the  absence  of  spin-down 
states  at  Eg  is  expected  to  change  the  character  of  spin  scat¬ 
tering,  leading  to  the  absence  of  spin  Hip  scattering  for  the 
majority  spin  carriers,  with  p  vs  T  not  showing  T"  depen¬ 
dence  at  low  temperatures.  The  ultimate  test  of  the  theoreti¬ 
cal  prediction  is  the  direct  measurement  of  spin  polarization 
of  conduction  electrons  which  can  be  performed  by  spin- 
polarized  tunneling  technique.  In  order  to  carry  out  tunnel¬ 
ing,  thin  films  are  orders  of  magnitude  better  than  .single 
crystals  for  preparing  planar  tunnel  junctions.  In  addition, 
careful  transport  measurements  can  be  performed  with  rela¬ 
tive  case  and  sensitivity.  In  this  paper  wc  concentrate  on  the 
magnetotransport  properties  of  thin  films  of  NiMnSb  and 
PtMnSb  compounds. 

II.  EXPERIMENTAL 

Thin  films  of  NiMnSb  and  PtMnSb  were  prepared  by 
three-source  coevaporation  on  glass  substrates  held  at  450- 


500  °C.  After  annealing  these  films  at  the  deposition  tem¬ 
peratures  for  20  min,  they  were  cooled  to  room  temperature 
by  turning  off  the  heater.  Films  were  analyzed  by  x-ray  dif¬ 
fraction,  FDX,  and  Auger  depth  profiling  to  confirm  the  for¬ 
mation  of  correct  phase  and  chemical  composition.  Film  sur¬ 
faces  .showed  nonstoichiometry  down  to  several  tens  of  A 
and  beyond  that,  1:1:1  ratio  of  the  three  elements  were  ob- 
.served  within  the  accuracy  of  the  Auger  analysis.  In  order  to 
prepare  tunnel  junctions  over  these  films  the  surface  was 
cleaned  by  Ar  ions  at  sliallow  incident  angle  and  immedi¬ 
ately  covered  with  AHOj  by  sputtering  onto  these  films  using 
a  .sapphire  target.  Aluminum  thin  films,  40  A  thick,  served  as 
the  lop  electrode.  Tunnel  junction  preparation  was  carried 
out  in  a  modified  ion  milling  system.  Optimum  conditions 
for  obtaining  useful  junctions  arc  yet  to  be  found. 

Magnetotransport  measurements  of  the.se  films  were  cur¬ 
ried  ouf  in  the  femperature  range  of  300-1.1  K  and  applied 
magnetic  field  up  to  20  T,  using  a  water-cooled  Bitter  mag¬ 
net.  Results  of  these  measurements  are  presented  below. 

III.  RESULTS  AND  DISCUSSION 

For  both  NiMnSb  and  PtMnSb  the  resistivity  decreased 
with  temperature  as  shown  in  Fig.  1.  For  these  films  p  at  300 
K  is  higher  than  that  reported  by  Otto  et  al.^  for  single  crys¬ 
tals  of  NiMnSb  and  PtMnSb.  In  die  case  of  NiMnSb,  p  de¬ 
creases  more  rapidly  below  about  100  K,  whereas  PtMnSb 
shows  a  nearly  uniform  drop  in  p.  Detailed  low-tcmperaturc 
variation  of  resistance  for  both  compounds  is  shown  in  Fig. 
2.  Below  -  15  K  the  resistance  decreased  linearly  with  tem¬ 
perature.  This  is  different  from  the  T"  dependence  of  p  ob¬ 
served  for  normal  ferromagnets  such  as  Fe,  Ni,  and  Co  in 
this  temperature  range,''  and  also  observed  by  us  for  a  pure 
Fc  film  prepared  under  similar  conditions  as  used  for 
NiMnSb  and  PtMnSb  films. 

Transverse  magnetorcsistance  of  both  PlMtaSb  and 
NiMn.Sb  films  was  negative  at  295  K,  all  the  way  to  20  T.  At 
liquid-helium  temperatures  it  changed  to  a  positive  value  for 
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FIG.  1.  Temperature  variation  of  resistivity  for  NiMiiSli  and  PtMiiSb  com¬ 
pound  thin  films.  Note  the  rapid  drop  in  resistivity  below  —100  K  for 
NiMiiSb. 


FIG.  3.  Transverse  maRiietoresislance  of  NiMnSb  and  PtMnSb  in  high  ap¬ 
plied  magnetic  fields. 


NiMnSb,  the  change  occurring  below  ~50  K.  However,  in 
the  ease  of  PtMnSb,  at  lov/  temperatures,  magnetoresistance 
started  out  negative  and  then  increased  with  increasing  H 
beyond  ~7-8  T.  These  results  are  shown  in  Fig.  3.  Both 


films  showed  a  decrease  in  resistance  from  0  to  ~  1  tesla  at 
all  temperatures,  expected  for  a  ferromagnetic  films  in  a  field 
due  to  the  buildup  of  magnetization.  PtMnSb  lias  higher  val 
ues  of  compared  to  NiMnSb. 
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FIG.  2.  Detailed  temperature  dependence  of  resistance  for  NiMnSb  and 
PtMnSb  compound  thin  films  at  low  temperatures,  showing  linear  depen¬ 
dence.  Lines  through  the  data  points  are  linear  fits. 


FIG.  4.  Mall  coefficient  (in  units  of  1(1  ni'  A  'S')  variation  as  a  func¬ 
tion  of  temperature  for  NiMnSb  and  PlMnSb  lilms. 
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The  Hall  effect,  as  expected  for  a  ferromagnetic  mate- 
■■ial,  showed  two  components  as  a  function  of  applied  mag 
netic  field.  In  fields  up  to  —1  T,  a  large  anomalous  Hall 
voltage  was  observed  and  beyond  which  the  ordinary  Hall 
voltage  (positive)  increased  linearly  w'lh  H .  The  anomalous 
part  decreased  as  T  decreased,  consistent  with  an  increase  in 
the  film  magnetization.  Ordinary  Hall  constant  (/?„)  plotted 
in  Fig.  4  as  a  function  of  T  shows  a  small  increase  down  to 
—100  K,  below  which  it  increases  significantly  by  about 
20%  for  PtMnSb  and  by  a  factor  of  7  in  the  case  of  NiMnSb. 
Similar  behavior  was  observed  earlier  by  Otto  et  «/.  '  in  poly¬ 
crystalline  bulk  samples. 

The  transport  properties  of  the  above  HMF  compounds 
thus  show  unique  features.  There  arc  no  theoretical  models  to 
explain  this  behavior.  The  temperature  variation  of  p  is  inter¬ 
esting,  particularly  the  linear  dependence  ol  p  vs  7 .  Accord¬ 
ing  to  theoretical  prediction,  if  there  arc  no  spin-down  states 
at  E,;,  then  spin  flip  scattering  for  spin-up  charge  carriers 
due  to  magnons  is  forbidden.  This  will  lead  to  the  absence  of 
dependence  of  p  and  to  an  increase  in  the  mobility  of  the 
charge  carriers.  Since  the  Curie  temperature  of  PtMnSb  and 
NiMnSb  are  582  and  730  K,  respectively,"  one  may  not  ex¬ 
pect  many  magnons  at  near-heli:im  temperatures.  This  means 
absence  of  dependence  of  p  does  not  provide  conclusive 
proof  for  the  absence  of  spin-down  states  at  In  addition, 
scattering  processes  such  as  electron-phonon,  electron- 
electron,  etc.,  can  give  rise  to  nontrivial  p-T  dependence. 
However,  ordinary  Hall  coefficient  increase  by  a  large 
amount  as  T  decreases  shows  significant  changes  in  the  car¬ 
rier  concentration  and  mobility.  Caution  should  be  exercLsed 
in  the  above  interpretation  since  in  NiMnSb,  for  example,  the 
Fermi  surface  consists  of  three  hole  sheets  and  parts  of  it  are 
electron-like. ‘  In  any  case,  a  factor  of  seven  increase  in 
foi  NiMnSb  indicates  a  decrease  in  the  carrier  density  at  low 
temperature.  The  mobility  also  has  to  increase  considerably 
in  order  to  explain  the  drop  in  the  resistivity  in  tire  same 
temperature  region.  Between  4.2  and  295  K  the  saturation 
magnetization  does  not  change  more  than  5%-6%  for  NMS. 
Within  limits,  the  above  ad  hoc  interpretation  of  the  Hall  and 
resistivity  data  appears  to  be  consistent  with  the  prediction  of 
a  gap  for  minority  spin  carriers  at  Although  HMF  is  not 
qu'te  like  a  semiconductor,  transport  behavior  of  our  films  is 
somev.'hat  similar  to  that  seen  in  doped  or  narrow-gap  .semi¬ 
conductors.  If  the  minority  spin  gap  is  much  smaller  than  the 
predicted  0.5  eV  in  NiMnSb,  then  its  eTccts  can  be  realized 
only  at  lower  temperatures  where  thermal  activation  across 
the  gap  becomes  negligible.  Presence  of  small  quantities  of 


other  phase.s,  below  the  detection  limit  of  powder  x-ray  dif¬ 
fraction,  can  also  dilute  the  HMF  effect  in  these  materials. 
Negative  magnctorcsislance  at  higher  temperatures  for 
NiMnSb  may  be  interpreted  as  due  to  inelastic  s-d  scatter¬ 
ing,  which  reduces  to  negligible  values  at  low  temperatures, 
which  in  turn  is  due  to  reduced  thermal  fluctuations  and  to 
the  ab.scnce  of  spin-down  states  at  £,.-.  This  tentative  expla¬ 
nation  again  depends  on  the  presence  of  an  energy  gap  for 
minority  spin  carriers.  In  PtMnSb  the  corresponding  energy 
gap  is  even  smaller'  and  hence  the  effects  are  smaller.  The 
effect  .seen  in  the  transport  measurements  can  also  result 
from  a  structural  phase  transition  below  room  temperature. 
The  above  conjectures  need  more  support  from  further  stud¬ 
ies  on  these  compounds.  .  .rr  instance,  thermal  conductivity, 
specific  heat,  and  MOKE  measurements  as  a  function  of  tem¬ 
perature  and  magnetic  field  will  certainly  shed  more  light 
onto  the  nature  of  these  compounds.  In  addition,  structural 
.studies  below  room  temperature  are  necessary. 

IV.  CONCLUSIONS 

In  summary,  NiMnSb  and  PtMnSb  compound  thin  films 
show  interesting  temperature  changes  of  resi.stivity  and  Hall 
coefficient.  This  behavior  appears  to  be  consistent  with  the 
band  structure  calculation  for  these  half-metallic  compounds. 
However,  .study  of  other  properties  is  needed  to  confirm  the 
above  observation. 
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NiFe/oxide/Co  junctions  wcie  fabricated  by  magnetron  sputtering  for  studies  of  polarized  electron 
transport  across  the  insulating  barrier.  AUO^,  AI-AI2O3,  and  MgO  insulating  barriers  were  prepared 
with  junction  resistances  from  0.5  to  116  O.  The  I-V  characteristics  at  room  temperature  arc  linear. 

For  low  barrier  resistance,  the  magnetoresistance  of  the  structure  is  dominated  by  the  anisotropic 
magnetorcsistance  of  the  ferromagnetic  electrodes.  For  the  higher  barrier  resistances,  a  different 
magnetoresistance  effect  is  observed,  which  is  tentatively  related  to  tunneling  or  spin-valve  effects 
across  the  insulating  junction. 


m 


l^'ki 
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i.  INTRODUCTION 

Ferromagnetic/insulator/ferromagnetie  junctions  have 
been  studied  in  the  past'“'’  in  order  to  clarify  the  effect  of 
spin  polarization  on  the  tunneling  current  across  the  insulat¬ 
ing  barrier.  These  experiments  were  carried  out  at  low  tem¬ 
peratures  in  the  tunneling  regime  of  the  I-V  curve.  A  change 
in  the  junction  zero-bias  conductance  was  observed,  which 
depxmded  on  the  relative  magnetic  state  of  the  bottom  and 
lop  electrodes.  Due  to  the  relative  size  of  electrode  and  junc¬ 
tion  resistances,  the  magnetoresistance  (MR)  of  the  ferro¬ 
magnetic  electrode  was  neglected. 

Recently,'*  work  has  been  reported  on  NiFe/Al-AljOj/Co 
junctions.  These  authors  claim  spin-tunneling  effects  at  room 
temperature,  although  it  is  not  clear  how  the  MR  of  the  fer- 
iumagnetic  electrodes  was  avoided. 

In  this  paper  we  describe  a  study  of  NiFe/oxide/Co 
structures,  where  three  types  of  oxide  barriers  were  prepared, 
rcactively  sputtered  AI2O3  and  MgO,  and  thermally  oxidized 
Ai-Al203.  A  systematic  study  of  junction  resistance,  I-V 
characteristics,  oxide  structure,  and  magnetoresistance  be¬ 
havior  is  reported.  We  find  that  when  junction  resistance  is  of 
the  order  of  the  electrode  resistance,  electrode  MR  domi¬ 
nates.  For  junction  resistance  much  larger  than  electrode  re¬ 
sistance,  the  observed  magnetorcsistance  is  ascribed  to  tun¬ 
neling  across  the  oxide. 

il.  EXPERIMENTAL  METHOD 

The  samples  were  prepared  by  magnetron  sputtering  in  a 
sysien.  with  a  base  pressure  of  1 X 10  ’’  Torr.  The  ferromag¬ 
netic  and  insulating  layers  were  deposited  through  metallic 
masks  to  produce  the  cross  pattern  shown  in  Fig.  1(a).  The 
junction  has  an  active  area  of  1  mm'^,  and  the  oxide  layer  is 
deposited  through  a  circular  mask  with  a  diameter  of  5  mm 
in  order  to  prevent  shorts  between  the  top  and  bottom  elec¬ 
trodes.  The  ferromagnetic  electrodes  were  deposited  at  a  rate 
of  i  A/s  in  a  magnetic  field  of  100  Oe  to  induce  an  easy-axis 
direction  along  the  Nis|Fe,y  and  Co  bars, 

■['he  insulating  oxide  layers  were  prepared  by  thermal 
oxidation  of  a  metallic  A1  layer,  and  by  reactive  rf  sputtering 
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of  AI2O3  or  MgO  in  a  mixed  Ar/02  atmosphere,  containing 
2%-10%  O2  by  volume,  from  metallic  Al  and  Mg  targets. 
The  reactive  sputtering  of  the  oxide  layers  was  done  at  power 
densities  of  1  W/cm^,  rates  of  0.1 -0.2  A/s,  at  an  Ar  pressure 
of  1.5  mTorr.  In  the  thermal  oxidation  method,  a  thin  layer  of 
Al  was  deposited  on  top  of  the  NiFe  electrode.  The  sample 
was  brought  to  atmosphere  and  oxidized  in  air  for  36-100  h 
to  produce  an  AI-AI2O3  layer.  The  Co  layci  was  then  depos¬ 
ited.  Tile  oxide  tliickiiess  was  varied  from  25  to  300  A,  and 
electrode  thickness  was  either  400  or  1500  A. 

The  oxidation  process  was  studied  by  Rutherford  back- 
scattering  (RBS).  For  this  purpose  a  thin  Si(]0())/NiFe(5() 
A)/Al20j(f)/Co(5()  A)  structure  was  prepared  without  break¬ 
ing  vacuum.  Figure  2  shows  the  oxygen  content,  obtained  by 
RBS,  for  a  series  of  samples  with  various  AI2O3  thicknesses. 


Co  -  A 


Insulator 


^  Insulator  '  ' 


FKi.  1.  la)  Sclicnialic  Uiagraiii  o(  tin.'  fciromiigiicl/iiisulatoi/lcrrimii'gncl 
cross  structure;  (b)  cnlargcii  view  of  the  junction  area. 
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2.  Oxygen  emUent  tleteriniiKii  I'v  KUS  .inalvMv.  Itw  the  ie.»cHvol\ 
rf-s|)utlcrcd  Ali()<  juneliiMis.  The  synilH>ls  represent  diilerent  angles  ol  in 
cidcncc  of  the  iK’um  Irom  O'  to  7^' . 


The  oxygen  content  is  proportioiiiil  to  the  oxide  thickness, 
and  the  .slope  indicates  an  AliC),  stoichiometry.  Tlic  extrapo¬ 
lation  to  the  origin  corresponds  to  a  Nihe  oxide  layer  of  20 
A.  The  mea.sured  Oi  content  at  the  origin  is  due  to  the  SiO. 
native  layer  on  the  substrate.  The  main  conclusion  is  that 
during  the  initial  growth  of  the  AUO,  layer,  the  Nil-c  is  being 
oxidized. 

The  main  problem  with  the.se  thin  oxide  layers  is  the 
existence  of  pinholes,  leading  to  a  low  junction  resistance  of 
a  few  ohms.  Also,  the  junction  resistance  .sometimes  de¬ 
creases  significantly  at  current  densities  as  low  as  0. 1  A/cin‘. 
This  occurs  through  irreversible  dielectric  breakdown  taking 
place  for  fields  of  the  order  of  2X10'’  V/cm, 

III.  RESULTS  AND  DISCUSSION 

Table  I  summarizes  the  oxide  type  and  thicknesses  stud¬ 
ied,  and  the  measured  junction  and  electrode  resistances.  Tl’e 
junction  resistance  includes  both  insulator  and  electrode  re¬ 
sistances.  The  electrode  resistance  in  the  junction  area  was 
measured  using  the  same  geometry  us  shown  in  Fig.  1,  but 
without  the  oxide  layer.  A  simple  calculation  of  this  resis¬ 
tance  shows  that  most  of  the  cu'^rent  in  the  junction  area  is 
in-plane.  Notice  that  high  junction  resistances  were  ob.served 
only  for  MgO  barriers.  In  this  case,  junction  resistance  is 
about  800  times  higher  than  electrode  resistance.  For  the  A1 
oxides,  most  junction  resistances  are  of  the  order  of  the  elec¬ 
trode  resistance. 


TABLE  I.  Oxide  types,  thicknesses,  junction  rcsisliince,  and  electrode  rcsis- 
taiicc  in  thu  junction  urea. 
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I  Ki  r  Ma^^ell/atllln  iivsiiTisis  limp  lor  a  Nile/AI  AI.(),,<'o  structure 
with  the  liclil  applied  par.illel  to  the  Co  easy  axis  llonp  axis  ol  the  liar).  The 
arrows  show  the  relative  oiieiitation  ol  the  Nil  e  and  Co  tnapneU/atiotis. 


One  signature  used  lo  indicate  tunneling  is  a  nonlinear 
behavior  of  the  l-V  curve.  This  has  been  shown  at  low  tem¬ 
peratures  for  Fe/Ge/Co,'  and  Ni/NiO/(Ni.Fe,Co)  junctions. 
Our  I-V  characteristics  at  room  temperature  arc  linear  over 
four  orders  of  magnitude,  and  therefore  give  no  evidence  for 
tunneling  across  the  oxides. 

Another  signature  for  tunneling  across  an  insulating  bar¬ 
rier  comes  frtrtn  the  magnetoresistiince  measurement. 
Slonzceski’s  theory  for  spin  tunneling  across  an  insulating 
barrier’’  predicts  that  the  magnetoresistance  is  a  function  of 
the  cosine  of  tlic  angle  between  the  magnetizations  in  both 
electrode  layers.  In  Fig.  1  (b)  we  show  the  junction  structure 
under  study.  The  easy  axis  on  both  electrodes  arc  at  90°  to 
each  other,  such  that  we  will  always  have  one  of  the  layers  in 
a  hard  direction  when  the  field  is  applied  along  one  of  the 
electrode  bars.  With  this  structure,  one  of  the  magnetizations 
reverses  by  rotation,  therefore  producing  a  configuration 
where  the  angle  between  the  two  magnetizations  varies  from 
0°  to  180°. 

Figure  3  shows  the  hysteresis  loop  for  a 
NiFc/AI-AljOyCo  structure  where  the  electrode  thickne.ss  is 
400  A,  oxide  thickness  is  40  A,  and  the  junction  resistance  is 
1.0  li.  The  applied  field  is  parallel  to  the  Co  easy  axis.  The 
NiFc  is  bi  a  hard-axis  direction  and  should  start  reversing  at 
a  4  or  5  Oe  positive  field.  This  is  not  observed.  The  curve  is 
shifted  giving  rise  to  100%  rcmanence  at  H-().  This  may 
indicate  a  ferromagnetic  2-3  Oe  pinhole  coupling.  Between 
—5  and  —20  Oe  the  magnetizations  of  the  Co  and  NiFe 
layers  arc  antiparallel. 

Figures  4(a)-4(d)  show  the  magnetoresistance  behavior 
for  the  .same  sample,  for  different  orientations  of  the  applied 
field,  either  parallel  to  the  Co  easy  axis  (a),  parallel  to  the 
NiFe  easy  axis  (b),  or  at  ±45°  to  the  Co  easy  axis  (c)  and 
(d).  The  main  conclusion  of  these  results  is  that  the  observed 
MR  comes  from  the  anisotropic  magnetoresistance  produced 
by  the  in-plane  current  component  in  each  electrode  [see  Fig. 
1(b)].  In  Fig.  4(a)  the  Co  rever.ses  by  domain-wall  motion 
leading  to  no  AMR.  On  the  other  band,  the  NiFe  is  perpen¬ 
dicular  to  the  in-plaiic  current  component  at  saturation,  and 
becomes  parallel  at  near-zero  field,  leading  to  the  observed 
positive  AMR,  In  Fig.  4(b)  the  NiFe  now  reverses  by 
domain-wall  motion  (no  AMR),  and  the  Co  rotates  from  per- 
pcndinilar  to  the  iii-plane  eiirrem  at  saturation  to  parallel  to 
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donee  of  the  MK  eomes  from  the  anisotropic  inapneloiesisiance  ol  the  let-  I'Hi  >  Miij’iictotesislance  tot  a  Nil'c/MpO/Co  striietiire,  where  the  jnneiion 

romagnctic  electrodes.  Junction  resistance  is  ot  same  oidct  as  electrode  resi.stance  is  much  larper  than  elecitode  resistance.  No  AMK  is  observed, 

resistance. 


tiic  in-plano  current  at  zero  field.  The  definite  proof  of  AMR 
is  the  negative  magnetoresisiunce  found  in  Fig.  4(c).  where 
both  the  NiFe  and  Co  at  zero  (ield  liavc  .nagnelization  com¬ 
ponents  perpendicular  to  the  current.  This  rcstill  is  intl  unex¬ 
pected  since  in  this  sample  the  junction  resisltiiicc  is  1.0  il, 
which  is  of  the  order  of  the  electrode  resistaticc  in  the  junc¬ 
tion  area. 

On  the  other  hand,  on  one  of  the  NiF'e/MgO/Co  samples, 
the  junction  resistance  is  about  800  times  larger  tlian  the 
electrode  resistance,  and  it  is  now  possible  to  probe  the  junc¬ 
tion  MR.  In  this  case,  the  voltage  across  the  electrode  arms 
comes  mainly  from  the  junction.  Figure  5  shows  the  mea¬ 
sured  MR  signal,  for  an  electrode  thickness  of  1500  A  and 
oxide  thickness  of  150  A.  Contrary  to  the  sharp  por.itive  and 
negative  MR  peaks  shown  in  Fig.  4,  which  are  characteristic 
from  electrode  AMR,  Fig.  5  shows  essentially  positive  MR 
for  all  orientations.  In  Fig.  5(a)  plateaus  occur  in  the  MR  at 
low  lields,  when  the  magnetizations  of  the  electrodes  are 
antiparallcl.  This  geometry,  and  the  measured  hysteresis  loop 
is  similar  to  that  described  in  Fig.  .1.  These  MR  results  arc 
characteristic  of  tunneling  or  spin-valve  effects.'^'*' 

The  details  of  Figs.  5(b)  and  5(c)  are  not  yet  fully  un¬ 
derstood,  and  arc  being  investigated  with  respect  to  the  pos¬ 


sible  exchange  coupling  between  MgO  and  the  NiFe  or  Co 
layers,  and  the  formalion  of  magnetic  oxide  compounds  at 
the  interfaces.  When  dielectric  breakdown  occurred  in  this 
same  sample,  and  junction  resistance  dropped  to  3,5  li,  the 
clcctiode  AMR  became  comparable  li>  the  junction  signal. 
Again,  wc  emphasize  that  the  MgO  junctions  show  linear 
/-V  curves  at  room  temperature.  This  may  indicate  tlial  the 
ob.served  MR  has  a  different  origin  than  tunneling. 

The  main  conclusion  of  tliis  study  is  that  further  work  is 
needed  in  order  to  produce  stable,  high-resistive  junctions, 
with  high  dielectric  breakdown.  Only  in  this  case  can  llie 
junction  contribution  to  the  perpendicular  MR  he  measured. 
Whether  tunneling  effects  across  insulating  layers  can  be  ob¬ 
served  at  room  temperature,  remains  an  open  question, 
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The  fliiinjiLS  in  Ihc  iL-sisiivii\  lichavioi  ol  mciallii'  jilass  arc  reported  as  a 

lunetion  ol  Mu  suhsliluliun  (a  I),  d.  4,  and  (i)  lur  Ni  at  leinperalurcs  hclween  300  and  1.5  K. 


The  lemperalure  dependence  ul'  ihe  resistivity  ul  inar.y 
niagnetie  and  nuninaj’itetic  inelallie  glasses  below  room  tem¬ 
perature  results  I'rom  a  number  ol  seatiering  meehanisnis. 
and  loeali/ation  and  Coulomb  interaction  et'lccls  in  Ihe 
highly  disordered  structures.  Metallic  glasses  with  b'e-rieh 
composition  based  on  b'exnlTc  and  bcKdlTn  ,Si,,  which  are 
ferromagnetic,  normally  show  a  positive  temperature  eoefli- 
cient  of  resistivity  (TCR)  at  room  temperature,  and  their  re¬ 
sistivity  exhibits  a  minimum  in  its  value  usually  at  a  tem¬ 
perature  (7’,„||,)  below  20  K.  Addition  of  Ni  or  Co  for  be  in 
such  systems  docs  not  shift  very  much  but  addition  of 
Cr  or  Mn  does  change  the  resistivity  substantially  as  far  as 

is  concerned.  It  is  known  tliat  a  substitution  of  Mo.  a 
nonmagnetic  metal,  reduces  the  Curie  temperature  (7'f  )  of 
FeH,)B2(i  (Ref,  1)  and  (Fc,  ,Mov)75P|,,B(,Al2  (Ref.  2)  appre¬ 
ciably,  the  effect  of  Mo  being  more  drastic  in  the  latter  glass. 
On  die  other  hand,  substitution  of  Mo  in  a  metallic  glass  like 
Fc7,)Ni|2B,(,Si2  does  not  change  7V  and  magnetic  properties 
us  much  as  in  the  above  two  mentioned  metallic  glasses,'^ 
The  similarity  of  inagiictic  properties  of  Cr  and  Mo  substi¬ 
tuted  Fe-B-Si  glasses  has  motivated  us  to  investigate  whether 
a  similarity  in  the  resistivity  behavior  also  exists  in  these  two 
types  of  glasses.  We  present  measurements  of  the  resistivity 
of  the  metallic  glass  system  Fe7,)Ni|2.  ,Mo,B,f,Si2.  These 
glasses  remain  ferromagnetic  at  room  temperature  (RT)  and 
below  even  for  A‘=b.  We  compare  the  results  with  those  re¬ 
ported  for  Cr  substitution  in  ferromagnetic  glasses  and  dis¬ 
cuss  them  qualitatively. 

Fc7„Ni|2  ,Mo,.B|,,Si2  samples  (SO,  S2,  S4,  and  Sb,  cor¬ 
responding  to  A  =(),  2,  4,  and  6,  respectively)  were  prepared 
at  Allied  Signal.  The  ribbons  were  0,5  cm  wide  and  20  /on 
thick.  Glassy  structure  was  confirmed  by  x-ray  diffraction 
and  differential  seanning  calorimetry.  The  resistance  was 
measured  between  300  and  1 .5  K  using  the  four-probe  dc 
method.  The  temperature  was  cluingcd  quasicontinuously 
with  a  5-10  K/h  drift  in  tcmpcialurc.  The  samples  were  en¬ 
closed  in  a  double  can,  one  in  high  vacuum  with  an  inner  can 
for  tlie  samples  liaving  0.1  Torr  of  He  gas  for  good  thermal 
contact.  Changes  in  the  resistance  witli  an  accuracy  of  better 
than  two  parts  in  10'”’  were  detected.  The  accuracy  in  the 
room-temperature  resistivity  is  determined  by  geometrical 
factors.  Curie  temperature  (7'(  )  determined  by  a  vibrating 
sample  magnetometer  as  well  as  by  differential  scanning 
calorimetry  arc  in  good  agreement  with  each  other. 


'’I’rcscnl  iiddio.ss:  nepiirinicnl  of  Physics,  'I'c-xas  A  &  M  Univetsily,  Collc).',c 
Station,  TX  77H4.t. 


I'lie  I'ormali/ed  resistivity  r(T)  ^  pi,,  where  /)„  is 
the  resistivity  at  llie  ice  point,  is  plotted  in  Figs.  1  and  2  as  a 
function  of  temperature.  Table  1  lists  room-temperature  resis¬ 
tivities  />(R'!'),  temperature  eueffieient  of  resistivity  (TCR) 
delined  as  [p  'ulpIdT)],  assuming  linear  7'  dependence  of  p 
near  RT,  and  Curie  temperatures  (7’(  )  for  the  samples.  The 
resistivity  niereases  with  the  addition  of  Mo,  the  initial  in¬ 
crease  being  about  30%  for  x  =  2  after  which  the  change  is 
aboui  .5  fjil  em/Mo  at.  %.  The  TCR,  the  magnitude  of  which 
is  typical  of  must  metallic  glasses,  decreases  with  increasing 
rofun-temperature  resistivity,  hence  with  Mo  concentration. 
This  is  expected  from  Mooij’s  correlation.'’  Although 
samples  S4  and  Sb  have  p(RT)  higher  than  150  /jAI  cm,  the 
TCRs  for  thc.se  samples  are  still  positive  at  300  K. 

The  temperature  dependence  of  normalized  resistivity 
r(7')  (Figs.  1  and  2)  exhibits  substantial  changes  as  the  Mo 
concentration  increases.  Sample  SO  behaves  typically  as 
other  iron-rich  metallic  glasses  like  Fe){{)B2(),  witi)  almost  lin¬ 
ear  behavior  near  300  K.  A  minimum  in  resistivity  is  ob- 
.served  at  15  K,  and  below  this  temperature  the  resi,stivity 
ratio  shows  a  negative  TCR.  For  S2  tlie  temperature  depen¬ 
dence  becomes  less  pronounced,  and  cxliibits  a  resistivily 
minimum  at  about  45  K.  However,  the  resistivity  minimum 
is  much  broader  titan  that  for  SO.  Higher  Mo  concentration 
changes  the  resistivity  bcliavior  significantly.  The  minimum 
shifts  to  much  higlicr  temperatures.  '/’|„|||  values  for  S4  and 
Sb  arc  195  and  232  K,  re.spcctively.  Because  7'|„||,  for  S6  is 
close  to  room  temperature,  its  negative  TCR  range  is  much 


l''I(i.  I.  Norniiilizoil  rcsislivily  ri'l)  vs  Iciiipcraliirc  7':  (a)  I'l.'iiiNii.nK.Si. 
(sample  .SO)  aail  (I))  l''c7i|Ni|||Mo2l3|,,Si;  (siiinpic  S2). 
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FIG.  2.  Normalized  resistivity  rCn  vs  temperature  7';  (a)  Fc7i)NinMi)43|,,Si2  FIG.  .2.  Ar/rlminl  vs  7'  “  lor  samples  (a)  l'C7iiNi|>H|i,Si,,  and  (hi 
(sample  S4)  and  (b)  Fc7ijNi(,MO(,Bi(,Si2  (sample  Sh).  Fe7((Nii,)MoiB|,,Sii  for  7<  7„„„. 


larger  than  for  the  other  samples.  The  total  change  in  resis¬ 
tivity  from  RT  to  T=T„,,„  for  SO  is  about  5%  while  this 
change  is  less  than  1%  for  other  samples.  These  figures  also 
show  that  r{T)  of  both  samples  S4  and  S6  exhibits  a  weak 
maximum  followed  by  another  weak  minimum  at  lower  tem¬ 
perature.  The  broad  resistivity  minimum  for  S2  may  be  con¬ 
sidered  as  the  precursor  to  the  development  of  a  second 
minimum.  Similar  results  have  been  reported  for  glassy 
Fcso-jCr^fizo  Fe^o^  jMOjBjd  (Ref.  1)  although 

it  has  been  reported  that  T,„„,  for  glassy  Fcxo  (Mo^B^p  (Ref. 
6)  increases  with  x  up  to  a.  =4  but  then  reduces  for  x  -6 
while  we  find  that,  for  our  sample  S(),  7  is  larger  than  that 
for  S4.  We  speculate  that  this  difference  may  be  due  to  the 
presence  of  Ni  in  this  glass.  A  reasonable  linear  correlation 
between  and  /XRT),  and  7’,„i„  and  7V  within  experimen¬ 
tal  uncertainty  is  observed.  Thc.se  correlations  indicate  the 
possible  importance  of  roles  played  by  the  structural  disorder 
and  the  magnetic  property  of  the  samples  in  addition  to  other 
physical  mechanisms  in  determining  the  behavior  of  their 
minimum  in  resistivity.  The  temperature  at  which  a  local 
maximum  in  resistivity  is  observed  for  S4  and  S6  is  practi¬ 
cally  the  same  for  both  samples,  while  the  temperature  7’„,j|i2, 
at  which  the  second  resistivity  minimum  is  observed,  de¬ 
creases  slightly  with  increasing  Mo  concentration.  Values  of 
7’,„i„  and  7’„,in2  are  li.sted  in  Table  1.  Errors  in  these  values  are 
determined  by  the  flatness  of  the  resistivity  variation  near 
these  temperatures. 

For  discussion  pmposes  we  shall  divide  temperature  in¬ 
tervals  as  follows:  (1)  7’>7’„,i„,  (2)  7’<?’„,i„2,  and  (3) 
For  T>r,„„,,  the  resistivity  ratio  r{T)  can 
be  fitted  to  a  second-order  polynomial  in  T  with  a  linear 
coefficient  of  the  order  of  10”“*  K”*,  and  a  quadratic  coeffi- 


TABLE  1.  Various  measured  parameters  for  Fc7„Ni|2_^Mo^.B|,,Si2  metallic 
glasses.  I'or  explanation  of  symbols  see  the  text. 
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(at.  %) 

(XRT)  (±5%) 
{)jSl  cm) 

TCR  (RT) 
(K-') 
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(K) 

max 

(K) 

^  min2 

(K) 

■/V 

(K) 

0 

109 

2.64X10  ■' 

15£2 

700 

2 

139 

8.94XU) 

45±5 

635 

4 

152 

3.04X10  ■■ 

195±2 

22  i  2 

13:';2 

558 

6 

ir>i 

1.38X.' 

2.32  ±2 

20  i  2 

10  ±2 

476 

cient  of  the  order  of  10  ^  K  "■  between  200  and  300  K  indi¬ 
cating  the  possibility  of  a  contribution  from  magnetic  scat¬ 
tering  to  the  total  resistivity.’  For  lower  temperatures  but 
above  a  quadratic  fit  in  T  adequately  describes  /■(  /') 

which  may  include  the  T~  magnetic  scattering  term’  in  addi¬ 
tion  to  the  7’’  contribution  as  predicted  by  Ziman's  theory.** 
Data  for  S4  and  SO  samples  were  also  fitted  to  the  second- 

order  polynomial  in  T  for  T>T . .  which  resulleii  in  a  linear 

term  with  a  negative  coefficient  of  about  .“ix  10  **  (K  *)  and 
a  positive  quadratic  term  of  the  order  of  10  ’  (K  ‘).  The  T" 
term,  we  believe,  is  due  to  the  magnetic  scattering’  since  the 
Zirnan  thcoi\  predicts  a  linear  /'  dependence  near  RT.  The 
negative  linear  term  is  most  probably  the  contribution  due  to 
the  incipient  loeali/ation  effect  as  expected  from  Mooij’s 
correlation  with  ^XRT).  In  the  negative  TCR  region,  it  is 
controversial  as  to  whether  the  increase  in  /X?’)  ferromag¬ 
netic  glasses  is  due  to  a  "Kondo-type  effect,"  structural  dis¬ 
order  induced  two  level  states,  or  weak  localization  and  Cou¬ 
lomb  interaction  effects.  Numerous  reports  indicate  that  the 
temperature  dependence  of  resistivity  of  many  magnetic  and 
nonmagnetic  metallic  glasses  can  be  fitted  to  T'*'"  reasonably 
well  below  7’,  at  which  minimum  in  resistivity  is  observed, 
with  negative  slope  as  predicted  by  Coulomb  interaction 
theories.'’  To  check  whether  our  samples  show  the  similar 
trend,  we  have  plotted,  in  Figs.  3  and  4,  A/'/;'(min)  =  [7X7) 
-p(min)]/p(min)  vs  T"'”  for  7’<7'||,i„  for  SO  and  S2,  and 
'7’<7’n,j„2  for  S4  and  Sb.  It  is  seen  that  it  exhibits  a  linear 
behavior,  and  that  the  slopes  for  all  of  these  samples  are 
approximately  constant  (  —  5X10  “*  K”").  A  similar  observa¬ 
tion  was  reported  for  Fe((()...^.Cr^B2i)  samples  for  x<2^.^  Ac¬ 
cording  to  the  Coulomb  interaction  theory,'’  the  major  contri¬ 
bution  to  the  resistivity  arises  from  the  diffusion  channel 
which  predicts  an  additional  term  to  the  conductivity,  which 
in  absence  of  spin-orbit  interaction  is  given  by'* 


2 


where 


cto{N,T)  = 


1.3 


111  4', 


kjTy^ 
hD , 


X 


3 

2  ~~l"T 


KN 


6108  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Blialnagai  6l  a/. 


t.007 


FIG.  4.  Ar/f(min)  vs  7''^  for  samples  (a)  Fc,||NiHM04BnS!2,  and  (b) 
Fc™Ni,,Mo^B,ftSi2  for  7' 

initi2' 
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is  a  measure  of  the  electron-phonon  interaction.  The  function 
(!y{h),  where  It^gpL^HIkgT,  has  the  asymptotic  form 
0,056^1^  for/i<*  1  and  (/i''^-1.3)  for/i>l.  Various  constants 
have  the  usual  meaning.  We  have  calculated  an  upper  limit 
for  D,  the  diffusion  constant,  from  this  expression  by  taking 
the  limit  '  =0  and  find  it  to  be  ~3.5X  10  ^  and  7.8X10“^ 
mVs  for  SO  and  S6  samples.  These  are  typical  values  (within 
a  factor  of  2)  reported  for  other  metallic  glasses.  Hence,  the 
assumption  that  the  temperature  dependence  of  the  resistivity 
of  Fe7oNi,2.  ,M0j4Bi,,Si2  at  temperatures  below  10  K  is 
dominated  by  the  Coulomb  interaction  effects  seems  to  be  a 
reasonable  one. 

We  have  al.so  plotted  Ar/r(min)  vs  for  S4  and  S6  in 
the  region  T„,^<T<T„yi„  in  Fig.  5  since  these  samples  show 
two  minima  in  p(T).  It  is  clearly  seen  that  Ar/r(min)  shows 


FIG.  5.  Ar/r(min)  vs  for  samples  (a)  Fc7oNi8Mo4Bi6Si2,  and  (b) 
PfiroNisMosBijSij  for  T^,^<T<T^„,. 


a  linear  dependence  on  -7'''’  in  this  temperature  interval 
also.  We  also  find  that  Ar/r(min)  for  these  samples  can  be 
fitted  to  an  expression  (a-b  In  7’)  equally  well  in  this  tem¬ 
perature  interval  which  is  predicted  by  either  two-level  tun¬ 
neling  or  Kondo-type  magnetic  scattering,'"  however,  the  co¬ 
efficient  h  is  about  one  order  of  magnitude  greater  than  that 
found  for  Fe^oBjo.  and  similar  metallic  gla.sses.’  The 
slope  of  Ar/r(min)  vs  T''"  in  this  temperature  range  is  only 
about  one  and  a  half  times  larger  than  that  found  below 
7’n,i„2.  Whether  this  temperature  dependence  is  due  to 
Coulomb  interaction  effects  or  not  is  difficult  to  conclude  at 
this  time  although  one  would  expect  these  effects  not  to  be 
appreciable  at  such  large  temperatures.  Most  probably,  the 
higher-temperature  region  has  resistivity  contributions  from 
other  mechanisms,  c.g.,  magnetic  scattering,  localization  ef¬ 
fects,  etc.,  as  well,  and  one  needs  to  do  additional  measure¬ 
ments  like  the  magnetic  field  dependence  of  r(7  )  to  get  a 
better  understanding. 

Thu.s,  the  resistivity  behavior  of  Fe7()Ni|2  ,,Mo,.B|,,Si2  is 
similar  to  that  of  Fc-Cr-B  metallic  glasses,'^  i.e.,  the  tempera¬ 
ture  dependence  of  resistivity  shows  two  minima  as  Mo  con¬ 
centration  is  increased.  Since  it  is  very  difficult  to  make  high 
concentration  Mo  amorphous  samples,  it  is  difficult  to  deter¬ 
mine  whether  (ob.served  at  larger  temperatures)  would 
start  decreasing  for  large  Mo  concentration  samples  or  not. 
Similarity  of  Mossbauer  spectra  of  Mo  and  Cr  substituted 
Fc-B-Si/Fc-Ni-B-Si  and  Fc-B-Cr  samples,  the  fast  decrease 
in  Curie  temperature  with  concentration,  and  the  similar  be¬ 
havior  of  resistivity  indicates  that  Mo  in  these  glasses  in¬ 
duces  an  ‘‘interaction”  similar  to  that  of  Cr.  It  has  been 
.sugge.sted^  that  this  interaction  is  an  ‘‘antiferromagnetic” 
type  ba,sed  on  the  observations  of  the  fast  decrease  of  Curie 
temperature  of  (FC) .  ,Mo4.)75Pi,,B„Al3  with  increasing  Mo 
concentration,  and  the  similarity  of  Mossbauer  spectra  of 
Fck()-^.M4.B2()  (A/=Cr,  Mo).  A  more  detailed  analysis  and 
mea.surements  of  the  magnetic  field  dependence  of  the  resis¬ 
tivity  minima  and  maximum  need  to  be  done  in  order  to  fully 
elucidate  the  role  of  Mo  in  this  metallic  glass  system.  Such 
measurements  are  in  progress. 
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We  report  the  results  of  de  magnetization  and  electrical  resistivity  studies  of  a  single-domain 
A.l7|)Nii5Coi5  decagonal  quasicrystal.  The  temperature  dependence  and  anisotropy  of  the  electrical 
resistivity  are  in  excellent  agreement  with  previous  re.sults  for  a  similar  sample.  The  magnetic 
properties  were  determined  by  superconducting  quantum  interference  device  magnetometry  over  the 
temperature  range  1.8-300  K  for  magnetic  fields  between  10  Oc  and  10  kOc.  The  magnetic 
behavior  can  be  characterized  by  a  weak  ferromagnetic  component  M,)(W)  which  saturates  in 
moderate  fields  Ill’ll  kOe)  and  a  differential  susceptibility,  obtainable  from  the 

high-field  data.  The  observed  magnetization  M  =  ^ a  's  slightly  anisotropic  and  essentially 

temperature  independent  below  room  temperature.  For  H  parallel  to  the  quasicrystal  axis,  we 
observe  ;y()||  =  7. 1  x  10  ’  emu/g  and  /V/„||=  2.0 X  1 0  '  emu/g.  For  H  perpendicular  to  the 
quasicrystal  axes,  we  obtain  yo ,  =  8 . 2  X  1 0  ’  emu/g  and  ,  =  1 . 7  X  1 0  '  emu/g.  An  anisotropic 
and  weak  superconducting  transition  was  observed  at  7'=  3. 2  K.  corresponding  to  a 
superconducting  volume  fraction  of  only  —10  '. 


Although  a  great  deal  of  experimental  effort  has  been 
directed  at  understanding  the  unusual  nature  of  quasicrystal- 
lins  materials,'  only  recently,  with  the  discovery  of  the  two- 
dimensional  decagonal  qtiasicrystals,  ' '  has  it  been  possible 
to  make  a  direct  comparison  between  properties  in  the  qua- 
icrystalline  and  periodic  directions  of  the  same  material. 
The  decagonal  quasicrystalline  material  Al7()Nii5Coi5  was 
recently"'  shown  to  exhibit  appreciable  transport  anisotropy. 
In  tltis  work,  we  verify  the  transport  properties  observed  in 
Ref.  4  and  present  the  results  of  dc  magnetic  measurements; 
the  magnetic  data  indicate  a  weak  anisotropy  in  the  conduc¬ 
tion  electron  su.sceptibility  and  the  presence  of  small  quanti¬ 
ties  of  both  ferromagnetic  and  superconducting  inclusions  in 
the  single-domain  Al7()Ni|5CO|s  quasicrystal  studied. 

The  single-grain  crystal  usetl  in  this  study  (  — 0.6 
X 0.6X3  mnv^)  was  prepared  and  characterized  in  a  similar 
manner  to  that  u.sed  for  specimens  previously  described.' 
The  temperature  dependence  of  the  anisotropic  resistivity 
was  determined  from  conventional  four-terminal  measure¬ 
ments  with  careful  placement  of  voltage  and  current  leads. 
The  magnetic  data  were  obtained  at  temperatures  in  the 
range  1.8-300  K  using  a  Quantum  Design  mode!  MPMS 
superconducting  quantum  interference  device  tSQUlD)  mag¬ 
netometer.  Because  of  the  small  signal  from  the  —7  mgqua- 
sicrystal,  a  eustom  sample  holder  was  employed  which  uti¬ 
lized  a  cancellation  of  Pauli  paramagnetic  and  Langevin  core 
diamagnetic  contributions,  resulting  in  an  extremely  low 
background  signal.  For  example,  at  7' --=50  K  witii  /7=I() 
kOe,  a  background  moment  of  only  —  1  x  10  *’  emu  was 
obtained,  compared  to  the  quasicrystal  moment  of 
—  bXlO''  emu  (i.e.,  only  a  1-2%  typical  correction).  A 
point-by-point  subtraction  of  the  sample  holder  background 
was  used  for  all  data  to  avoid  possible  nonlinearities  in  the 


background  response.  For  the  observed  susceptibilities,  de¬ 
magnetization  effects  were  negligible. 

Figures  1  and  2  both  define  the  geometries  used  in  this 
.study  and  show  the  results  of  the  electrical  resistivity  mea¬ 
surements.  The  resistivity  in  the  periodic  direction  (perpen¬ 
dicular  to  the  quasicrystal  axes)  of  Fig.  1  exhibits  the  posi¬ 
tive  temperature  coefficient  expected  for  delocalized 
electronic  states  in  a  metal.  However,  in  the  quasiperiodic 


Periodic  Direction  Resistivity 


I'Ki.  1.  The  resistivity  in  the  perioOit  (lircctioii  a.s  a  functitin  ot  tcnipciatiirc 
for  a  siagic-Uomain  specinicii  of  tlic  dtcagoiial  qiiasicrystal  Al7i|Ninf  Oi,. 
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FIG.  2.  ITic  rcvsistivity  in  the  quasicrystullinc  direction  us  a  function  of 
(emperuture  fur  a  single-domain  specimen  of  the  decagonal  quasicrystal 
AItoNIijCois. 


direction,  Fig,  2,  we  observe  the  resistivity  to  increase  with 
decreasing  temperature  between  ~25()  and  300  K,  and  then 
decrease  before  Icveiling  off  at  low  temperatures.  As  men¬ 
tioned  above,  this  result  is  in  good  agreement  with  a  previous 
study"*  using  the  Montgomery  method,  where  such  nonmetal- 


AI/oNIibCois 


PIG.  3.  Isothermal  magneiizatioii  at  (a)7'=3()0  K  ami  (b)7'=6()  K  a.s  a 
function  of  magnetic  Held  applied  partillel  to  tiie  petiotiic  direction  of 


Al7oNi)5CO)5 


IdCi.  4.  Isothermal  magnetization  at  (a)  7'- 3110  K  and  (h)  7'-()()  K  as  a 
function  of  magnetic  Held  applied  parallel  to  Ihe  quasicrystalline  direction  of 
Al7(iNi,,(  t)|,. 


lie  beiiavior  was  argued  to  be  consistent  with  phonon- 
assisted  tunneling  of  carriers  in  extended  states. 

In  Figs,  3(a)  and  3(b)  are  shown  isothermal  magnetiza¬ 
tion  data  as  a  function  of  the  external  magnetic  field,  taken 
with  tile  field  perpendicular  ic  the  quasicrystalline  axes,  fur 
7’=  300  and  60  K,  respectively.  Similar  data  are  shown  in 
Fig.  4  for  the  magnetic  field  applied  parallel  to  a  quasicrys- 
tallinc  axis.  The  nonlinear  behavior  may  be  characterized  by 
<1  ferromagnetic  component  which  saturates  in  moderate 
fields  (// i  kOc)  followed  by  the  more  usual  linear  increase 
in  magnetization  with  field  at  higher  fields.  Several  observa¬ 
tions  arc  in  order.  First,  the  overall  behavior  is  nearly  isotro¬ 
pic  and  essentially  temperature  independent.  Such 
temperature-independent  behavior  implies  that  whatever  is 
respi)nsible  for  the  ferromagnetic  component  (whether  it  be 
clusters,  inclusions,  or  paramagnons)  cannot  be  attributed  to 
extremely  small  nanoclusters,  which  would  be  expected  to 
exhibit  .superparamagnetie  behavior  above  some  blocking 
temperature.  Second,  the  ferromagnetic  component  exhibits 
rernancnce  at  60  K  [note  the  y  intereept  of  the  data  in  Figs. 
3(b)  and  4(b)J,  which  disappears  at  room  temperature.  The 
lines  in  Figs.  3  and  4  are  linear  tits  to  the  Itigh-ticld  region 
where  the  ferromagnetic  component  has  presumably  satu¬ 
rated.  The  intercepts  of  these  lines  with  the  magnetization 
axes  provide  the  saturated  moment  of  the  ferromagnetic 
component,  with  temperature-independent  values  of 
A/(|[ -( 1 .7  ± 0. 1 )  X  10  ■  cniu/g  for //  perpendicular  to  the 
quasicry.stal  axes  and  A7|,||“-- (2.()±{).  1)  x  10  *  emu/g  for  // 
parallei  to  tlic  quasicrystal  axis.  If  the  anisotropy  in  A/(|  is 
attributed  to  shape  anisotropy  of  Itie  possible  inclusions  or 
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I'lCi.  5,  High-fickl  diffcrcnliul  susceptibility,  us  u  l'iiuetii)n  iif 

temperature  fur  muf>netic  lieUls  applied  bulb  perpendicular  lupen  circles, 
IIIQ)  and  uurallcl  Hilled  circles,  /7|lCl)  to  the  quusicrystalline  direction  of 


clusters,  this  would  imply  (for  fcrroniagiictisin)  that  their 
shape  is  prolate  with  the  shorter  axis  perpendicular  to  the 
quasicrystal  direction,  a  reasonable  result.  We  poio.t  out, 
however,  that  the  ob.served  values  of  /W,,  correspond  to  only 
about  1X10  •’/U/i  per  formula  unit  of  Al7,|Ni|sCois,  a  rather 
small  ferromagnetic  component. 

To  obtain  the  underlying  lield-independent  su.sceptibility 
(the  slope  of  the  lines  in  the  high-field  regions  of  bigs.  ?i  and 
4),  magnetization  data  were  taken  as  u  function  of  tempera¬ 
ture  between  1,8  and  3(M)  K  for  applied  fields  H-5  and  10 
kOe.  I'he  intrinsic  susceptibility  was  then  defined  by 
The  results  are  shown  in  Fig.  5.  The  data  are 
essentially  temperature  independent  between  about  .10  and 
250  K.  with  a  Curie-like  itnpurity  tail  at  low  temperatures. 
The  Curie-like  term  corresponds,  for  example,  to  only 
-2X10  free  Co*'  moments  per  formula  unit  of 
Al7(,NiisCO|-i,  A  small  but  persistent  anisotropy  in  the  value 
of  is  observable  in  Fig.  5.  The  average  values  of  Ihe  data 
for  temperatures  between  .10  and  2.50  K  are 
;^iii  =  S.2X  10  ’  emu/g  and  ;^(i||=7.1  X  10  ’’  emu/g.  Such 
values  arc  appreciably  higher  than  that  reported'*  for 
A!f,jCuijCo2,),  where  ;^„~-lxl()  ’’  emu/g;  that  small 
value  was  attributed  to  a  nearly  ,v/;-like  band  at  the  Fermi 
energy.  The  larger  value  for  A^oNii^Coi^  is  somewhat  unex¬ 
pected,  given  the  similar  transport  properties  of  the  two  ma¬ 
terials.  If  one  estimates  a  contribution  to  due  to  core 
diamagnetism  of  1.5X  10  the  bare  density  of 

states  from  the  resulting  value  is  /V(/f  160  states 

eV"’  per  formula  unit  of  Al7(|Nii5CO|.i,  or  iV(A';,) 1 .6  states 
eV  '  atom'*.  However,  this  may  be  an  overestimate,  since 
we  have  neglected  any  possible  Van  Vlcck  paramagnetism 
(e.g.,  due  to  Co^ ' ),  whieh  is  difficult  to  determine. 

Finally,  in  Fig.  6,  we  show  magnetization  data  as  a  func¬ 
tion  of  temperature  taken  under  both  zero-field-cooled  (ZFC) 
and  field-cooled  (FC)  conditions  in  a  field  of  //=  10  Oc.  A 


Temperature  (K) 


l-'Ki.  (),  Miij’iicli/alioii  iis  11  I'uiiciion  of  tcmpcriiUirc  in  ii  field  II -\{)  Oc 
iippllcd  (a)  parallel  to  Ihe  qi'asicrysuilline  direcilon  and  lb)  perpendicular  to 
llie  quasieryslalline  direction  lor  AlmNinC  oiv  Uolli  zero-field  cooled  (ZFC) 
and  lield-cooled  (b't'l  data  are  sliown. 


weak  superconducting  transition  is  observable  at  7’=. 3, 2  K; 
the  strength  of  the  signal  corresponds  to  a  superconducting 
volume  fraction  of  only  ~4Tr;^^,—  10  One  candidate  for 
superconductivity  in  this  temperature  regime  would  be  inclu¬ 
sions  of  amorphous  aluminum.  Tlie  signal  for  H\\Q  (Q  is  the 
quasicry.stulline  direction)  is  about  five  times  larger  than  for 
HlQ.  Such  behavior  is  opposite  of  that  expected  for  demag¬ 
netization  effects  due  to  prolate  inclusions  parullcl  to  the 
quusicrystalline  planes;  however,  for  small  inclusions,  pen¬ 
etration  depth  effects  may  dominate  shape  anisotropy, 

In  summary,  we  have  reported  electrical  resistivity  and 
de  magnetization  measurements  on  a  single-domain  decago¬ 
nal  quasicrystal  of  Al7„Ni|,C'0|5,  The  anisotropic  resistivity 
was  in  good  agreement  with  earlier  measurements.  Weak  su¬ 
perconducting,  Curie-like,  and  ferromagnetic  contributions 
were  observed,  presumably  due  to  defects,  A  dominant 
temperature-independent  susceptibility  of  ~7x  10  ^  emu/g, 
with  —  10%  anisotropy,  was  observed. 
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Mossbauer  effect  investigation  of  the  pentagonai  approximant  phase 
in  the  Fe-Nb  system 

R.  A.  Dunlap,  J.  Kyriakidis,  and  M.  Yewondwossen 

Dcpartnwnl  of  Hiysics.  DaUwusic  Umvcrsity,  Halifax,  Nova  Scotia  IISII  XI 5,  Camilla 

The  formation  of  the  pentagonal  Frank-Kasper  phase  {//  phase)  in  the  Fe5ii ,  .Nbs,,  ,  system  near 
.1=0  has  been  investigated.  The  effects  of  composition  and  heat  treatment  on  the  phase  diagram  of 
this  system  have  been  studied.  Only  the  as-cast  .v=0  alloy  was  found  to  consist  of  a  pure  /x  phase. 

X-ray  diffraction  patterns  ind'''ate  the  existence  of  a  phase  with  a  high  degree  of  structural  order  but 
considerable  chemical  disorder.  A  Mbssbaucr  spectrum  of  the  /x-phase  material  exhibits  a 
room-temperature  quadrupole  split  doublet  with  A  =  ().2()0  mm/s  and  an  isomer  shift 
mm/s  relative  to  a-Fe,  A  shell  model  analysis  of  the  spectrum  indicates  a  structure  with  a  high 
degree  of  order.  Results  are  discussed  in  terms  of  measurements  on  related  icosahedral  and 
decagonal  phase  materials. 


I.  INTRODUCTION 

Mbssbaucr  effect  studies  of  quasicrystals  have  been  im¬ 
portant  for  an  understanding  of  the  microstructure  of  these 
novel  materials,  A  recent  review  of  these  studies  has  been 
presented  by  Dunlap  and  Lawther.'  A  number  of  methods  for 
the  interpretation  of  Mbssbaucr  spectra  r)f  quasicrystallinc 
materials  have  been  presented  in  the  literature  and  the  infor¬ 
mation  which  can  be  obtained  from  these  measurements  de¬ 
pends  crucially  on  the  techniques  applied  to  their  analysis. 
The  comparison  of  results  from  quasicrystalline  materials 
and  those  of  related  cry.stalline  pha.ses  has  been  important  in 
understanding  the  relationship  of  Mbssbaucr  spectral  param¬ 
eters  and  microstructural  details.  In  the  prc.sent  work  we  have 
considered  Mbssbaucr  measurements  of  the  pentagonal  ap¬ 
proximant  phase  in  the  Fc-Nb  system.  These  results  will  be 
interpreted  in  the  context  of  results  for  related  quasicryslal- 
linc  materials. 

II.  EXPERIMENTAL  METHODS 

Samples  of  Fcj(n,fNb„)..(  were  prepared  by  melting 
high-purity  elemental  components  in  an  argon  arc  furnace  for 
compositions  with  a  =0,2.  Materials  were  studied  as-cast  and 
after  annealing  for  four  days  at  1000  °C  and  water  quench¬ 
ing,  Room-temperature  Cu  K„  x-ray  diffraction  patterns  were 
made  of  all  samples  using  a  Siemens  D50()  scanning  diffrac¬ 
tometer.  Room-temperature  '’Fe  Mbssbaucr  effect  studies 
were  performed  using  a  constant  acceleration  Wissell  System 
II  spectrometer  and  a  Pd^^Co  source.  The  intrinsic  linewidth 
of  the  spectrometer  for  ’'^Fe  is  0.23  mm/s  (FWHM). 

III.  RESULTS 

All  alloys  studied  here  showed  the  presence  of  the  pen¬ 
tagonal  fi  phase.  However,  only  the  as-cast  a  =0  sample  was 
free  from  the  presence  of  impurity  phases.  This  analysis  is 
consistent  with  the  phase  formation  studies  of  the  Fc-Nb 
system  reported  by  Raman. ^  Further  investigations  presented 
in  the  present  manuscript  arc  confined  to  the  single-phase 
sample. 

X-ray  diffraction  peaks  for  the  /,l  phase  were  well  de¬ 
fined  with  a  typical  linewidth  of  A(2//)^0.2°  (FVVIIM),  indi¬ 
cating  a  high  degree  of  structural  order.  The  peak  locutions 


and  relative  intensities  obtained  in  this  work  along  with  those 
calculated  for  the  /x  phase  (W(,Fe7  structure)  with  «  =4.928 
A  and  c=26.H3  A  are  given  in  Table  I.  The  peak  locations 
arc  in  excellent  agreement  with  the  calculated  values’  for  the 
lattice  parameters  us  indicated  above.  The  anomalies  in  the 
measured  intensities  for  some  of  the  diffraction  peaks  arc  an 
indication  of  the  presence  of  substantial  chemical  disorder  on 
the  lattice  sites. 

The  room-temperature  "’’Fc  Mbssbaucr  effect  spectrum 
of  the  pentagonal  phase  of  Fe-Nb  is  illustrated  in  Fig.  1 .  This 
spectrum  shows  the  existence  of  a  symmetric  quadrupole 
.split  doublet.  Although  the  individual  lines  cannot  be  re- 
.solved,  the  shape  and  width  of  the  absorption  peak  indicate 
that  it  is  not  a  singlet.  A  lit  to  this  spectrum  using  a  Urrent- 
zian  doublet  yields  the  mean  quadrupole  parameters  as  indi¬ 
cated  in  Table  11.  The  linewidth  of  the  component  lines,  0.29 
mm/s,  is  slightly  greater  than  the  intrinsic  linewidth  of  the 
spectrometer  but  is  substantially  less  than  that  found  for 
similar  fits  to  spectra  of  quasicrystallinc  materials;  typically 


TADl.i;  I.  X-tiiy  Uiflraclion  siiiliciinj’  lentil  and  rclalivc  peak  iniensiiies 
lor  |K'nliigoiiiil  I'UmiNIimi  measured  In  tlie  present  work  and  ealeulaltd  lor  the 
penlugoiial  t  rank- Kasper  phase. 
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FIG.  1.  Room-tcmpcraturc  ”Fc  Mi')s.sbaucr  effect  spectrum  of  tltc  pentago¬ 
nal  phase  of  FcsiiNb,,,.  The  solid  line  is  a  least-squares  fit  to  the  shell  model. 

about  0.36  mni/s,‘  This  excess  linewidth  is,  presumably,  the 
result  of  local  disorder  in  the  structure  as  evidenced  by  the 
anomalous  x-ray  peak  intensities  and  which  produces  a  cor¬ 
responding  distribution  of  local  Fe  environments.  This  be¬ 
havior  can  be  accounted  for  in  the  analysis  of  the  Mossbaucr 
effect  spectrum  by  fitting  the  data  to  a  shell  model  distribu¬ 
tion  of  quadrupole  splittings  of  the  form'’"* 

=  exp(-|j).  (1) 

where  n  and  a  are  fitted  parameters.  The  symmetric  nature  of 
the  .spectrum  indicates  the  lack  of  correlation  between  isomer 
shift  and  quadrupole  splitting  distributions.  A  detailed  com¬ 
puter  analysis  confirms  this  assumption.  The  results  of  the 
shell  model  analysis  for  this  spectrum  are  given  in  Table  III 
and  the  calculated  F(A)  is  illustrated  in  Fig,  2. 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  existence  of  a  decagonal^  and  icosahcdral'”  phase  in 
the  Fe-Nb  sy.stcm  has  been  demonstrated  by  electron  diffrac¬ 
tion  studies  of  rapidly  quenched  samples;  although  single¬ 
phase  materials  have  not  yet  been  prepared.  Table  I  compares 
the  mean  quadrupole  parameters  ol  the  pentagonal  Fe-Nb 
phase  with  several  other  icosahcdral  and  decagonal  materi¬ 
als.  The  mean  quadrupole  splitting  of  Fe-Nb  is  somewhat 
less  than  in  Al-bascd  icosahcdral^  and  decagonal  alloys 
where  Fe  atoms  are  believed  to  exist  in  a  highly  anisotropic 
environment  analogous  to  the  transition  metal  site  environ¬ 
ments  in  the  outer  shell  of  the  MacKay  icosahedra  of  a  cubic 
approximant  phase  (e.g.,  a-AlMnSi)  or  in  the  sites  of  a  two- 
dimensional  Penro.se  tiling,  respectively.  On  the  other  hand, 
the  quadrupole  splitting  of  Fe-Nb  is  much  greater  than  that  in 


TABLE  II.  Rcsult.s  of  rooiii-tcnipcralurc  Mossbaucr  effect  studies  of  some 
qiiasicrystullinc  and  related  materials;  /=  icosahcdral,  ri=decagotial. 
p  =  pciilagoital,  *=1^8  work. 


Alloy 

structure 

A  (mm/s) 

<5  (min/s) 

Reference 

/ 

0.360 

+  0.2.34 

.5 

i 

0.06 

-  Iff  70 

6 

Al75l^tl|5FC|(j 

d 

0.372 

+0.1 85 

7 

Fc5oNb5(i 

P 

().2()9 

-(1.289 

TABLE  III.  Comparison  of  shell  model  parameters  for  pentagonal  Fe-Nb 
(p)  and  some  ierrsahcdral  (i)  alloys.  *=this  work. 


Alloy 

Phase 

n 

(T  (mni/s) 

Reference 

AbnTaiiiFcio 

i 

1.14 

0.363 

8 

Al62.5CU2.sFc, 2  5 

i 

1.44 

0.28.3 

5 

Aljq)Fc  1  j  Moy 

i 

1.48 

0.35 1 

8 

Als(,Fc„2«Mn|,  72 

i 

1.70 

0.144 

1 

Fc,„Nb5,| 

p 

5.2 

0.088 

typical  Ti-based  icosahcdral  alloys."''^  where  the  Fe  atoms 
arc  believed  to  reside  in  highly  symmetric  sites  at  the  center 
of  an  icosahcdral  cluster. 

The  negative  isomer  shift  observed  in  this  alloy  is  in- 
u.'cative  of  an  anomalously  high  electron  density  at  the  Fe 
probe  sites.  This  is  expected  on  the  basis  of  the  presence  of  a 
large  concentration  of  early  transition  metal  (A/)  atoms  in 
the  alloy.  The  value  of  S  observed  here  is  consistent  with 
measurements  of  dilute  A/Fc  alloys  and  near  neighbor  effects 
of  dilute  M  impurities  in  Fe  (see  Ref.  13  and  references 
therein). 

The  parameters  obtained  from  shell  model  fits  to  several 
quasicrystalline  alloys  are  compared  with  the  data  for  pen¬ 
tagonal  Fe-Nb  in  Table  111.  The  present  results  are  anomalous 
in  two  respects;  an  unusually  large  value  of  the  parameter  n 
and  an  unusually  low  value  of  the  parameter  a,  when  com¬ 
pared  with  all  results  for  quasicrystalline  alloys  reported  to 
date.'  The  relationship  of  these  parameters  to  the  detail  of  the 
microstructure  has  been  discussed  by  Dunlap  et  al.^  Specifi¬ 
cally,  n  near  unity  and  a  large  value  of  cr  are  characteristic  of 
a  highly  disordered  (e.g.,  amorphous)  structure,  while  in¬ 
creasing  values  of  n  (and  correspondingly  smaller  values  of 
cr)  arc  characteristic  of  an  increase  in  the  degree  of  micro- 
structural  order.  This  inverse  correlation  between  the  values 
of  n  and  a  is  characteristic  of  the  relationship  between  the 
shell  model  and  the  distribution  of  local  Fe  environments  in 
the  material  and  Is  illustrated  for  typical  data  for  quasicrys- 
tulline  and  related  mateiials  in  Fig.  3.  Typically  quasicrystal¬ 
line  materials  have  values  of  n  in  the  range  of  1-2,  with 
more  highly  ordered  materials  (as  evidenced  from  other  ex- 
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FIG.  2.  Quadriipolc  splitting  liislributiiin,  /'(A),  for  the  speclrum  of  ''ig.  1  ns 
obtained  from  llic  slicll  tnodcl. 
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FIG.  3.  Rclation.ship  between  the  shell  model  fitting  parameters  n  and  a  for 
several  quasicrystallinc  and  related  malc'ials. 


perimental  techniques)  giving  n^2.  The  value  of  «=5.2  ob¬ 
tained  in  the  present  work  for  pentagonal  Fe-Nb  indicates  a 
much  greater  degree  of  order  in  this  crystalline  approximant 
phase  than  in  similar  quasicrystalline  phases.  This,  presum¬ 
ably,  is  indicative  of  the  existence  of  translational  symmetry 
in  the  approximant  phase  which  is  lacking  in  the  qua.sicry.s- 
taliinc  phase.  In  more  specific  terms,  n  is  related  to  the  num¬ 
ber  of  independent  distortion  vectors  d,  which  arc  necessary 


to  describe  the  structure  as  ii  =  d~  1.  The  present  studies 
clearly  point  lO  the  differences  which  exist  between  the  mi- 
crostructure  of  quasicrystals  and  their  crystalline  approxi- 
mants. 
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Short  period  oscillations  in  the  Kerr  effect  of  4d-  and  5d-transition  metal 
wedges  on  Co  films  (invited)  (abstract) 

A.  Carl  and  D.  Weller 

IBM  Almaden  Research  Center,  San  Jose,  California  95120-60^19 

We  report  a  novel  type  of  short  period  oscillations  in  electron-beam  evaporated  Co  films  covered 
with  wedge-shaped  films  of  Pt,  Au,  and  Pd.  Oscillatory  behavior,  with  periods  in  the  range  2-3  A, 
is  ob.served  both  in  the  saturation  polar  Kerr  angle  and  in  the  high  field  susceptibility,  as  a  function 
of  the  wedge  position  (see  Fig.  1).  The  structures  of  the  type  buffer/Co/X  wedge/Y  cap  were  made 
by  high  vacuum  evaporation  using  fused  silica  as  substrates.  They  consist  of  a  200  A  Pt  buffer  layer, 
a  thin  Co  layer  revealing  a  perpendicular  easy  magnetization  axis,  a  transition  metal  wedge  (X)  with 
thickness  in  the  range  0-25  A,  and  a  thin  Cu  or  Au  cap  (Y)  layer.  The  presence  of  oscillations 
depends  critically  on  the  choice  of  the  cap-layer  Y.  They  are  distinctly  different  from  long  and  short 
range  period  oscillations  observed  in  magnetic  sandwich  or  multilayer  structures,  since  there  is  only 
one  magnetic  film  involved.  The  present  results  will  be  discussed  in  the  framework  of  spin  polarized 
quantum  well  states. 
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Magnetoresistance  of  CuNiCn  ternary  alloys  (abstract) 

R.  S.  Beach,  D.  Rao,  and  A.  E.  Berkowitz 

Center  for  Mugnetic  Recording  Resea'ch,  University  of  California,  San  Diego,  La  Jolla,  California  920V3 

Magnetoresistance  (MR)  measurements  on  four  film  samples  of  the  ternary  alloy  CuNiCo  were 
performed  at  room  temperature  in  fields  //«2()  kOe.  Following  growth  by  sputtering  onto  thermally 
oxidized  Si  substrates,  the  films  (l()0-2()()  nm  thick)  were  annealed  between  1  and  6  h  at 
temperatures  7^=200,  350,  500,  and  700  °C.  The  samples  display  anisotropic  magnctoresistanccs 
(AMR)  for  H<  100  Oe  of  up  to  3%  at  room  temperature  for  Cu2()Ni53Co27  (7^  =350  °C).  Despite  the 
fact  that  in  the  bulk  these  alloys  tend  to  phase  separate  into  Co  rich  and  Co  poor  regions,  we  find 
evidence  for  giant  magnetoresistance  (i.c.,  an  isotopic  negative  component  to  the  MR)  in  only  one 
sample,  CujiNiiyCon,  after  a  6  h,  700  °C  anneal.  In  the  as-deposited  condition,  samples 
Cu2()Ni53Co27  and  CunN.||Co4,,  display  a  pronounced  asymmetry  between  the  resistance  decretise 
for  7/  applied  perpendicular  to  the  current  /  and  the  corresponding  ipcrease  for  H  parallel  to  I  which 
substantially  exceeds  the  1:2  ratio  in  bulk  materials  or  the  1:1  ratio  expected  for  a  thin  film.  The 
large  observed  values  of  AMR  (more  evident  in  samples  with  low  Cu  concentrations)  are  likely 
linked  to  AMR  in  binary  CuCo  alloys,  which  are  known  to  exhibit  large  AMR.'  The  disparity 
between  the  MR  for  H  parallel  and  perpendicular  to  the  current  we  attribute  to  magnetic  anisotropy 
induced  during  fabrication. 


'0.  Jaoul  cl  ai,  J.  Magn.  Magn.  Mater.  5,  23  (1977). 
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Enhancement  of  the  localized  behavior  in  CeNio,8Pto.2  Kondo  compound 
replacing  Ce  by  magnetic  ions  (Pr,Nd) 

J.  Gomez  Sal 

Facultad  de  Ciendas,  Universidad  de  Cantabria,  39005  Santander,  Spain 

J.  A.  Blanco 

Departamento  de  Fisica,  Universidad  de  Oviedo,  33007  Oviedo,  Spain 

J.  1.  Espeso  and  J.  Rodriguez  Fernandez 

Facultad  de  Ciendas,  Universidad  de  Cantabria,  39005  Santander,  Spain 

D.  Gignoux 

Laboratoire  Louis  Neel,  CNRS,  166X,  38042  Grenoble  Cedex,  France 

The  substitution  of  Ce  by  magnetic  ions  such  as  Pr  or  Nd  in  the  CeNiu  «Pto  2  Kondo  ferromagnetic 
compound  not  only  favors  the  magnetic  interactions  increasing  the  Curie  temperatures,  but  also 
disturbs  the  coherence  of  the  Kondo  lattice  state  leading  to  a  decrease  of  the  Kondo  temperatures 
and  an  increase  of  the  Ce  intrinsic  magnetic  moment.  These  effects  have  been  studied  by  resistivity, 
magnetization,  and  neutron  diffraction. 


CeNijPti_^.  is  among  the  cerium-based  compounds  one 
of  the  systems  which  presents  a  clear  relationship  between 
the  cerium  state  and  the  cell  volume.'  The  orthorhombic 
CrB-typc  structure  is  kept  through  the  whole  series  from 
CePt  to  CeNi.  The  variation  of  the  cell  volume  gives  rise  to 
chang'-s  in  the  magnetic  properties  according  to  the  rule  “the 
4/-ic/  conduction-band  hybridization  increases  with  decreas¬ 
ing  cell  volume.”  The  substitution  of  Ce  ions  by  nonmag¬ 
netic  Y  or  La  strongly  supports  this  fact.^  A  mostly  localized 
Ce ''  behavior  is  observed  for  the  larger  volume  compounds 
(CePt  or  CC)  _^La^Ni;,.Pti ..  J  while  CeNi  or 
Ccj  ..yYj,Nio(jPto  2.  with  smaller  volumes,  show  an  enhanced 
Pauli  paramagnetism  or  Kondo  impurity  behavior.  From 
CePt,  the  compounds  are  Kondo  ferromagnets  with  7'^ 
(Kondo  temperature)  increasing  W'th  the  decreasing  volume. 
CeNio8Pto,2  is  the  compound  with  the  largest  T^.  (Curie  tem¬ 
perature)  but  close  to  the  crossover  between  the  localized 
and  delocalized  regime,  according  to  the  Doniach  diagram.'^ 
Recent  specific-heat  measurements'*  give  electronic  co¬ 
efficients  7  with  a  maximum  (7=“ 200  mJ/K'^  mol)  for 
CeNio8Pty  2.  The  description  of  and  the  relative  vaiia- 
tion  of  7'^  and  7  along  the  series  could  be  interpreted  in  the 
framework  of  an  S  =  l/2  resonant  level  model  extended  to 
Kondo  lattices  using  a  mean  field  approach  as  developed  by 
Bredl,  Steglich,  and  Schotte.'’  Neutron-diffraction  studies*’  al¬ 
lowed  us  a  direct  estimation  of  the  Ce  intrinsii  magnetic 
moment.  As  can  be  seen  in  Fig.  1,  the  magnetic  moment  is 
much  smaller  than  that  of  the  free  Ce^  '  ion  (2.14/i;,)  and  it 
progressively  reduces  with  the  Ni  concentration  as  a  conse¬ 
quence  of  the  enhancement  of  the  hybridization,  showing  the 
increasing  importance  of  Kondo  interactions  with  the  volume 
decrease.  It  is  worth  to  mention  that  the  diluted  (La  or  Y) 
compounds  have  magnetic  moments  according  to  the  corre¬ 
sponding  volume  effects  (see  Fig,  1), 

The  substitution  of  Cc  by  magnetic  atoms  such  as  Pr  or 


Nd  must  not  only  produce  a  decrease  of  the  volume  but  also 
have  a  direct  influence  on  the  magnetic  interactions.  We 
present  here  the  resistivity,  magnetization,  and  neutron- 
diffraction  studies  performed  in  two  diluted  compoands: 
t-^^i.'tPfo.iNio.HPlo.z  3f>d  Ceo,9Nd()  iNi(),jjPt(),2,  referred  to  as  (Pr) 
and  (Nd)  hencefciih.  These  experiments  are  compared  with 
the  results  from  the  “nondiluted  compound”  CeNioHPto^,  re¬ 
ferred  to  as  (Ce).  Resistivity,  magnetization,  and  neutron- 
diffraction  experiments  were  performed  at  the  Universidad 
de  Cantabria,  at  the  L,aboratoire  Louis  Neel  (Grenoble),  and 
on  the  DIB  diffractometer  of  the  ILL  (Grenoble),  respec¬ 
tively. 

We  have  not  observed  drastic  changes  in  the  general 
shape  of  resistivity  due  to  the  Pr  01  Nd  substitution  (Fig.  2). 


CePt  CeNi 


FIG.  I .  Magnetic  nioineiil  of  the  Ce  atoiiis  a.s  a  fuiictii)n  of  llie  Ni  content  in 
the  CeNi,l’t|  scries,  The  moments  of  tlie  dilntctl  comptninds  have  been 
situated  with  arrows  pointing  to  the  solid  line  used  as  a  visual  guide. 


6118 


J.  Appl.  Phys.  76  (10),  15  November  1994 


0021  -8979/94/76(1 0)/61 1 8/3/$6.00 


©  1994  American  Institute  of  Physics 


FIG,  2.  Thetmiil  variation  of  the  electrical  resistivity,  liiseii:  magnetic  con¬ 
tribution  to  the  resistivity  i>,„. 


The  magnetic  contributions,  obtained  by  subtraction  of  the 
isomorphous  LaNi(),)iPt(),2  resistivity  and  a  constant  residual 
resistivity  term,  present  a  broad  maximum  attributed  to  the 
crystal-field  effects  which  arc  quite  strong  in  these  low- 
symmetry  compounds.  The  position  of  the  maximum,  which 
is  related  to  the  crystal-field-lcvcl  scheme,  does  not  seem  to 
be  very  sensitive  to  the  introduction  of  these  small  concen¬ 
trations  of  Pr  and  Nd.  The  negative  slope  of  p,|,,|g  at  high 
temperatures  is  related  to  Kondo  interactions,  being  slightly 
reduced  by  Nd  or  Pr  substitutions.  The  Curie  temperatures 
10.2  and  9.8  K,  deduced  from  the  kinks  in  (Pr)  and  (Nd) 
respectively,  arc  slightly  higher  than  that  of  CeNio.aPto.j  (8.6 
K)  and  they  coincide  with  those  obtained  from  the  Arrot 
plots  of  the  magnetization  measurements. 

The  magnetization  curves  at  1.5  K  for  the  three  com¬ 
pounds  arc  presented  in  Fig.  3.  They  are  characteristic  of  a 
ferromagnetic  behavior  but  the  (Pr)  and  (Nd)  curves  present 
a  notably  larger  magnetization.  At  80  kOc  they  are  far  from 
saturation.  The  extrapolated  values  of  M  (f/-0,  7'=  1,5  K) 
are  0.28,  0.35,  and  n.34yU;, /formula  for  (Ce),  (Pr),  and  (Nd), 
respectively,  thus  showing  the  enhancement  of  the  effective 
magnetic  moment  on  the  rare-earth  site.  The  reciprocal  sus¬ 
ceptibilities  follow  a  C  'lie-Weiss  law  with  averaged  effec- 
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FIG.  3.  Mugiiclizatiun  curvc.s  at  l..‘i  K.  Insert:  thermal  (le|ieiideiice  of  the 
reciprocal  susceptibility. 


FIG.  4.  Kiutveld  reliueiueiits  of  the  iieutron-dilTraction  patterns  for 
Cc,|,,Nd„  |Ni||j|Ftn.2  at  1.5  K.  Vcrticiil  marks  correspond  to  the  rcllcxion  of 
the  two  cry.stalline  observed  phases.  Ge||.iFr||  |Ni||RFl,| ,  presents  a  similar 
pattern. 


tive  niagnclic  moments  very  close  to  the  Ce’^ '  free- ion  value 
and  leading  to  paramagnetic  Curie  tempcratuies.  /y^,  =  -4y, 
-40  K,  and  -43  K,  for  (Ce),  (Pr),  and  (Nd),  respectively. 

The  neutron-dilfraction  patterns  (Fig.  4),  present  the 
same  characteristics  of  tlic  rest  of  tlic  scries  and  previous 
diluted  compounds.'’  All  of  these  cotnpounds,  prepared  in  a 
cold  crucible  induction  furnace  and  annealed  for  a  few  days, 
present  a  splitting  oti  the  peaks  corresponding  to  tlio  CrB 
structure.  The  only  way  to  inlerprcl  sucli  diagrams  is  to  con¬ 
sider  a  kind  of  spinodal  segregation  of  piuiscs  of  the  same 
structure  with  slight  differences  in  tlie  cell  parameters.  With 
ihe.se  hypotheses  tlic  Rictveld  rclincments  give  quite  accurate 
fils,  a.ssuming  tlial  Pr  or  Nd  atoms  are  randomly  distributed 
in  the  same  (4c‘)  site  occupied  by  Ce  atoms,  Tlic  obtained 
cry.stallographic  data  are  presented  in  Tabic  1.  As  expected, 
wc  lind  a  sliglitly  smaller  volume  for  (Pr)  or  (Nd). 

Tlie  diagrams  obtained  at  1 .5  K  (in  the  ordered  range)  do 
not  present  supplementary  new  peaks,  but  only  an  increase 
of  tlie  intensity  of  some  of  tliem.  The  magnetic  peaks  are  the 
.same  as  lliose  detected  in  oilier  magnetic  compounds  of  this 
system,*’  corresponding  to  tlie  same  collinear  ferroniagnetic 
.structure,  with  the  magnetic  moments  in  the  c  direction.  Due 
to  tlie  weak  magnetic  contributions,  the  determination  of  tlic 
magnetic  structure  lias  been  performed  from  the  difference 
diagrams  (1.5-15  K.)  using  the  Rictveld  method.^ 

The  magnetic  intensities  are  noticeably  liigher  for  (Pr)  or 
(Nd)  than  fur  CeNii)nPt,i2.  In  order  to  estimate  tlie  Ce  mag¬ 
netic  moment  value,  we  liave  considered  an  average  mag¬ 
netic  momeiil  (/i2,)  =  ().9^c„-l-().  l/u.,i,,  in  each  rare-earth 

(4r)  site,  taking  /2|,f=3.2()/x,(  and  /xn,|  =  3.27/x,j  whicli  cone- 
.spond  to  the  frec-ioii  values  fi^.  Then,  the  only  pa¬ 

rameter  to  be  fitted  is  the  value,  The  magnetic  rare-cartli 
form  factors  were  taken  from  Ref.  8.  Tlie  obtained  values 
must  be  considered  just  as  an  estimate  whicli  gives  a  mini¬ 
mum  limit  for  tlie  cerium  intrinsic  niomciit,  ticcause  wc  liave 
not  considered  the  erystal-lield  effects  on  Nd  and  Pr.  Fur 
example,  in  tlic  isomorphous  NdNi  compound,  the  crystal 
field  reduces  tlic  Nd  magnetic  moniciit  to  2.7/x,(  Wc  obtain 
().y2±().()5/u./j  Ibr  (Pr)  and  0.89 ±().()5/x„  for  (Nd).  Tliese  val- 
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TABLE  I.  Crystallographic  and  magnetic  data. 


V 

(Ah 

Phase  % 

Average  V 

(Ah 

(%) 

I'c 

(K) 

P 

(Mii/Cc  atom) 

(%) 

(Cc) 

178,7 

52,0 

175.2 

4.8 

8.6 

0.50(5) 

18.2 

171.3 

48.0 

6.6 

(Pr) 

178.1 

42.7 

174,7 

4.8 

10.2 

0.92(5) 

12.7. 

172.2 

57.3 

4.9 

(Nd) 

178.7 

44.1 

174.4 

4.9 

9.8 

0.89(5) 

19.6 

171,3 

55.9 

5.6 

ucs  arc  inucli  larger  tlian  tliat  found  for  CeNi,)aPt()2 
(0.5±0.05/U.h).  These  moments  are  indicated  by  arrows  over 
the  general  trend  presented  in  Fig.  1 . 

From  all  of  these  data  we  can  deduce  that  the  introduc¬ 
tion  of  10%  of  Pr  and  Nd  atoms  in  the  CeNi()2|Pt,)  2  Kondo 
ferromagnet  enhances  the  exchange  Ruderman-Kittel- 
Kasuya-Yoshida  interactions  leading  to  a  noticeably  in¬ 
crease  of  the  Curie  temperatures  and  very  slight  modifica¬ 
tions  of  the  crystal-field  scheme. 

If  we  only  take  into  account  the  very  small  volume  de¬ 
crease  caused  by  the  Pr  or  Nd  introduction,  it  should  be 
expected  an  enhancement  of  the  hybridization;  however,  it  is 
clear  from  our  results  that  the  Kondo  interactions  are  re¬ 
duced.  The  experimental  results  that  support  this  assertion 
are;  (i)  the  decrease  of  the  absolute  value  the  paramagnetic 
Curie  tcmiieratures,  which  arc  related  to  7\  ;  (ii)  the  higher 
values  of  the  magnetization,  at  80  kOe  for  (Pr)  and  (Nd)  (see 
Fig,  3);  (iii)  above  all,  the  noticeable  increase  of  tlie  Cc  in¬ 
trinsic  magnetic  moments  found  in  (Pr)  and  (Nd)  by  neutron 
diffraction  (see  Table  I), 

Figure  I  has  been  used  to  illustrate  the  effects  of  the 
different  dilutions.  On  one  hand,  the  substitution  of  Cc  by 
nonmagnetic  ions,  Ce(|,KLa(,,2Ni(,  (iPt(),2  and  CCd  ttYo  iNi,)  (jPt(),2, 
leads  to  magnetic  moments  higher  and  lower  than  that  of 
CeNi(),)jPt,)2,  according  to  the  volume  effects.  And,  on  the 
other  hand,  the  Ce  magnetic  moment  changes  appearing  with 
the  introduction  of  Pr  and  Nd  magnetic  ions  are  opposite  to 
those  expected  by  pure  volume  effects. 


The  present  results  show  that  the  dilution  of  Ce  by  mag¬ 
netic  atoms  disturbs  the  coherence  of  the  Kondo  lattice  state 
increasing  the  magnetic  interactions  and  favoring  the  ten¬ 
dency  to  a  localized  behavior  of  the  Ce  ions.  This  is  not  the 
case  of  Y  nonmagnetic  dilutions  for  which  a  clear  tendency 
to  the  delocalized  behavior  was  observed.  This  means  tliat 
the  Kondo  lattice  behavior  needs  to  be  understood  not  only 
as  a  coasequence  of  the  large  4/-,vd  conduction-band  hy¬ 
bridization  but  also  as  a  cooperative  phenomenon  ol  coher¬ 
ence  between  the  Ce  magnetic  ions. 
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Low-temperature  phase  diagram  of  YbBiPt 

n.  Movshovich,  A.  Lacerda,  P.  C.  Canfield,®*  J.  D.  Thompson,  and  Z,  Fisk*^* 

Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  87545 

Resistivity  measurements  are  reported  on  tlie  cubic  heavy-fermion  compound  YbBiPt  at  ambient 
and  hydrostatic  pressures  to  kbar  and  in  magnetic  fields  to  1  T.  The  phase  transition  at  7’,.  =  0.4 
K  is  identified  by  a  sharp  rise  in  resistivity.  That  feature  is  u.sed  to  build  low-temperature  H-T  and 
P-T  phase  diagrams.  The  phase  boundary  in  the  H-T  plane  follows  the  weak-coupling  BCS 
expression  remarkably  well  from  1\.  to  while  small  hydrostatic  pressure  of  ^  1  kbar  suppre.sses 
the  low-temperature  pha.se  entirely.  I’hese  effects  of  hydrostatic  pressure  and  magnetic  field  on  the 
phase  transition  arc  consistent  with  an  spin-densitv-wave  (SDW)  formation  in  a  very  heavy  electron 
band  at  7'=().4  K.  Outside  of  the  SDW  pliase  at  low  temperature,  hydrostatic  pressure  incre.tses  the 
7'^  coeflicieni  of  resistivity,  signaling  an  incrca.se  in  heavy-fermion  correlations  with  hydrostatic 
pressure.  Tire  residual  resistivity  decrea.ses  with  pre.ssure,  contrary  to  trends  in  other  Yb 
heavy-fermion  compounds. 


Interest  in  the  compound  YbBiPt  lias  been  spiirked  by 
the  very  large  coefficient  of  tlie  linear-in-temperalure  contri¬ 
bution  to  tlie  hciit  capacity,  ^=8  J/mol  K^,  that  develops  at 
low  temperatures.'  If  a  substantial  part  of  tliat  heat  capacity 
is  due  to  the  heavy-fermion  nature  of  the  ground  state,  that 
value  of  y  makes  YbBiPt  tlie  “heaviest"  fermion  compound 
known  to  date.  Inelastic  neutron  scattering^  suggests  that 
some  fraction  of  this  large  y  may  be  due  to  the  existence  of 
low-lying  crystal-field  excitations;  however,  separation  of 
tliose  anil  intrinsic  heavy-i'eimion  contributions  has  not  been 
possible.  The  heat  capacity  data  also  revealed  a  pha.se  tran¬ 
sition  at  0.4  K  us  a  small,  but  rather  sharp,  peak  in  the  C  vs 
T  curve.  It  is  the  nature  of  that  transition  that  is  the  subject  of 
this  article,  together  with  the  clues  it  may  provide  to  the 
properties  of  tlie  ground  state  of  tlie  sy.steni.  To  address  the.se 
questions  we  liave  studied  tlie  electrical  resistivity  as  a  func¬ 
tion  of  pressure  and  U|)plied  ningnetic  fields  and  we  argue 
that  these  results  are  consistent  with  the  development  of  a 
spin-density  wave  (SDW)  below  0,4  K  in  a  heavy-mass  band 
of  conduction  elections. 

Single-crystal  samples  of  YbBiPt  were  grown  from  an 
excess  Bi  Ilux.’  X-ray  diffraction  confirms  the  samples  to  be 
face-centered  cubic  with  the  half-fleusler  structure  at  rooiii 
temperatu’e.  Neutron  diffraction  shows  no  evidence  fur  a 
structural  transilion  to  27  K.*'  Resistance  measurements  were 
made  in  standard  four-probe  and  Montgomery''  conligura- 
tions.  Pressure  was  generated  in  a  self-clamping  Ue-Cu  cell 
with  Fluorinert  FC-75  as  the  hydrostatic  pre.ssure  medium. 
The  pressure  at  low  temperatures  was  established  from  the 
shift  in  the  superconducting  transition  of  a  piece  of  high- 
purity  lead  mounted  near  the  sample. 

Results  of  four-probe  ac  resistivity  measurements  under 
hydrostatic  pressure  below  '«4  kbar  are  displayed  in  Fig.  1 
for  the  rod-shaped  sample  in  which  the  current  flow  was 
close  to  being  parallel  to  the  (100)  crystallographic  direction. 
Data  for  F==()  kbar  curve  show  a  sharp  kink  at  7'=-(),4  K,  The 
rise  in  resistivity  below  7',.  suggests  a  decrease  in  the  number 
of  coiiductior.  electrons  that  could  arise  from  partial  gapping 

‘"I’icsciil  aiUlress;  Allies  LiilumUiiiy/lowii  Stale  IJaivcr.sily,  Ames,  lA  501)1 1. 
'"I’lcseiil  aildre.ss:  Miiiiila  Slate  Uiiiveisily,  'lallahiissee,  I'l,  .12.10(1. 


of  the.  Fermi  surface.  Combination  of  this  effect  and  the  niag- 
iietie  nature  of  the  transition'  suggests  SDW  as  a  candidate 
for  the  nature  of  7  =0.4  K  transition.  The  curve  at  P=().78 
kbar  displays  similar  behavior,  with  the  transition  tempera¬ 
ture  shifted  very  slightly  downward;  however,  application  of 
1.20  kbar  suppresses  any  resistive  signature  for  the  low- 
temperature  phase  transition.  The  inset  in  Fig.  1  shows  the 
P-T  phase  diagram,  with  data  points  identified  from  the 
kinks  in  the  resistivity  curves,  as  in  Fig,  1,  as  function  of 
pressure.  'I'he  point  at  7’ =0.84  kbar  is  obtained  from  a  curve 
not  shown  in  the  Fig.  1,  The  dashed  line  represents  the  ap¬ 
proximate  prc.ssure  above  which  there  is  no  resistive  signa¬ 
ture  for  a  phase  transition.  The  dotted  line  through  the  data 
points  corresponds  to  the  pre.ssure  dependence  of  the  transi¬ 
tion  temperature  of  {d'l\.ldP)i,  ,()  =  -14  niK/kbar,  The  be¬ 
havior  of  the  transition  temperature  is  highly  nonlinear,  and 


0.0  0.2  0.4  0.6  0.8  1.0  1.2 


T  (K) 

I'lG.  I.  Rc.sislivily  of  ;i  siiiylu-cryslal  niil-shnpinl  siimplc  iit  Ylitlil’l  uiulor 
hydriistiilic  prcssiirt;  (())  0  kliiir;  I  I  )  ().7H  tduir;  (X)  1.20  klinr;  (Al  .1.V2 
kbiir.  Insoi:  Iraiisilioii  icmpentUirc  7',  v.s  ii|)plii.'d  liydro.slulic  prc.ssiiri',  iili- 
laiiied  IVoni  llic  kinks  in  ciiivcs  shown  in  llic  iniiin  body  of  Ihn  ti^urc. 
Dashed  line:  appi'oximiile  pressure  dial  suppre.sses  die  low-leinperiiliire 
phii.se.  Dolled  line  pusses  Ihriiiigh  llie  diilii  poinis,  willi  a  slope 
(di\ldl‘)p  .„=■  -  14  niK/kbiir,  Tlie  low-leinperaliire  plia.se  is  siippte.ssed  by 
pres.sure  lielween  ().K4  and  1 .20  kbar. 
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very  strong.  Hydrostatic  pressure  has  been  an  important  tool 
for  investigating  the  SDW  transition  in  Cr.  The  transition 
temperature  is  suppressed  rapidly  by  pressure,  at  the  rate  of 
(dTi^/dP)i,_f)=  -5A  K/kbar.^  Such  a  strong  dependence  on 
pressure  is  seen  as  a  consequence  of  the  delicate  Fermi  sur¬ 
face  nesting  that  results  in  a  SDW  transition.  The  high  sen¬ 
sitivity  to  relatively  small  pressure  on  the  order  of  1  kbar  is 
consistent  with  the  0.4  K  transition  in  YbBiPt  being  due  to  a 
Fermi  surface  instability.  Extending  the  analogy  with  Cr,^’ 
analysis  of  data  similar  that  of  Fig.  1  for  P~Q  kbar  (Ref.  7) 
results  in  a  value  for  a  weak-coupling  SDW  gap  of 
A(/’=0)/^b7\.  =  1.65±0.15.  This  is  close  to  the  minimum 
value  of  1.764  for  the  two-band  model  of  itinerant 
antiferromagnetism.*  For  comparison,  in  Ci  it  was  found* 
that  A(7’=0)//ta7V=2.3. 

To  further  investigate  this  transition  we  performed  a  se¬ 
ries  of  resistance  measurements  in  a  magnetic  field.  The  two 
samples  used  were  of  a  “Montgomery  type,”  thin  square 
platelets,  each  oriented  to  have  one  pair  of  long  edges  along 
the  magnetic  field.  Both  samples  displayed  anisotropic 
resistivity,’  and  the  direction  of  the  largest  increase  in  V/l 
was  longitudinal  for  one  of  the  samples  and  transverse  for 
the  other.  One  reason  for  choosing  such  a  geometry  was  the 
expectation  that  magnetic  field  might  reorient  the  SDW  do¬ 
mains  with  different  order  parameters,  as  was  demonstrated 
for  Cr,’  and  produce  a  single-domain  sample.  In  one  of  the 
samples  we  indeed  observed  u  small  downward  kink  in  V/I, 
in  the  direction  which  had  a  larger  resistivity  at  zero  field, 
while  sweeping  temperature  at  a  fixed  field  of  2.5  kG.  This 
would  imply  that  reversal  of  the  direction  of  the  larger  resis¬ 
tivity  has  taken  place.  However,  temperature  .sweeps  in  fields 
greater  than  2  kG  arc  increasingly  difficult  since  the  phase 
boundary  of  the  low-temperature  phase  becomes  rather  inde¬ 
pendent  of  temperature,  as  described  below. 

Figure  2(a)  displays  results  of  temperature  sweeps  for 
one  of  the  samples  described  above  in  which  the  excitation 
current  was  transverse  to  magnetic  field.  The  phase  transition 
temperature  is  easily  identified  by  sharp  kink  in  V/I.  Figure 
2(b)  shows  V/I  at  350  mK  for  the  same  sample  but  with  the 
current  flow  parallel  to  the  applied  field.  We  identify  the 
sharp  kink  at  2.1  ±0.1  kG  in  the  derivative  witli  respect  to  H 
as  the  transition  magnetic  field  for  that  temperature.  This 
identification  is  consistent  with  the  results  of  the  temperature 
sweep  at  2  kG,  which  gives  a  transition  temperature  of 
350±10  mK.  Similar  identifications  were  then  made  for 
magnetic  field  sweeps  at  100  and  200  mK. 

Figure  3  displays  the  resulting  magnetic-field  tempera¬ 
ture  phase  diagram  for  the  low-temperature  phase  of  YbBiPt. 
The  solid  curve  is  the  functional  dependence  of  the  BCS 
energy  gap  scaled  to  pass  through  the  points  l\.=Q.4K, 
H~0  on  the  x  axis  and  '/’=0,  H—3.\  kG  on  the  y  axis.  The 
curve  fits  the  data  very  well,  indicating  the  weak-coupling 
nature  of  the  transition  in  the  whole  temperature  range  stud¬ 
ied.  In  contrast  to  Cr,  in  which  7',v  is  independent  of  mag¬ 
netic  fields  up  to  77  =  16  T,'“  YbBiPt  follows  mean  field  be¬ 
havior  expected  of  an  itinerant  antiferromagnetism. 

We  now  turn  our  attention  to  the  resistive  behavior  of 
YbBiPt  at  pressures  sufficiently  high  that  evidence  for  a 
phase  transition  is  not  found.  Figure  4  shows  the 
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FIG.  2.  (a)  'I'cmpenituic  sweeps  al  conslam  magn  sie  (ielil:  (solid  line)  // =0 
kG;  (dotted  line)  II -■  1  kG:  (dashed  line)  11-2  kCi.  Kinks  in  V/I  curves  are 
taken  us  .signaling  transition  loinperutures  for  given  lieids.  (b)  Magnetic- 
liekl  sweep  at  a  conslan’  Icinperature  of  niK, 

(V/I),  =  (V/l)f\V/I(//  ■-())].  Inset:  derivative  trf  the  curve  shown  in  (b). 
Tile  slnirp  kink  indicated  by  llic  arrow  at  a  Held  7/  =  2. 1  ±0.0 1  kO  represents 
the  plia.se  transition  at  T-2H)  inK. 

temperature-dependent  resistivity  at  pressures  between  '=*4 
and  19  kbar.  Data  for  all  curves  can  be  fit  very  well  by 
p(7)  =  P,)+7\7'^  below  7’=30()  mK,  as  expected  for  a  Fermi 
liquid.  In  this  Fermi  liquid  regime  ^jA  was  shown”  to  be 
proportional  to  y  for  a  large  number  of  Ce  and  U  heavy- 
fermion  compounds.  The  inset  in  Fig,  4  shows  A  as  a  fuiic- 
iion  of  prc.ssure  and  indicates  an  increase  in  the  heavy- 
fermion  correlations  with  pressure.  Similar  systematics  with 
pre.ssure  are  observed  in  other  Yb  hcavy-fcrmioit 
compounds.’^  The  decrease  of  the  residual  resistivity  />„  with 


T  (K) 

I■1G.  3.  Magnctic-lield  temperature  phase  diagram  for  the  low-lempcruturi' 
phase  of  YbUil’t.  'I'hc  solid  and  open  symhols  are  results  of  tire  temperature 
and  magnetic  Held  .sweep.s,  respeetivcly. 'I'he  .solid  line  is  a  DC.S  curve  fixed 
by  the  points  ll,T-{)  and  //•-  (),  7',  . 

Movshovich  9t  al. 
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I'lG.  4.  Resistivity  of  YbHil’t  in  tlie  higli-prcssurc  plitisc:  (O)  IR.vy  khar; 
(A)  7.83  kbar;  (X)  3,^2  kbar.  Inset;  7'^  coelTicieiit  of  /X7')  vs  pressure; 
straight  line  is  u  guide  to  tlie  eye. 

pressu'rc,  however,  is  ratlier  anomalous.  In  other  Yb  com- 
potincls  the  residual  resistivity  increases  with  pressure,  pos¬ 
sibly  reflecting  its  Kondo  hole  origin.*’  The  decrease  of  po 
with  pressure  in  YbBiPt  may  be  due  to  purely  band-structure 
effects.  The  REBiPt  series  (RE  is  an  element  of  the  rare-earth 
series)  exhibits  a  systematic  progression  from  small  gap 
semiconductor  in  Nd  to  metallic  behavior  in  Yb,'**  as  tlie  RE 
series  is  traversed  from  the  left-  to  right-hand  side,  i.e.,  as  the 
size  of  the  RE  ion  diminishes.  Pressure  would  reduce  the 
vohimu  of  the  unit  cell  of  YbBiPt  even  further,  possibly  in¬ 
creasing  the  carrier  density  and  reducing  resistivity. 

In  summary,  the  phase  boundary  in  the  H-'l'  plane  of  the 
low-temperature  state  of  YbBiPt  follows  the  weak  coupling 
BCS-like  expression  expected  of  an  SOW  transition.  This 
identification  is  supported  further  by  the  extreme  pre.ssure 


dependence  of  the  transition  temperature,  with  the  low- 
temperature  phase  being  suppressed  by  pressures  of  1  kbar. 
Above  that  pressure-induced  transition,  the  heavy-fermion 
nature  of  YbBiPt  appears  to  be  enhanced  further  with  in¬ 
creased  pressure.  We  suggest  thiU  investigating  YbBiPt  at 
higher  pressures  yet  may  yield  interesting  information  on  a 
transition  regime  between  heavy-fermion  and  antiferromag- 
nctic  behaviors. 
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Quadrupoiar  effects  in  PrCu2Si2 

R.  Osborn 

Materials  Science  Division,  Argonne  National  Laboratory,  Argonne,  Illinois  60439-4S45 

E.  A.  Goremychkin®' 

ISIS  Science  Division,  Rutherford  Appleton  Laboratory,  Chilton,  Didcot,  Oxon,  OX  1 1  OQX,  United  Kingdom 

As  part  of  a  systematic  study  of  the  ciystal-licld  (CF)  potential  in  RCu2Si2  compounds  (R=Ce,  Pr, 
Nd,  Tb,  Ho,  Er)  using  inelastic  neutron  scattering,  the  CF  level  scheme  and  potential  in  the 
antiferromagnet  PrCu2Si2  both  above  and  below  7',v  has  been  determined,  There  have  been  recent 
speculations  that  the  quadrupole  moment  of  PrCu2Si2  has  been  quenched  by  the  quadrupolar  Kondo 
effect.  Using  the  CF  potential  derived  from  the  results,  the  quadrupole  moment  Q2  of  PrCu2Si2  has 
been  calculated  and  it  has  been  compared  to  the  other  members  of  the  RCu2Si2  series.  The 
temperature  dependence  of  the  quadrupole  moment  of  PrCu2Si2  is  significantly  weaker  than  all  the 
other  compounds,  e.g.,  it  is  approximately  five  times  smaller  than  in  HoCu2Si2.  Therefore,  it  is  Ihc 
CF  potential  which  is  responsible  for  quenching  Qi  at  low  temperature  rather  than  a  quadrupolar 
Kondo  effect.  Furthermore,  the  CF  .Schottky  contribution  to  C/T  vs  7'^  is  approximately  linear 
above  7’;^  and  explains  the  anomalously  high  linear  term  in  the  specific  heat.  However,  the  evr)lution 
of  the  CF  potential  across  the  rare-earth  scries  provides  evidence  of  an  enhanced  hybridization 
contribution  to  the  CF  potential  of  PrCu2Si2,  intermediate  between  the  heavy  fermion  CeCu2Si2  and 
the  other  rare-earth  compounds. 


I.  INTRODUCTION 

There  has  been  considerable  interest  in  /-electron  sys¬ 
tems,  particularly  uranium  alloys  such  as  UoiYo^Pdi  (Refs. 
1  and  2)  and  UCu-,  <;Pdi,s.'’  displaying  non-Fermi  liquid  scal¬ 
ing  of  their  thermodynamic  properties  at  low  temperatures. 
One  possible  microscopic  mechanism  to  explain  those  obser¬ 
vations  is  tlte  N"2  multichannel  Kondo  effect  produced  by 
orbital  scattering  of  the  conduction  electrons.'*  This  quadru- 
puiar  Kondo  effect  is  expected  to  quench  the  local  quadru- 
pole  moment  of  the  /  electrons  just  as  the  single-channel 
Kondo  effect  .screens  the  local  magnetic  moment  and  sup¬ 
presses  magnetic  ordering.  It  has  recently  been  proposed  that 
anomalies  in  the  thermodynamic  and  structural  properties  of 
PrCu2Si2  and  related  isostructural  compounds  might  also  he 
evidence  of  quadrupolar  Kondo  interactions.'’*'  The  extrapo¬ 
lation  of  C/T  vs  7’^,  measured  in  the  paramagnetic  phase  of 
PrCu2Si2  [T/,j=2\  K),  to  T-O  appears  to  give  evidence  for  a 
large  eiectronic  contribution  to  the  specific  heat  with  y-225 
mJ  mol  ’  K  ^.*’  Since  there  is  no  evidence  of  conventional 
Kondo-like  behavior  in  the  magnetic  susceptibility  or  resis¬ 
tivity,  there  has  been  speculation  that  quadrupolar  Kondo 
scattering  is  responsible  for  the  high  7.  This  suggestion  is 
given  further  weight  by  the  ab.sence  of  a  c/a  lattice  anomaly 
at  low  temperatures,  comparable  to  those  seen  in  all  the  other 
RCii2Si2  (R  denotes  rare  earth)  compounds,  implying  that  the 
Pr’*'*^  quadrupole  moment  has  been  quenched. 

When  the  anomalous  properties  of  PrCu2Si2  were  first 
reported,  it  was  pointed  out  that  a  knowledge  of  the  crystal- 
field  (CF)  potential  is  essential  to  assess  the  validity  of  these 
ideas,*’  Apart  from  making  a  substantial  contribution  to  the 
thermodynamic  properties,  the  CF  also  determines  the 
/-electron  wave  functions,  in  the  absence  of  strong  hybrid- 


■'On  leave  from:  I.  M.  I'rank  bihoratory  of  Neutron  Physics,  Joint  Institute 
for  Nuclear  Researcli,  Dulrna,  llcaci  Post  Ofliee,  P,().  Box  7'),  Moscow, 
Russia,  CIS. 


ization,  and  con.sequently  the  quadrupole  moment.  We  have 
been  conducting  a  systematic  investigation  of  the  magnetic 
properties  of  RCuiSii  compounds  using  neutron  diffraction 
<md  inelastic  neutron  scattering.’"'”  Inelastic  neutron  scatter¬ 
ing  (INS)  is  the  most  reliable  method  of  determiniitg  the  CF 
potential  in  intermetallic  compounds  since  it  measures  di¬ 
rectly  the  energies  and  dipole  matrix  elements  of  transitions 
between  CF  levels.  One  aim  of  our  work  is  to  measure  the 
CF  potential  across  the  rare-earth  series  in  order  to  determine 
whether  the  CF  in  the  heavy-fermion  compound  (..;eCu2Si2  is 
anomalous  compared  to  the  ‘‘normal"  rare-earth  compounds. 
We  have  now  established  the  CF  parameters  for  R-Ce,  Pr, 
Nd,  Tb,  Ho,  and  Er  and  discuss  some  of  the  consequences  of 
these  results  here  with  particular  reference  to  the  praseody¬ 
mium  compound.  Full  details  of  this  work  will  be  published 
in  Ref.  d. 


II.  EXPERIMENTAL  RESULTS 

The  samples  were  prepttred  by  arc  melting  stoichio¬ 
metric  quantities  of  the  con.stituent  elements,  with  no  mea¬ 
surable  weight  loss.  After  annettling  at  700  °C,',  nearly  all 
peaks  observed  in  neutron-diffraction  measurements  could 
be  indexed  with  the  ThCisSii-type  structure  and  only  a  few 
very  weak  rcllections  in  the  light  rare  earths  indicated  minor 
contamination  by  other  |dia,ses.  The  INS  measurements  were 
performed  at  the  pulsed  spallation  neutron  source  ISIS  (Ru¬ 
therford  Appletoit  Laboratory,  U.K.)  on  the  time-of-llight 
chopper  spectrometer  HET,  using  incident  energies  between 
10  and  00  meV,  and  on  the  high-resolution  inverse  geometry 
spectrometer  IRIS  to  re.solve  low-energy  transitions. 

The  rare-earth  ions  in  R('u2Si2  occupy  sites  with  tetrag¬ 
onal  point  group  symmetry.  In  the  piiiamagnetic  phase,  the 
appropriate  CF  Hamiltonian  is 

//(■I-  ■'  ( 1 ) 
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MU.  1.  Neutron  iiiulu.stiu  .suuiiuriiiK  t'l'oin  I’rCujSij  iiicusurcil  ut  4.5  uiid  25  K 
on  IlU’r  with  un  inuidoiit  energy  of  15  ineV  integruted  over  scuttering  angles 
of  y°-2y'.  'I’lie  .solid  line  Is  the  profile  of  the  cry.stul-lleld  model  described  in 
the  text  including  Uirent^iun  liroadening  and,  ut  4.5  K,  u  molecutur  field, 
'file  duslied  line  is  the  quusieiustic  sciittering,  the  dushed-dotted  lines  are  the 
inelustic  trunsitions,  and  tlic  dotted  line  is  tiie  elastic  nuclear  scattering. 


where  ure  tlie  Steven’, s  operator  equivuletit-s  uttd  are 
the  phenomenological  CF  parameters.  The  itilluence  of  anti- 
ferromagnetic  orderitig  on  the  excitation  spectrum  has  been 
taken  into  account  in  the  niolccular-rteld  approxitnation.  An 
example  of  the  HOT  spectra  oti  PrCu2Si2,  measured  both 
above  and  below  Tf^ ,  with  an  incident  energy  of  15  meV  and 
summed  over  scattering  angles  from  to  2y°,  is  shown  in 
Fig.  1.  The  spectra  taken  at  136°,  where  the  nuclear  scatter¬ 
ing  is  strongest,  show  that  the  phonon  contribution  in  this 
energy  range  is  negligible  at  low  angles,  so  the  observed 
peaks  ure  all  mugtietic. 

The  solid  lines  in  Fig,  1  are  the  results  of  a  profile  re¬ 
finement  of  the  CF  model  after  establishing  the  approximate 
CF  parameters  using  a  comprehensive  stepwi.se  search.  The 
resulting  parameters  are  £f2=-(6.28±().  15)xl()  ^  ineV, 
/i"  =  (1.48±0.15)Xl()  meV,  f3[;=(5.27±0.07)Xl()  ineV, 
ZJ^=(2.24±0.()6)X1()“‘  meV,  and  B^,=  -(3,80±().03)xl()  ^ 
meV,  and  the  corresponding  level  scheme  in  the  paramag¬ 
netic  phase  is  shown  in  Fig.  2.  The  INS  spectrum  measured 
at  4.5  K  shows  that  the  molecular  field  H,„(  changes  the  level 
splittings,  energies,  and  transition  probabilities  significantly 
in  the  antiferromagnetic  state.  Nevertheless,  it  was  fitted  us¬ 
ing  the  .same  CF  parameters  as  in  ll  e  paramagnetic  plia.se 
with  /7|„f— (1().4±0.6)  T.  Therefore,  the  CF  model  de.scribes 
the  measured  profiles  reasonably  well  both  above  and  below 
7'/v  with  some  discrepancies  due  probably  to  the  use  of  a 
common  linewidlh  for  all  the  transitions  and  to  the  neglect  of 
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Mfi.  2.  Kncr}>y-levcl  selionic  for  I’rC'Uj.Sij  in  the  paramagnetic  phase  with 
the  crystul  tleld  parameters  given  in  the  text.  The  arrows  mark  the  dipole- 
allowed  transitions. 


dispersioti  in  the  atitiferromagnetic  state.  We  have  performed 
similar  analy.ses  for  the  other  rare-earth  compounds.  Iti  each 
case,  the  CF  potential  was  detertnitied  without  ambiguity 
with  the  possible  exceptioti  of  TbCu2Si2  where  the  transi¬ 
tions  are  not  welt  enough  resolved  to  guarantee  a  utiique 
solution. 

111.  DISCUSSION 

As  we  stated  iti  Sec.  1  it  has  been  proposed  that  PrCti2Si2 
shows  uticonvcntional  (quadrupolar  Kondo)  heavy-fermion 
behavior.'  One  itiimediate  result  of  our  CF  analysis  is  to 
explain  the  apparently  high  value  of  y.  The  calculated  CF 
contribution,  consisting  of  a  number  of  overlapping  Schotlky 
peuk.s,  is  approximately  linear  in  C/T  vs  7'^’  for  about  20  K 
above  T/^  and  extrapolates  to  the  value  282  mJ  mol  '  K  ^  at 
7‘-().  Once  this  Schotlky  conlribution  has  been  subtracted, 
C/T  is  clo.se  to  zero  within  the  uncertainties  of  this  analysis 
.so  there  is  no  evidence  of  un  enhanced  electronic  contribu¬ 
tion  to  the  specilic  heat,  A  see\)nd  result  is  to  explain  the 
absence  of  the  lattice  anomaly  at  low  temperatures.  Figure  3 
shows  the  calculated  temperature  dependence  of  the  quadru- 
pole  moments  Q2~  \oij{()\)  of  RCu2Si2  using  the  measured 
CF  parameters,  is  proportional  to  the  size  of  the  lattice 
anomaly  assuming  the  magnetoela.slic  coupling  is  linear  in 


MCi.  .1.  Tomperalua'  dcpciidciicc  of  llic  qiiadrupolc  momcnl  y ,  of  RCiiKSi  , 
cumpound.s  (It  M’i,Nd,  ri),llo,lii). 
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KIO,  4.  Superposition  nioJcl  piirameters  A4(Cu)  uinl  A4(Si)  for  UCUjSij 
eoinpouncls  (R-l’r,Nil,11),Ilo,Er)  assiimiiig /f!{  and  AJ  arc  positive. 

the  tetragonal  strain,'*  Altliougli  the  absolute  value  of  Qi  in 
?rCu2Si2  at  room  temperature  is  slightly  greater  than  the 
heavy  rare  earths,  its  tenrperature  dependence  is  much 
weaker.  For  example,  its  variation  between  300  and  20  K  is 
live  times  weaker  than  iti  HoCu2Si2  making  any  attendant 
lattice  anomaly  difficult  to  see.  Since  the  quadrupole  moment 
of  the  CF'  ground  state  in  PrCu2Si2  is  relatively  small,  the 
increase  in  C?2  sup|rresscd  as  the  excited  CF  levels  are 
depopulated.  Therelbre,  it  is  the  CF  potential  which  reduces 
Q2  at  low  temperature,  not  a  quadrupolar  Kondo  effect.  Nev¬ 
ertheless,  the  size  of  T/^  indicates  that  orirital  exchange  con¬ 
tributions  may  be  nece.ssary  to  explain  the  scale  of  magnetic 
interactions  in  PrCu2Si2.'*’‘*^ 

Analyzing  the  CF  potential  in  the  framework  of  the  su¬ 
perposition  model  (SM)  allows  a  direct  comparison  of  the 
different  ligand  contributions  in  the  RCu2Si2  compounds.  A 
detailed  di.scussion  of  the  use  of  this  nrodcl  is  given  in  Refs. 
7  and  8.  Here  we  discuss  briclly  the  sy.stematics  of  this 
analysis  across  the  rare-earth  .scries.  There  is  an  ambiguity 
about  the  relative  signs  of  /}']  and  B'l  but  both  solutions  show 
a  sy.stematic  evolution  of  the  two  ligand  contributions, 
/\4(Cu)  and  /ii,)(Si),  to  the  (T  potential  with  a  substantial 
increase  in  the  magnitude  of  the  silicon  term  and  a  smaller 
decrease  in  the  magnitude  of  the  copper  term.  We  discuss  in 
Ref.  7  our  reasons  for  favouring  positive  values  of  A  4  and  /fj', 
and  show  these  results  in  Fig.  4  0„A'"{r'‘)  where  0,,  arc 

the  .Steven’s  facp/is  and  (r")  arc  the  4/  radial  integrals).  In 
NdCu2Si2  and  the  heavy  rare  earths,  the  silicon  contribution 


is  small  in  comparison  with  the  copper  contribution  which  is 
nearly  constant  across  the  series.  However,  a  large  negative 
silicon  contribution  has  developed  in  CeCu2Si2  indicating  an 
enhanced  hybridization  between  the  rare-earth  4/  electrons 
and  the  Si  s-p  orbitals.  The  SM  analysis  does  therefore  show 
evidence  of  the  same  hybridization  in  PrCu2Si2  but  on  a  sub¬ 
stantially  reduced  scale. 

IV.  CONCLUSION 

Our  solution  of  the  CF  potential  of  PrCu2Si2  shows  that 
the  anomalous  thermodynamic  and  structural  properties  ob¬ 
served  in  earlier  investigations  can  be  understood  in  the 
framework  of  a  conventional  /-electron  system  split  by  the 
crystal  held.  Both  the  enhanced  linear  term  in  the  specific 
heat  and  the  apparent  quenching  of  the  Pr’^  quadrupole  mo¬ 
ment  are  reproduced  by  our  CF  niodel.  However,  the  ex¬ 
panded  radial  wave  functions  of  the  /  electrons,  compared  to 
the  heavier  rare  earths,  are  reflected  in  an  enhanced  hybrid¬ 
ization  contribution  to  the  CF  potential  by  the  silicon  ligands 
as  earlier  observed  in  CeC^i2Si2. 
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Mixed  valence  in  a  generalized  Hubbard  model 
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A  gcnenilized  Hubbard  model  involving  two  kinds  of  spinlcss  fermions  with  different  masses  is 
proposed  to  explain  the  properties  of  mixed-valcnec  compounds.  An  equivalence  between  the 
proposed  model  and  an  effective  anisotropic  anliferromagnctic  Hei.senberg  model  with  external  field 
is  established  in  the  strong-interaction  limit.  The  ground-state  energy  and  partition  function  tire 
obtained  analytically  using  generalized  mean  held  theory  which,  for  bipartite  lattices,  allows  tlie 
system  to  be  reduced  to  an  equivalent  two-site  problem.  The  analytic  behavior  of  tlie  valence  and 
compre.ssibility  under  variation  of  pressure  and  the  phase  diagram  in  the  ground  state  and  at  finite 
temperature  are  investigated.  The  conditions  for  a  first-order  transition  depending  on  the  position  of 
the  /  band  are  obtained,  taking  into  account  the  effect  of  local  hybridization  between  the  s  and  / 
states.  The  known  anomalies  in  the  behavior  of  and  x  "i  mixed-valence  systems  are  interpreted 
in  analogy  with  the  magnetization  and  susceptibility  in  the  corresironding  pseudospin  model. 


Many  phenomena  in  heavy-fermion  compound.s,  high-7’,, 
superconductors,  quantum  crystals,  etc.  have  been  modeled 
cither  with  a  single-band  Hubbard  model'  or  a  spiiile.ss 
Falicov-Kiniball  (FK)  (or  closely  related)  model.'  ’*  'I'hese 
models  are  also  often  used  to  explain  phase  diagram  anoma¬ 
lies  and  interesting  valence  behavior  in  mixed  valence  com¬ 
pounds  under  change  of  temperature  m  ;  picssure  (see,  c.g.. 
Ref,  S).  Aside  from  some  details  <'1  ch  i  non  structure  these 
two  models  can  be  studied  togetiiei  as  partieular  eases  of  ti 
more  general  model  (OM), 

i 

i  i  f  I 

which  includes  hopping  term,')  and  intrasite  repulsion  (LOO) 
for  two  different  kinds  of  particles.  For  t ,  =  /  j  it  is,  of  eour.se, 
a  Hubbard  model  with  an  applied  magnetic  field.  Although 
iiq.  (1)  is  written  in  the  language  of  electron  creation  opera¬ 
tors  with  spin  indices,  an  equivalent  Hamiltonian  could  be 
written  using  band  or  orbital  indices,  as  in  the  I'K  model.  In 
oMier  words,  the  Ci'  ,c'|'  operators  in  Fq.  (1)  can  be  replaced 
with  creation  operators  /' ,«  '  representing  s|)inless  fermions 
in  the  /  and  .v  bands.  The  field  strength  //  in  this  ea.se  repre- 
seitls  the  energy  difference  between  the  centers  of  the  two 
bands,  which  in  mixed-valence  materials  can  be  changed 
with  pressure.  For  /)=(),  this  is  equivalent  to  the  FK  model. 
In  the  strong  interaction  limit  U—>v^  the  OM  reveals  some 
interesting  relations  between  the  two  models,  and  helps  to 
explain  the  connections  between  such  phenomena  as  super¬ 
fluity  and  excitonic  insulators,  antiferromagnetism  (or 
charge-density  waves)  and  valence-density  waves,  ferromag¬ 
netism,  and  pure  integer  valency.  In  addition,  viewed  as  a 
generalization  of  the  FK  model  there  are  significant  advan¬ 
tages  to  using  Eq.  (1)  for  describing  mixed-valence  com¬ 
pounds.  In  the  pure  FK  model,  for  example,  mixed-valence 
states  can  appear  only  as  a  spatially  periodic  lattice  of  ions,' 
with  iif  —  O  or  1,  a  kind  of  orbital  antiferromagnetism.  The 
generalized  model,  however,  also  permits  a  liquidlike  state  of 
uniform,  noninteger  valence,  as  has  been  seen  experi- 
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mentally,^  and  it  correctly  predicts  the  first-order  transitions 
seen  in  those  materials  under  change  of  temperature  and 
pressure. 

It  is  convenient  to  rewrite  the  GM  Hamiltonian,  replac¬ 
ing  the  creation  openitors  by  Hubbard  operators'  so  that 
=  A'*'" H  o/V,’  "  and  the  Hamiltonian  takes  the  symme¬ 
trized  form  +  A,/),  where 

A  is  summed  over  the  lattice  vectors,  and  Il(i,j)  can  be 
written  in  terms  rrf  two-site  operators  as  follows: 

n  ( /  ,j )  -  -  / 1  ( A','  "A’’' '  T  A  ■  i  A'j  ’ )  -  / ,  ( A’ i  "A)’ '  T  A,’ '  A]  ' ) 

- 1 1  (A,'  "Aj  “  +  A;-  'A'"  )  -t-  G(  A‘"Aj  ‘  +  A,’ '  A)" )  ( 2 ) 

-I-  L'/2(Ap  + A;-)-///4(A|  '  -I- A'] '  -A|  ‘  -  Aj ' ). 


While  the  first  two  terms  in  liq,  (2)  represent  simirle  hop¬ 
ping,  the  secoiui  two  are  interconliguration  fluctuation  terms 
and  can  be  removed  by  a  suitable  unitary  transformation  as 
in  Ref.  b.  In  the  strong  interaction  limit  the  transformed 
Hamiltonian  can  be  expanded  to  any  order  in  powers  of 
t\_JU .  Projecting  the  tnmsformed  Hamiltonian  oiuo  the  sub¬ 
space  of  singly  occupied  states,  exactly  at  half-filling 
(/I  I  +/I I  =  1 )  gives,  to  lowest  order,  an  effective  Hamiltonian 


//cir— ^S(A'j'Aj'-.  A‘‘A'')H  ^I^XlA'j'Aj 

t^ij)  U 


H  //c)-y  2  (A',"  -Aj').  (3) 

i 

Since  the  Hubbard  o|icrators  A"^' generate  an  SU{2)  algebra, 
and  their  commutation  relations  are  isomorphic  to  those  of 
the  pseudospin  operator  /,  (2L‘  =  A''-A"  and  L  '  -  A''), 
the  effective  Hamiltonian  above  can  be  written  in  the  form 


Hi)  Hi)  I 

(4) 

with  ./||  =  (/)  -t-  /j)/2(y  and ./  ,  1  hus,  to  lowest  order, 

the  ()M  is  strictly  equivalent  to  an  anisotropic  antiferromag- 
net  with  external  field.  Using  analogies  of  this  kind  one  may 
advantageously  translate  the  substantial  existing  knowledge 
about  spin  systems  to  mixcd-valence  systems. 

The  transformed  Hamiltonian  is  valid  for  all  and 

in  earlier  work’  the  ca.se  1 U' U  was  described.  It  is  also  easy 
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to  show  that  taking  t\  =  t2  (Hubbard  model)  gives  a  spin 
analog  equivalent  to  Anderson  supercxchange,**  Here 
we  examine  in  greater  detail  the  FK-likc  case  *0.  Expand¬ 
ing  the  resulting  effective  Hamiltonian  to  fourth  order  gives 

W|s=-^  2  2  L]L)-h'2j  z^'  +  const  (5) 

lit)  1)1)11  1 

so  that  any  exact  results  from  the  Ising  model  can  be  easily 
transferred  to  the  FK  model  in  the  strong  interaction  limit.  In 
particular,  one  expects  the  appearance  of  a  spatially  ordered 
phase  in  the  GM  in  two  dimensions,  similar  to  results  de¬ 
scribed  earlier'*  about  the  appearance  of  a  chessboard  struc¬ 
ture  of  /  fermions  \i\D'^2  in  the  symmetric  case  We 

show  below,  however,  that  even  with  H  there  is  a  region 
where  the  chessboard  structure  is  stabile,  Higher-order  cor¬ 
rections  as  in  Eq.  (5)  are  important  for  their  implications 
regarding  additional  spatially  ordered  phases  for  IH-O. 


Comparing  the  Anderson  Hamiltonian  with  //|s 
above,  we  see  that  the  difference  between  the  Hubbard  and 
FK  models  in  the  strong  interaction  limit  is  no  more  than  that 
between  a  classical  Ising  system  and  a  quantum  antiferro- 
magnet.  Thus,  exactly  at  half-tilling  the  FK  model  can  be 
considered  to  be  a  classical  analog  of  the  Hubbard  model. 
Below  we  show  that,  in  spite  the  fact  that  J\\^J x  ,  the  inclu¬ 
sion  of  a  tinite,  small  bandwidth  for  the  /  states  changes  the 
character  of  the  phase  transition  from  second  to  first  order 
and  stabilizes  the  quantum-liquid  (QL)  .state  with  strong  ex- 
citonic  correlations. 

All  these  effeets  can  be  derived  analytically  using  a  gen¬ 
eralized  mean  field  approximation  (GMFA)  for  bipartite  sys¬ 
tems,  i.c.,  tho.se  consisting  of  two  sublattices  A  and  B.  Taking 
the  mo.st  general  decoupling  scheme  for  Hubbard  operators 
in  Eq.  (3)  the  Hamiltonian  can  be  reduced  to  the  two-site 
form. 


-1-7 j  zA )  (A’i '  ' )  +7||Z(/i  | /i 2a  '•  'ha'h  /)  ~  i Aj ,  (6) 


where  z  is  the  coordination  number  of  the  lattice,  and  we 
have  introduced  the  order  parameters  A,  fw  the 

excitonic  correlations  (orbital  mixing)  in  xy  plane  and 
for  the  spatial  orbital  ordering  in  z 
plane.  The  number  of  particles  11  ^  and  11 2  on  tlie  A  and  B  sites 
is  then  /i|  and  the  total  num¬ 

ber  of  particles  on  the  two  sublattices,  exactly  at  half-lilliag, 
is  /l|+/l2-2. 

After  diagonalization  of  Eq.  ((>)  one  can  find  eigenstates 
/f  j';2  and  the  partition  function  Z  depending  on  A,  r/,' and 
/n  =  2/;^-l.  The  analysis  of  self-consistent  equations  for 
these  gives  the  dependence  of  the  valence  iif  on  the  iiosilion 
of  the  /  level  //, 


li  = 


H 

27||2 


<Jnr  +  (p~  1 )  //’(m ). 


(7) 


Analysis  of  Eq.  (7)  reveals  many  phase.s,  which  are 
shown  in  Fig.  1.  In  a  strong  magnetic  Held  we  have  ferro¬ 
magnetic  ordering  or  integer  valence  (IV)  states  «^=()  or  I. 
On  decreasing  the  magnitude  of  It,  the  system  undergoes  a 
transition  into  an  excitonic  insulator  at  /)*=  1  -I-  1/g.  In  this 
region  dy  changes  linearly  with  It,  This  phase 

mo.st  closely  resembles  a  uniform  OL  with  strong  hole- 
particle  corrclalioiis,  and  with  (.2m„+  i  )/2</ly<  I ,  where 
"'ll  -  1)/(Z,'+  l)  l'  I'or /;  between  ±  \[^-  1)  fif  is 

multivalued  until  some  critical  field  ±/i()  where  the  system 
undergoes  a  first-order  transition  from  a  mixeil  slate  with 
At'M),  in  which  valence-density  waves  (VOW)  coexist 
with  the  OL,  into  a  pure  spatially  ordered  phase  with  VDW. 
When  the  mass  of  the  /  fermions  goes  to  infinity  we  obtain  at 
T={)  two  consecutive  jumps  from  IV  states  into  VDWs  with 
/iy=/i,=  1/2,  as  shown  in  Fig.  1,  It  is  also  possible  to  obtain 
such  a  transition  in  systems  with  short-range  elcctron- 


r 


phonon  interactions.'*’  The  transition,  however,  becomes 
continuous  at  any  finite  temperature.  I'lius,  the  stabilized  ex- 
citonic  pha.se  is  ruled  out  in  the  ground  stale  whenever  we 
exclude  a  finite  bandwidth  for  /  states,  and  there  is  no  pos¬ 
sibility  to  obtain  a  lir.st-order  transition  in  the  FK  model  at 
finite  temperatures.  From  Eq.  (7)  one  can  easily  find  the 
comprevstbilily  which  is  small  in  iV  configu¬ 

rations  and  in  spatially  ordered  phases  (/ly-1/2),  but  in  the 
OL  phase  becomes  constani  x=\/h*.  The  value  increases 
with  pressure,  and  reaches  a  maximum  near  the  transition 
into  the  mixed  state.  Such  behavior  has  been  seen  in  experi¬ 
ments  in  SmS  under  pressure.'''"’ 

The  inclusion  of  local  hybridization  in  the  GM 
^(ci' C| +C|' <•,)  would  be  the  same  as  considering  the  GM 
in  pre.scnce  of  a  transverse  magnetic  field  V(L  '  +/,  ).  This 
factor  is  of  an  excitonic  type  and  increases  the  tendency  to¬ 
ward  a  first-order  transition  from  a  spatially  ordered  phase 
into  QL  slate  with  strong  excitonic  correlations. 

If  we  consider  the  Ising-type  interaction  (r  |  ->())  to  all 
orders  in  l/U,  which  includes  the  antiferromagnetic  long- 
range  interactions  with  all  neighbors  (analogous  to  a  classi¬ 
cal  gas  with  Coulomb  repulsion,"  then  an  infinite  number  of 
incommensurate  modulated  phases  is  found  between  the  fer¬ 
romagnetic  and  the  VDW  "antiferromagnetic”  ordered 
phases  in  the  one-dimensional  case.  This  means  that  the  FK 
model  at  can  be  converted  into  an  Ising  model  with 

long-range  antiferromagnetic  interactions.  The  crystallization 
of  /  particles  into  a  periodic  structure  and  dielectric  splitting 
of  the  /  hand  has  been  found  in  the  ID  cuse.'"  The  similarity 
between  the  ground-slate  energy  and  the  partition  fiinciions 
of  the  FK  model  and  the  classical  lattice  gas  has  also  been 
found  recently  for  the  ID  case,'* 
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FIG.  1.  The  occupation  tiumber  h/  as  a  function  of  h  in  a  generalized 
Hubbard  modci  at  0<l/g<l. 


The  thermodynamic  behavior  of  our  system  can  be  ana¬ 
lyzed  easily.  From  analysis  of  these  equations  one  can  easily 
find  the  thermodynamic  characteristics,  and  investigate  the 
phase  diagram  at  finite  temperatures.  The  schematic  phase 
dingram  of  critical  temperatures  versus  magnetic  held  (or 
prc.ssurc)  of  the  GM  in  the  strong  interaction  limit  is  shown 
in  Fig.  2.  In  some  cases'**  the  transition  from  the  VDW  to  the 
QL  state  can  be  realized  through  an  intermediate  mixed  state 
(MS),  where  the  first-order  transition  line  is  split  into  two 
lines  terminating  in  tctracritical  point  li.  One  first  order 
phase  transition  from  the  QL  into  the  VDW  state  is  also 
possible  by  increasing  the  temperature  at  constant  field  (prc.s- 
sure)  (.see  Fig,  2).  Physically,  this  result  is  connected  with  the 
fact  that  excitonic  effects,  which  are  absent  at  high  tempera¬ 
tures,  become  important  at  low  temperatures.  The  phase 
boundary  between  the  QL  and  VDW  states  indicates  an  in¬ 
crease  of  entropy  for  the  spatially  ordered  phase  with  tem¬ 
perature.  The  bicritical  point  ?’hc  and  spinodals,  which  are 
characteristic  of  the  first-order  transition,  are  also  seen  in 
Fig.  2.  We  expect  that  in  the  3D  ca.se  only  a  finite  number  of 
commensurate  crystalline  ordered  phases  exists  at  finite  tem¬ 
peratures  and  can  survive  near  the  equilibrium  line  in  the 
VDW  region.  At  high  pressures,  near  the  IV  phase  the  tran¬ 
sition  from  QL  into  normal  state  is  smooth,  and  its  depen¬ 
dence  on  the  magnetic  field  is  logarithmic 
T^.  =  -yj  /ln(/i  -/i*).  This  result  means  that  the  excitonic  ef¬ 
fect  by  itself  cannot  give  rise  to  a  first-order  transition  and  is 
possible  only  near  the  boundary  of  a  spatially  ordered  phase. 
The  high-temperature  compressibility  in  the  normal  para¬ 
magnetic  phase  behaves  as  predicted  in  mean  field  theory, 
X=^dnf/dP-CI{T-T*),  where  T*  and  C  are  the  Curic- 
WcLss  temperature  and  the  Curie  constant.  Thus,  all  anoma¬ 
lies  in  the  behavior  of /jy  and  x  in  mixed-valence  systems  can 
be  intc.'preted  in  analogy  with  the  temperature  dependence  of 
the  magnetic  moment  and  susceptibility  of  a  Heisenberg- 
Ising  system  under  variation  of  external  field. 

Using  analogies  between  the  FK  model  at  L/-+00  and  the 
antiferromagnetic  Ising  or  classical  lattice-gas  model,  we  can 
predict  spatial  ordering  (VDW).  In  addition  the  long-range 
interactions  for  the  Ising  model  (see  Ref.  11)  give  rise  to 
numerous  other  modulated  long-range-ordered  pha.scs  and, 
similarly,  using  an  analogy  with  the  classical  lattice-gas 


ITG.  2.  The  predictcil  h-T  phase  diagram  for  the  generalized  model  for 
0^3. 

model,  one  can  predict  an  infinite  number  of  phase  transi¬ 
tions  with  charge-density  wave  states  under  change  of  pres¬ 
sure  in  the  FK  model.  Thus,  the  thermodynamic  behavior  as 
well  as  the  value  of  all  critical  exponents  for  FK  model  can 
be  obtained  using  analogies  with  exactly  solvable  one-  and 
two-dimensional  Ising  or  lattice  gas  models.  Even  a  small 
bandwidth  causes  a  the  appearance  of  a  valence  fluctuation 
term  (or  .spin-flop  terms  in  the  effective  Heisenberg  Hamil¬ 
tonian),  and  drastically  changes  the  properties  of  the  system. 
In  .spite  of  the  fact  that  the  exact  solution  of  the  2D 
Heiscnbcrg-lsing  model  is  not  known,  it  is  possible  to  reach 
some  conclusions  about  the  ground-state  properties  and  cor¬ 
relation  function  behavior  even  in  this  case.  *  For  example, 
at  low  temperatures  the  bounds  obtained  in  Ref.  16  rule  out 
the  possibility  of  excitonic  condensation  in  2D  lattices,  but 
allow  power-law-like  decay  for  excitonic  correlations  in  the 
GM,  which  can  be  of  the  Kosteiiitz-Tliouless  type,  when¬ 
ever  /]  or  /2  is  different  from  zero. 
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Consequences  of  competing  hybridization  for  magnetic  ordering 
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A  method  is  presented  lor  calculating  the  /-/  ion  interaction  in  systems  where  a  r/-cleclron  species 
also  hybridizes  with  the  same  I'ermi  sea.  For  the  physical  systems  of  interest,  typically  the  /  species 
is  a  light  rare  earth  (e.g.,  C'e  or  Pr)  or  a  light  actinide  (U)  involving  a  partially  tilled  /  shell  and  the 
'J  species  is  a  transition-metal  ion;  and  there  may  be  experimental  evidence  of  competition  between 
magnetic  ordering  of  the  /  and  d  electron  systems  (e.g.,  when  /  is  U  and  d  is  Mn).  The  method  treats 
first  the  .strong  hybridization  between  the  d  and  the  conduction  electrons  to  obtain  a  new  ground 
state  with  delocalized  d  electrons.  Then  it  calculates  the  /-/  ion  interaction  by  perturbation  theory. 
The  mechanisms  by  which  the  d  electrons  modify  the  /-/  ion  interaction  are  identified. 


In  recent  years  there  has  been  considerable  interest  :n  the 
behavior  of  partially  delocalized  light-rare-eartli  and  actinide 
sysli'ins  where  cooirerative  hybridization  between  a  lattice  of 
omewhal  delocalized  /-electron  ions  and  the  non-/-band 
electrons  gives  ri.se  to  orbitally  driven  magnetic  ordering 
phenomenology  characterized  by  extremely  high  anisotropy 
in  the  equilibrium,  excitation,  and  critical  behavior,  and  often 
try  anomalously  strong  damping  of  the  excitations.'  The 
theory  of  this  magnetic  ordering  and  associated  behavior  is 
by  now  w'ell  developed'  when  a  lattice  of  only  a  single 
/-eleclrrtti  species,  such  as  cerium  or  uranium,  is  present, 
interest  in  generalizing  this  understanding  to  the  situation 
where  there  is  a  (/-electron  species  also  present  is  strongly 
motivated  by  the  competition  between  magnetic  d  and  / 
electrons  that  occurs  in  comirounds''^  of  the  ThC'riSi-type 
sli'iictiire  of  the  type  UMiiiXj  and  RMitiXi  [where  R  is  a 
litre  eiutii  (Ce,  Pr,  Nd)  and  X  is  ,Si,(ie|.  If  the  Mn  is  replaced 
by  another  transition  metal,  there  is  no  magnetic  moment  on 
the  triinsition  metal.  For  the  light-rare-earth/Mn  compounds" 
there  is  magnetic  ordering  of  Mn  moments,  with  ordering 
temperatures  above  .'^OO  K,  that  i  ither  is  ferromagnetic  or  is 
antiferromagnetic  with  Mn  planes  that  are  ferromagnetic  in 
itlternating  directions;  and  the  rare-earth  sublattices  show  no 
ordering.  Quite  different  magnetic  ordering  behavior  occurs 
for  the  corresponding  heavy-rare-earth  compt'unds  where  the 
more  localized  /  electrons  presumably  liave  negligiiile  hy¬ 
bridization,  and  where  typically  there  is  evidence  of  mag¬ 
netic  ordering  on  the  rare-earth  site.  For  the  UMn_>Xi 
compounds’  the  magnetic  moment  of  the  uranium  sublattice 
is  strongly  coupled  with  that  of  the  Mn  sublattices. 

In  this  article  we  present  a  method  for  calculating  the 
/-/  ion  interaction  in  a  system  where  both  magnetic  /  elec¬ 
trons  and  d  electrons  on  a  lattice  (or  different  sublatlices) 
Irybridize  with  a  common  band  sea.  Tlie  method  treats  first 
the  strong  hybridization  of  the  d  electrons  with  the  band  sea 
to  construct  a  new  ground  state  and  then  proceeds  to  treat  the 
/  hybridization  by  perturbation  theory.  Although  we  explic- 
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itly  a.ssume  that  the  d  species  has  no  moment,  the  method 
can  be  generalized  to  the  case  where  it  does  by  introducing 
.spin-polarized  bands. 

We  start  by  writing  the  Anderson  lattice  Hamiltonian  for 
a  sysiem  of  d  and  /  electrons  hybridizing  with  a  common 
conduction  hand  as 


//-//,  +  ///+//,,,  (1) 

where  //,.  =  ^k<r^k^'k,r<'i((r  conductitm-band  Hamil¬ 

tonian  and  is  a  creation  operator  for  a  ctmduction  elec¬ 
tron  with  wave  vector  k  located  in  the  first  Brillouin  zone 
and  spin  a.  1  lere 


i(tnj ntni  ^  ^ to 


utmni 
m  t  u\ ' 


(2) 


where  a--{f,d\,  l]f,„  -  /■„,  is  a  creation  operator  for  a  local¬ 
ized  f  electron  located  in  the  /th  unit  cell  with  total  angular 
momentum  and  projection  of  the  latter  along  tlie  quanti¬ 
zation  axis  /«,  -  (/,-,,  is  a  creation  operator  for  a  localized 

d  electron  located  at  the  origin  of  the  /th  unit  cell  with  spin 
(A  and  we  have  neglected  the  orbital  degeneracy  for  the  d 
electron  system.  Here  /V,  is  the  number  of  unit  cells  in  the 
crystal  and  the  d  hybridization  matrix  element  for  simplicity 
is  taken  to  be  a  constant.  Vj . 

For  a  general  f-d  electron  sysiem,  both  species  can  in¬ 
teract  strongly  with  each  other  by  modifying  the  Fermi  band 
sea.  Here,  we  consider  the  case  where  the  /  species  is  in  the 
Ruderman  -Kittel-Kasuya-Yoshida  (RKKY)  interaction 
dominated  regime  with  local  magnetic  moments  in  contrast 
to  the  heavy  fermion  regime  with  quenched  moments  due  to 
the  formation  of  conduction-/-electron  singlets.  For  such  a 
system,  the  most  significant  renormalization  of  the  Fermi 
band  sea  is  due  to  the  hybridization  witli  the  d  electrons. 
'I’hus,  we  propose  a  method  where  we  lirst  approximately 
diagonalize  the  terms  in  the  Hamiltonian  involving  the  con- 
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duction  electrons  and  the  d  electrons  to  obtain  rencrmalized 
bands  and  then,  afterward,  treat  the  hybridization  of  the  / 
species  as  a  perturbation.  The  d  hybridization  effect  intro¬ 
duces  the  well-known  mixed  valence  nature  of  the  renormal¬ 
ized  bands  and  determines  the  enhancement  in  the  density  of 
states  (DOS).  An  enhanced  DOS  plus  various  residual  inter¬ 
actions  between  the  d  electrons  not  considered  here  could 
lead  to  a  spontaneous  magnetic  moment  for  the  d  electrons. 
We  consider  the  case  where  this  does  not  happen;  however, 
we  believe  that  by  introducing  spin  polarized  bands,  a  gen¬ 
eralization  of  this  method  can  be  achieved. 

The  d  hybridization  effect,  however,  is  different  than  for 
simple  metals  since  electron  correlation  effects  between  the 
narrow  d  bands  electrons  are  significant  and  the  intraatomic 
Coulomb  interaction  must  be  explicitly  taken  into  account. 
To  take  those  correlations  effects  into  account,  we  have  as¬ 
sumed  that  f/rf— and  introduced  a  slave  boson 
formalism'*’*  to  diagonalize  H^  +  Hj  in  a  mean  field  approxi¬ 
mation.  The  resulting  Hamiltonian  is  one  of  hybridiz¬ 

ing  bands  and  can  be  diagonalized  by  a  canonical  transfor¬ 
mation  to  yield  renormtilized  bands^’*  given  by 


kjiiT 


I  mm 
m  ^  m ' 


-7=  E  + 

V'^.v  imVjHT 


(5) 


where  is  a  renormalized  /  hybridiza¬ 

tion  matrix  element.  The  renormalized  /  hybridization  matrix 
element  take.s  into  account  the  mixed  valence  nature  of  the 
renormalized  bands,  i.c.,  an  electron  in  a  state  Ik/tir)  and 
e.iP.rgy  has  a  probability  7„,2(^)‘  of  being  in  a 
conduction-band  state  and  hopping  into  the  localized  f  state. 
The  calculation  of  an  effective  magnetic  Hamiltonian  for  the 
/  ions  starting  from  Eq.  (5)  is  accomplished  by  a  combina¬ 
tion  of  a  Schrieffer- Wolff  (SW)  transformation  and  pertur¬ 
bation  theory.*  Two  distinct  physical  processes  contribute  to 
the  two-ion  interaction:  (1)  an  induced  interaction  mediated 
by  the  interchange  of  a  particle-hole  excitation  in  the  con¬ 
duction  band;  (2)  a  kinetic  superexchange  contribution  due 
to  an  effective  liopping  or  banding  interaction  between  the 
localized  electrons  that  results  after  ap'plying  the  SW  trans¬ 
formation  to  the  Anderson  Hamiltonian.  The  resulting  ionic 
interaction  between  two  localized  /'  electrons  located  at  sites 
/  and  j  is  given  by 


where  rt- 1,2  is  a  band  index,  Cio,  =  i[ck  + 
are  the  hybridized  band  energies, 

+  \  is  the  renormalized  d  energy  level,  and  A  is  the 
corresponding  energy  shift.  Here  V,i=Vjr  is  the  renormal¬ 
ized  d  hybridization  matrix  element  and  r  is  the  hybridiza¬ 
tion  renormalization  factor.  Both  A  and  r  are  expectation 
values  of  slave  boson  fields  over  the  coherent  equilibrium 
states  and  are  determined  by  minimizing  the  mean  field  free 
energy*’*  with  respect  to  them.  The  hybridized  band  creation 
operators  are  given  by*'* 


<iln^=ynAik)dl„-^  r„,2(k)cj,„,  (4) 

where  yj,  is  an  orthogonal  matrix,  dl,^ 
_  2;  and  dl^  is  the  slave  fermion  creation  op¬ 
erator  representing  the  configuration.  The  limit  of 

i7„=0  can  be  formally  obtained  from  the  above  equations  by 
setting  r  =  l  and  A=0.  The  slave  boson  average  r  also  gives 
the  average  electron  occupation  of  a  d  site  fij  by  1  -r’, 
i.e.,  is  a  measure  of  the  degree  of  delocalization  or  itin¬ 
eracy  of  the  d  electrons.*'*  In  other  words,  in  the  infinite  Uj 
limit  a  conduction  electron  can  jump  to  a  d  site  only  if  it  is 
empty  and  this  results  in  a  factor  —  in  the 

transition  probability. 

Now,  by  replacing  +  by  in  Eq.  (1),  and  ex¬ 

pressing  the  /  hybridization  term  in  terms  of  the  renormal¬ 
ized  band  operators,  we  obtain  an  effective  Hamiltonian  in 
wfdch  the  /  electrons  hybridize  with  two  renormalized  bands 
that  already  contain  the  effects  of  the  d  electron  liybridiza- 
tion  and  is  given  by 


-E  £ 


Jin' 


(6) 


For  a  matrix  element  of  the  form 

Xk) 

X(3,l/2,m-(7,o-l3,l/2,7,»i), 

where  Yj  „,{k)  is  a  spherical  harmonic,  (3,l/2,m-fr,f7|3,l/' 
2,y,m)  is  a  Clebsch-Gordon  coefficient  for  a  spin-orbit 
coupled  /  state,  and  a  quantization  axis  along  R,-Ry,  it  can 
be  shown  that  the  asymptotic  behavior  of  the  range  function 
is  given  by  '■*  ZT, =g^m,w')/r(/?).  The  factor 

g(/n,m')  =  A|,„|i/25|„, '1,1/2 

remains  unchanged  from  the  case  where  there  are  no  d  elec¬ 
trons  and  implies  a  highly  anisotropic  interaction  that  favors 
having  two  ions  point  their  charge  along  the  bonding  axis 
(wt  =  ±l/2)  thereby  developing  a  small  covalent  bonding  en¬ 
ergy  and  causing  the  ionic  orbital  moments  to  align  perpen¬ 
dicular  to  the  bonding  axis.'  The  radial  factor  E{R)  is  a 
complicated  function  of  the  renormalized  f  hybridization  and 
renormalized  bands.* 

To  explore  the  physics  that  comes  out  of  this  approach, 
wc  have  done  a  model  calculation  for  a  system  of  /  ions  with 
j =5/2  and  d  electrons  with  .v  =  1/2,  The  conduction  band  was 
assumed  to  be  parabolic  with  a  bandwidth  IT  =  5  cV.  We  took 
£j  arid  to  be  0,3  and  1  eV  below  the  conduction  Fermi 
surface,  respectively.  Before  hybridization,  the  d  band  holds 
1  electron  per  site  and  the  conduction  band  0.6  electrons  per 
site,  and  therefore  after  hybridization  the  lower  hybridized 
band  holds  1.6  electrons  per  site.  The  various  parameters 
were  chosen  as  follows:  F,/=l  eV,  V'y=t).1414  eV,  f//=3.0 
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FIG.  1.  The  range  function  (iiitersitc  couplittg  strength)  as  a  function  of  the 
idtio  of  the  distance  between  the  two  f  sites  to  the  unit-cell  fee  Intticc 
constant  a.  Here  the  .solid,  dashed,  and  dotted  curves  correspond  to  „ , 
Ev,  and  Eq,  respectively.  The  arrows  indicate  the  nearest-neighbor  distances 
for  a  fee  lattice. 

eV,  and  Uj  infinite.  In  Fig.  1  we  show  the  calculated  /-/  ion 
interaction  range  function  under  different  circumstances:  (1) 
by  taking  into  account  the  hybridization  and  correlations  be¬ 
tween  the  d  electrons  as  outlined  here,  Ey^y  (solid  curve); 
(2)  by  treating  the  hybridization  of  the  d  electrons  but  ne¬ 
glecting  their  correlations,  i.e.,  U,i=Q,  Ey  (dashed  curve); 
and  (3)  by  neglecting  both  the  hybridization  and  correlations 
between  the  d  electrons,  Ey  (dotted  curve).  We  note  that  both 


Ey  y  and  Ev,  oscillate  more  rapidly  with  distance  than  Ey  due 
to  renormalizations  in  the  partial  densities  of  states  with  a  net 
effect  of  electrons  spilling  from  the  d  band  into  the  conduc¬ 
tion  band.’  The  difference  between  E  y  y  and  E  is  due  to  the 
correlations  between  the  d  electrons  which  are  significant  for 
the  case  considered  here.  A  detailed  analysis  of  these  resuits 
is  presented  elsewhere,'’ 

In  conclusion,  we  have  presented  a  method  to  compute 
the  /-/  ion  interaction  in  systems  where  both  d  and  magnetic 
/  electrons  hybridize  witli  a  conduction  band.  Our  calcula¬ 
tions  elucidate  some  of  the  mechani.sms  by  which  two  differ¬ 
ent  transition  shell  species  can  interfere  with  each  other 
through  cooperative  hybridization  with  a  common  Fermi 
band  sea.  We  found  that  correlations  between  the  d  electrons 
in  addition  to  hybridization  must  be  taken  into  account  in  the 
calculation  of  the  /-/  interaction. 
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The  temperature  dependence  ol'  tire  antiferromagnetic  order  in  superconducting  UPt^  lias  been 
measured  using  x-ray  resonance  magnetic  scattering.  The  magnetic  Bragg  intensity  at  Q  =  {\/ 
2,0,2)  grows  linearly  from  7)v  =  5  K  to  T={),(->  K  (T\-,-=(>-53  K),  where  it  becomes  suppressed 
with  temperature  to  a  reduction  of  ~6%  at  T=  1 80  mK.  These  results  demonstrate  a  coupling  of  the 
superconducting  and  antiferromagnetic  order  parameters  and  are  cotisislent  with  a  suppression  in  the 
magnitude  of  the  ordered  moments  below  T,.  when  compared  with  previously  obtained 
neutron-scattering  data. 


UPtj  has  emerged  as  a  model  system  in  which  to  study 
unconventional  superconductivity.'  The  unconventional  na¬ 
ture  can  be  seen,  for  example,  in  the  anisotropic  response  of 
bulk  measurements  in  the  superconductitig  phase,  such  as  the 
ultrasound  attenuation,'^  magnetic  penetration  depth,'^  ilux 
lattice,'*  and  tunneling,''  which  shows  indirect  evidence  that 
the  superconducting  gap  is  anisotropic  and  that  the  Cooper 
pairs  carry  orbital  angular  momentum,  e.g.,  rf-wavc  pairing. 
It  has  been  suggested  that  the  rich  phase  diagram  of  UPtj  for 
example,  the  splitting  of  the  supercotiducting  transition  ob¬ 
served  by  specific  heat,*’  arises  from  a  breaking  of  the  orbital 
degeneracy  by  a  coupling  of  the  superconducting  order  pa- 
ratneter  to  atiother  symmetry-breaking  field  in  the  system.^ 
Scattcritig  studios,  which  are  a  direct  microscopic  probe, 
have  pointed  to  several  possible  symmetry-breaking  fields. 
Neutron-scattering**''*  measurements  have  shown  a  coupling 
of  superconductivity  to  the  weak  antiferromagnetic  order  in 
UPt^,  while  electron-scattering"'  studies  have  sugge.sted  the 
possibility  of  a  coupling  between  superconductivity  and  an 
incommensurate  structural  modulation  of  the  lattice.  While 
these  different  results  are  tantalising  they  point  to  the  need 
for  more  microscopic  measurements.  Tiicrefore,  we  have 
used  x-ray  magnetic  diffraction  to  .study  the  interplay  of 
nragnetism  and  superconductivity  in  Ul’tv  X-ray  scattering 
is  the  only  microscopic  probe,  along  with  neutron  scattering, 
tliat  is  sensitive  to  the  very  .small  ordered  moment  found  in 
this  heavy  fermion  system.  We  show  tliat  there  is  a  large 
.suppression  of'  the  antiferromagnetic  scattering  intensity  be¬ 
low  the  superconducting  transition  temperature  1\- ,  ,  dem¬ 
onstrating  a  direct  coupling  between  the  superconducting  and 
antiferromagnetic  order  parameters  in  UPt(.  Applying  the 
polarization  selection  rules  unique  to  x-ray  resonance  scat¬ 
tering  and  comparing  our  results  to  the  previous  neutron¬ 
scattering  measurements  of  Aeppli  el  al,^  we  show  that  the 
suppression  of  the  magnetic  scattering  in  the  superconduct¬ 
ing  phase  is  consistent  with  a  suppression  in  the  magnitude 
of  the  ordered  moment  below  7V . 


"’AI.so  at  University  of  Kimslanz,  Konstanz  77.S(),  (.iennany. 


Our  x-ray  .scattering  measurements  have  been  performed 
at  Beamlinc  X14A  at  the  National  Synchrotron  Light  Source 
at  Brookhaven  National  Ltilniratory."  Monochromatic  x  ray.s 
(2.728  keV)  arc  hori/.tmtally  focused  at  the  sample  by  a  .sag- 
itially  bent,  dtiuble-crystal  Si(  111)  numochromator  collecting 
up  to  5  mrnd,  and  vertictilly  focu.sed  by  an  x-ray  mirror  to  a 
spot  size  of  approximately  1  mnr.  The  mirror  serves  the 
iidditional  function  of  low-pass  filter,  helping  to  suppress  the 
higher-order  components  ptissed  by  the  monochromator 
(e.g.,  \/4  at  /■,'=  14.b  12  keV).  A  neon  or  argon  gas  propor¬ 
tional  counter  is  used  as  a  detector  with  an  energy  re.solution 
of  approximately  7.S()  eV  whicli  allows  us  to  separate  the 
remaining  higher-order  contamiiuition  from  \,  iind  gives  us  a 
direct  measure  of  tlie  instrumental  resolution  function. 

The  Uh-t  sample  is  mounted  in  vacuum  on  the  mixing 
chiimber  of  an  Oxford  Instruments  dilution  refrigeiiitor.  The 
temperature  of  tlie  sample  is  monitored  with  a  Cie  dimlc  sen- 
.sor  mounted  on  tlie  mixing  chamber  next  to  tlie  sample.  The 
refrigerator  is  litied  into  a  cryostat  with  three  concentric  cy¬ 
lindrical  Be  windows  (two  thermal  shields,  one  at  4  K  and  a 
second  at  77  K,  iind  a  vacuum  shroud  at  .200  K).  Tlie  cryostat 
is  mounted  on  a  two-circle  diffractometer  witii  a  horizontal 
.scattering  plane,  i.e„  the  plane  of  tlie  synclirotron  orbit.  With 
this  geometry  we  can  acci  ss  a  larger  volume  in  rcciiirocal 
space  than  the  more  conventional  vertical  .scattering  plane, 
while  keeping  the  vertical  axis  of  the  cryostat  within  ±10"  of 
vertical.  This  is  necessary  in  order  to  keep  tlie  ■'lie  dilute/rich 
interface  inside  tlie  mixing  chamber.  Because  of  the  larger 
beam  divergence  in  the  horizontal  plane  (the  .“i  nirad  accep¬ 
tance  of  the  monochromator)  the  momentum  resolution  is 
deliiied  by  v  slits  ju.st  b  ifore  the  monochromator  and  .scatter¬ 
ing  slits  before  the  detector  to  lie  A(/s8X  10  '  A  '  (see  big. 
2).  An  additional  advantage  to  the  horizontal  scattering  plane 
is  that  for  the  magnetic  rellection  at  Q  =  (l/2,(),2)  there  is 
sigiiiticant  suppre.ssion  of  the  diffuse  and  higher-order  (\/4) 
scattering  at  Q  =  (2,(),8)  ihat  would  otherwise  saturate  the  de¬ 
tector.  This  suppression  is  due  to  the  polarization  factor, 
which  for  a  Bragg  angle  of  0»'=AA.(°  [Q-(  l/2,(),2)  with 
/■:-.2.728  keV]  is  cos'*(2r))32xl() 

The  UPt)  sample  that  we  use  is  cut  from  the  same  boule 
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that  V.  IS  used  in  muon  spin  relaxation  measurenients.'  The 
boule  was  grown  by  the  float-zone  refining  method  and  an¬ 
nealed  at  1230  °C  for  40  h  in  vacuum  and  slowly  cooled  to 
room  temperature.  The  specific  heat  shows  the  now  well- 
known  .splitting  of  the  superconducting  transition  with 
?’(;■+ 30.530  K  and  7^  =0.427  K.  The  superconducting  co¬ 
herence  length  is  about  120  A  as  determined  with  muon  spin 
relaxation  by  Broholm  el  al.  in  a  sample  cut  from  the  same 
boule.'^  Our  sample  is  a  5-mm-diamX  1-mm-thick  disk  with  a 
shiny,  polished  surface  who.se  normal  is  within  1”  of  <■*. 
UPtj  lias  the  hexagonal  closed-pack  Ni;,Sn  structure  with  the 
P6;(/nimc  space  group.  In  this  article  Bragg  reflections  arc 
expressed  using  Miller  indices  with  reciprocal  lattice  vectors 
a*  =  b*-=4TT/a\^^\264  A"'  and  c* - 27r/c=  1 .285  A  '. 
The  antifcrromagnetic  transition  at  7'^35  K  corresironds  to  a 
doubling  of  the  unit  cell  along  l/i,0,0](10,^,01)  with  the 
moments  aligned  along  [/i,0,()]  (l(),/c,()|).'^  Thus,  the  mag¬ 
netic  Bragg  petiks  occur  at  half-order  positions,  e.g.,  (7--(/i 
H- 1/2,0,/)  for  integer  values  of  li  and  /.  The  sample  is  fixed 
on  the  mixing  chamber  with  the  (/i,0,/)  plane  normal  to  the 
horizontal  sea  cring  plane  such  that  the  (1/2,11,2)  magnetic 
Bragg  refhiction  is  specular  [//"  l/2(2//)|,,„uu].  This  configu¬ 
ration  optinii/es  our  sensitivity  to  a  rotation  of  the  ordered 
moments  in  the  basal  plane,  given  the  polarization  selection 
rules  associated  with  re.sonant  magnetic  sciittering  (see 
below).'-’ 

In  order  to  measure  the  very  small  ordered  moment  in 
UPt.i  of  (().()2±().()()5)/i.;)  we  use  the  recently  developed  tech¬ 
nique  of  x-ray  resonance  magnetic  .scattering, In  previous 
work  it  was  demonstrated  thiit  the  weak  antif'erromagnctic 
ordering  could  be  measured  in  the  heavy  fermion  supercon¬ 
ductor  lJRu^Si2  (().()4/x,j)'^’  by  tuning  the  incident  x-ray  en¬ 
ergy  to  the  peak  of  the  so-called  “white  line"  feature  at  tlie 
uranium  A/|v  ab.sorption  edge  at  K‘-?i,72H  keV.  The  lower 
curve  in  Pig.  1  shows  the  integrated  scattering  intensity  ver¬ 
sus  energy  in  UPtt  of  the  magnetic  Bragg  reflection  at 
(2 --(1/2, 0,2)  corrected  for  both  background  and  absorption 
(upper  curve)  at  7'=().25  K.  This  resonance  corresponds  to  a 
dipole  transition  from  the  3di/2  b’  >*"  unoccupied 

5/,/>  orbital.  The  quantum-mechanical  contact  between  the 
5/5/2  states  and  the  .v,p,  and  J  bands  is  what  gives  rise  to  the 
interesting  low-temperature  iiroperties  in  this  system,  includ¬ 
ing  the  weak  antiferromagnelism  that  we  are  probing.  The 
measurements  described  in  this  article  are  carried  out  at  the 
peak  of  the  profile  where  the  magnetic  signal  is  a  maximum. 
Since  the  penetration  depth  is  a  minimum  at  the  same  energy 
(~l/2  /um),  and  since  the  crystal  quality  could  have  an  effect 
on  both  the  superconducting  and  antifcrromagnetic  coher¬ 
ence  lengths,  we  determine  whether  the  crystal  quality  of  the 
bulk  is  the  same  us  near  the  surface  by  measuring  the  sample 
mosaic.  This  is  shown  in  the  inset  in  Fig.  1  where  we  plot 
mosaic  scans  (intensity  versus  sample  angle  0)  at 
(2  =  ((),(),2)  for  K-1  S'-)  keV  with  a  penetration  depth  of 
~1  jxm  and  for  li  —  Ib.t)  keV  with  a  penetration  depth  of 
—  10  yam.  Similar  scans  are  also  seen  for  7f  =  3.728  keV  at 
the  peak  of  the  white  line.  These  scans  were  taken  witli 
higher  angular  resolution  than  the  magnetic  scans,  i.e.,  AO 
=0.2  mrad.  The  mosaic  widths  differ  by  less  than  5%  lead¬ 
ing  us  to  believe  that  the  cry.stal  quality  of  the  bulk  and 
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l-tO.  1.  X-niy  miiniu-iic  .seiilL-iinn  icsiiiiiintc  prolili!  at  lilt  W|v  tilgc  in  IJl’li 
(/ct«(i.()4  /iji).  I'lic  lowti  eiirvo  .shows  the  imit’iitlic  sealtoriiiB  intensity  at 
C>  -(  I /2.i),2)  us  a  Ihnction  ineiiieiit  energy  tin  V'-U),2.‘i  K.  The  solii)  line 
Ls  a  l.oicnlziiin  111  to  the  ilatii  which  has  heen  coirecleil  for  l)iicl(|< round  und 
alisorption.  ‘the  nl)soi|)lion  prolllt  is  shown  in  the  npper  curve.  Inset:  'the 
inosuic  widths  for  incident  x-ray  enerj'.ies  7..SV  keV  (C))  and  Ui.lKl  keV  (1) 
are  siiowii  to  he  nearly  the  snnie  '().().‘i“)  dcinonslrallnn  Ihiil  the 

ciy.stid  i|iiallty  neiir  the  surface  I-  1  /an)  is  sindhir  to  the  hidk  (10  /iio). 


surface  region  are  the  same.  It  is  interesting  to  note  that  iin 
a.s-grown  (unannealed)  sample  cut  from  the  same  boule  has  a 
considerably  broader  mosaic  width  of  0.33“  and  a  supercon¬ 
ducting  fransilion  which  is  suppre.ssed  to  7  =0. 4  K  with  no 
evidence  of  a  .splitting  in  the  specific  heat. 

Figure  2  shows  a  longitudinal  (0-20)  scan  through  the 
magnetic  Bragg  relleclion  al  (/--■  ( l/2,0,2)  for  7’=().25  K. 


.\q  (A  h 


l•■|(i.  2.  Ixingitndiniii  .senns  (W-2W)  Ihroligh  the  nninnetic  ( 1/2,11,2)  niul  chiirge 
(2,0,S)  (collecteil  nt  A/4)  ltrii,;>;  rellections  tit  T  (),2.S  K.  The  widlh  of  the 
(2,(),K)  chiirge  peak  is  ii  direct  niensiiie  of  the  lesohilion  Iniiclioii  of  our 
speclroiiicter.  I'loni  ti  lit  of  n  l,oient/.itin  to  the  dtioi  we  deleiinioe  the  inaa- 
nelic  corrchilion  leni-ih  to  he  ^  IS.S  A. 
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riC),  3.  Iiiitgrated  sciillcriiig  iiileiisily  of  the  iiiiignclic  a'Mcolimi  at  C>  =  (  1/ 
2,0,2)  as  a  function  of  tcinpuraluiu  corrected  for  Irackground  and  nornial- 
ized  to  fluorescence.  The  solid  circles  reflect  tcniperatiiics  for  wfiicti  imen- 
siiic.s  were  measured  repeated  times  for  hofli  cooling  and  wartititig.  The 
arrow  indicates  the  |>osition  of  the  tipper  supeieondiicliivg  transition  af 
K, 

The  peak  inlciisily  of  tlic  scan  is  a  rcinurkablc  10  couiits/s.  A 
tcmpcrature-iiidcpciulcnt  (0,2  K<7'<10  K)  dilTu.se  back- 
ground,  due  primarily  to  unresolved  lluore.scence,  oT  about 
30  counts/s  lias  been  subtracted  from  tlie  scan.  Tile  line 
shape  oT  tlie  longitudinal  scan  (solid  line)  is  a  Lorent/ian 
convoluted  witli  tlie  nearly  triangular  resolution  function. 
1'iic  resolution  function,  wliicii  we  recall  is  deterniined  by 
slits,  is  measured  simultuneously  by  collecting  tlie  higher- 
order  scattering  (\/4)  at  C7-(2,0,H)  .shown  by  tlie  open 
circles  in  I'ig.  2.  A  (it  to  the  data  gives  a  full  width  at  lialf 
maximum  of  H  *=0.0l3  A"^ corro.sponcling  to  a  magnetic 
correlation  length  of  upinoximutcly  Ih.S  A,  This  is  not  mucli 
larger  than  tiie  superconducting  colierence  lengtii  us  deter¬ 
mined  by  muon  spin  rotation  (see  Kef,  .1),  Tliere  is  no  inea- 
.surable  change  in  tlie  magnetic  correlation  length  above  'I'c , 
at  'y'=2.3  K.  Tills  lack  of  long-range  order  with  a  similar 
correlation  length  lias  been  oliserved  witli  neutron 
scattering.''  TTiis  is  additional  evidence  that  tlie  near-surface 
magnetization  as  measured  by  x-ray  resonance  magnetic 
scattering  is  similtir  to  tliat  of  the  bulk  tis  nieasurod  by  neu¬ 
trons. 

The  principle  result  of  our  experiment  is  shown  in  h'ig.  3. 
Here  we  plot  the  background  corrected  integrated  intensity 
of  tlie  magnetic  Bragg  peak  at  (7  =  (  1/2,1), 2)  as  a  function  of 
temperature,  normalized  to  the  value  at  'T^O.b  K,  near  '/'(• ,  . 
Tile  solid  lines  are  least-squares  linear  llts  to  tlie  data  above 
and  below  ,  ,  respectively,  and  cross  at  7's=‘-0,61  K,  The 
data  have  been  normalized  to  the  lluorescence  to  correct  for 
,‘icattering  volume  effects  due  to  variations  in  x-ray  beam 
position  on  the  sample.  The  remaining  systematic  errors  are 
shown  by  the  error  bars  wliicli  are  e.slimated  from  reiicated 
scans  at  .several  temperatures  (solid  circle.s)  taken  for  both 
warming  and  cooling.  The  scattering  intensity  shows  a  rela¬ 
tively  abrupt  onset  at  7'^  =  S  K  and  grows  us  {T/^-T)  to 
7’=t),f)  K.  While  this  linearity  is  consistent  with  mean  held 
bcliavior,  it  extends  over  an  unusually  large  temperature 
range  to  approximately  T/^/\{).  .Similar  bcliavior  is  observed 
in  tlie  heavy  fermion  superconductoi  URu2Si2,  vvlierc  tlie 


magnetic  .scattering  intensity  increases  linearly  until  it  satu¬ 
rates  near  7’jv/lO  (7’;v=H7  K)  with  a  small  ordered  moment 
(M=0.04ya/,)."'''^  The  reason  for  tills  unusual  behavior  is  not 
well  understood.  Below  7’=  0.6  K  there  is  a  kink  and  a  sub- 
.sequent  suppression  witli  temperature  to  a  reduction  of  ap¬ 
proximately  6%  at  7’=  180  niK,  the  base  temperature  of  this 
measurement.  The  dip  in  the  order  parameter  just  above  'I'c 
at  7'=().4.S  K  is  about  twice  the  size  of  the  estimated  error 
bars  and,  as  sucli,  will  require  further  study. 

The  reduction  of  the  magnetic  Bragg  intensity  at  (2-(  1/ 
2,0,2)  below  7'^ can  arise  from  one  of  tlie  following  pos¬ 
sibilities:  (i)  a  rotation  of  the  ordered  moment,  or  (ii)  a  sup¬ 
pression  in  tlie  magnitude  of  the  ordered  moment.  First  we 
examine  ea.se  (i).  Our  sensitivity  to  the  orientation  of  the 
ordered  moment  arises  from  the  resonant  magnetic  scattering 
pv.'urization  .selection  rules.  With  the  incident  x-ray  energy 
tuned  to  the  peak  of  tlie  uranium  ATiv  edge  (.see  Fig,  1)  tlie 
polarization  dependence  of  tlie  resonance  magnetic  scatter¬ 
ing  ero.ss  .section  is  given  by  |-(e*  Xe,).z|“,  where  and 
£f  are  the  polarization  of  tlie  electric  held  of  the  incident  and 
scattered  photons,  respectively,  and  i  is  a  unit  vector  along 
the  direction  of  tlie  ordered  moment  /«.'  ■'  Foi  tlie  geometry  of 
our  experiment  (e*  Xf,)~-k//|k,|,  where  k;  is  tlie  wave 
vector  of  the  incident  plioton,  and  we  recall  that  jn  lies  in  the 
hexagonal  liasal  |)lane.  Because  of  our  choice  of  scattering 
geometry  we  are  parlieulaiTy  sensitive  to  a  rotation  of  tlie 
moments,  i.e.,  k^'Z  is  i. early  linear  in  tiie  orientation  of /t.  A 
6%  suppression  would  imply  a  spin  rotation  of  only  2°,  as¬ 
suming  that  the  rotation  is  purely  in  |)lane,  which  is  justified 
becuu.se  the  in-plaiie  magnetic  susceptibility  is  larger  than 
along  c.**'  We  recall  tliat  the  siz,e  of  the  suppression  observed 
with  magnetic  neutron  .scattering  was  ~5%,  wliich  is  very 
similar  in  niugnitude  to  our  results,''  However,  becau.se  the 
geometry  uiul  polarization  selection  rules  for  that  measure- 
mciil  were  different  [|Qx(m!<Q)P'>  where  Q-(l, 1/2,0)  is  the 
total  neutron  momentuiii  transfer],  a  larger  rotation  would  be 
required  to  produce  the  same  suppression.  Tliiis,  we  conclude 
that,  within  the  error  bars  of  our  experiment,  the  reduction  of 
the  magnetic  scattering  intensity  below  /',■ ,  is  most  likely 
due  to  a  reduction  in  the  magnitude  of  the  onlcred  iiionieni 
and  not  a  rotation.  This  conclusion  is  reinforced  when  we 
consider  that  the  ob.scrvation  of  a  reduction  in  the  magnetic 
intensity  due  to  rotation  would  require  dominant  chirality  in 
the  basal  plane,  which  is  not  known  to  exist  in  the  absence  of 
a  magnetic  field.  It  would  be  more  likely  that  an  eciual  di.s- 
tribution  of  domains  with  clockwise  and  counterclockwise 
rotations  should  exist,  wliicli  would  average  out  and  produce 
no  net  change  in  the  scattering  intensity. 

In  coiielusion,  we  have  measured  tlie  antiferromagnelic 
Bragg  rellection  at  Q  =  (l/2,(),2)  to  7'=  IHO  niK  using  x-ray 
resonance  magnetic  scattering.  Tlie  kink  in  the  scattering  in¬ 
tensity,  wliicli  occurs  very  near  the  upper  superconducting 
transition  at  7',. ,  =0.53  K,  is  evidence  that  superconductivity 
influences  antiferromagnetism  in  UFt^  ITie  6%  reduction  in 
scattering  intensity  tliat  we  observe  is  very  similar  in  magni¬ 
tude  to  what  was  previously  observed  with  neutron  scatter¬ 
ing,  but  with  quite  different  scattering  geometry  and  polar¬ 
ization  selection  rules,  Tliis  leads  us  to  conclude  that  the 
reduction  arises  I'roni  a  suppression  of  the  ordered  moment 
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rather  than  a  rotation.  Such  a  reduction  points  to  a  direct 
coupling  of  the  two  order  parameters,  which  in  turn  points  to 
the  ani.sotropic  nature  of  the  superconductivity.  While  wc 
cannot  explicitly  determine  the  nature  of  this  anisotropy  with 
this  measurement,  it  is  consistent  with  the  general  picture  in 
which  the  formation  of  an  anisotropic  superconducting  gap 
(c.g„  which  vanishes  along  lines  on  the  Fermi  surface)  com¬ 
petes  with  the  highly  anisotropic  aiitiferromagnctic  stale.''*  In 
this  scenario  antiferromagnetism  could  provide  the  symme¬ 
try  breaking  field  that  gives  rise  to  the  rich  superconducting 
pha,se  diagram  in  UPt^. 
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Non-Fermi  liquid  ground  states  in  strongly  correlated  f-electron 
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Strongly  correlated  electron  materials,  especially  the  high  transition  temperature  cuprate 
superconductors  and  heavy  fermion  rare  earth  and  actinide  compounds,  have  been  the  focus  of 
intense  investigation  in  recent  years.  Tin;  unusual  normal  state  properties  of  the  high  'l\  cuprates 
have  been  ascribed  by  some  researchers  to  a  non-Fermi  liquid  (NFL)  metallic  state,  while  the 
anomalous  properties  of  certain  heavy  fermion  U-based  superconductors  such  as  UBci^  have  been 
attributed  to  NFL  behavior  due  to  a  two-channel  quadrupolar  Kondo  effect.'  Although  NFL  behavior 
has  not  been  established  in  any  of  the  U-based  heavy  fermion  superconductors,  evidence  for  its 
occurrence  in  an  /-electron  material  has  been  found  in  the  U  alloy  system  Y|..,'J,rdv“ 
Subsequently,  NFL  behavior  was  observed  in  a  number  of  other  /-electron  alloy  systems,  including 
.Sc,  ,,U,.Fd,i,  UCu;,.jFd,.,,  Th,uU|,,>He,,„  Th,  ,U,Ru,Si2  (.v=s().()7),  Th,  .U.PdjAl,, 

LuoyCe,,  iCujSij,  and  CeCu^  ^Au,,  , .  Lvidenee  for  NFL,  behavior  in  Y,  related  sy.stems 

is  reviewed  and  discussed  within  the  context  of  possible  microscopic  mechiinisms.  Some 
systematics  of  the  NFL  low  temperature  behavior  observed  in  .several  /-electron  materials  include  a 
linear  temperature  dependence  of  the  electrical  resistivity  p~  1  -«7'  with  the  coelTieieni  a  either  >0 
or  <0,  a  logarithmically  diverging  snecilic  heat  (77' — In  T,  ami  7''^^  asymptotic  behavior  of  the 
magnetic  su.secptibility  x~  1  ~7'''^. 


.Supporlwl  liy  the  tJ..S,  NSh'  uialcr  tinail  No.  l)Mtt-')U)7()')H  uiid  the  U..S. 
UOli  under  tirual  No.  Ui;-FtJ().V«()tiIW.‘12.W. 

'  1).  I,.  Cox,  1‘hys.  Kcv.  Ull,  59,  1,24(1  (19KV). 

H',  I„  Seaman,  M,  11.  Mu|)lii,  II.  W,  la;c,  S.  (iliainiay,  M.  S.  'lUiikaehvill, 
J.-S,  Kan(’„  I„  Liu,  J.  W.  Allen,  and  1),  l„  Cox,  I’hys.  Rev.  tell.  67, 
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Magneto-oscillatory  phenomena  in  highly  correlated  metals  (invited) 
(abstract) 

S.  R.  dullan,  G.  J.  McMullan,  C.  Pflolderer,  F.  S.  Tautz,  and  G.  G.  Lonzarich 

Cavendish  Laboratory,  Cambridge  CH3  01  IE,  United  Kingdom 

A  central  question  in  the  physics  of  interacting  electron  systems  is  whether  conditions  exist  under 
which  the  conventional  Landau  description  fails  to  describe  the  low  energy  excitations  of  the 
“normal"  metallic  state.  Measurements  of  the  temperature  and  magnetic  ('elil  dependences  of  the 
magnetization  and  resistivity — in  particular  of  the  de  llaas-van  Alphen  and  Shubnikov  effects 
which  provide  sensitive  probes  of  micro.scopic  processes  in  metals — are  currently  being  used  to 
examine  this  question.  Advances  in  material  [ireparution  and  detection  techniques  have  made  it 
possible  to  conduct  exhaustive  studies  in  selected  examples  of  systems  of  highly  coi related  d  and  / 
electrons.  Most  of  our  results  will  be  shown  to  be  consistent  with  the  broad  jnedictions  of  the 
Landau  model.  In  some  extreme  circumstances,  however,  near  low  temperature  transitions  as  a 
function  of  hydrostalic  pressure  or  applied  magnetic  Held,  evidence  has  been  collecled  which 
appears  difficult  to  reconcile  with  the  standard  model  of  the  metallic  state. 
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Novel  Hard  Magnets 


J.  F.  Herbst,  Chairman 


New  rare-earth  intermetallic  phases  R3(Fe,M)29Xn :  (R=Ce,  Pr,  Nd,  Sm,  Gd; 
M=Ti,  V,  Cr,  Mn;  and  X=H,  N,  C)  (invited) 

J.  M.  Cadogan  and  Hong-Shuo  Li 

School  of  Physics,  The  Universily  of  New  South  Wales,  Sydney  NSW  2052,  Australia 

A.  Margarian 

Deparimem  of  Applied  Physics,  University  of  Technology,  .Sydney  NSW  2007  and  CSlIiO  Division  of 
Applied  Phy.sic.s,  l.indjield  NSW  2070,  Australia 

J.  B.  Dunlop 

CSIIU)  Division  of  Applied  Physic.s,  Lindfield  NSW  2070,  Australia 

D.  H,  Ryan 

Department  of  Physics,  Mcllill  Univer.sity,  Montreal,  Quebec  ILIA  2TS,  Canada 

S.  J.  Collocolt 

CSIRO  Division  of  Applied  Physic.s,  l.indjield  NSW  2070,  Australia 

R,  L,  Davis 

Australian  Nuclear  .Science  and  Technolof’y  Organisation,  l.ucas  Ileifthts  NSW  22.14,  Au.strulia 

New  rarc-earlli  (K),  iroii-ricli  ternary  iiiternielallic  eoiiipouiids  of  the  form  with  the 

moiiocliiiic  Nd^d'e.Til^i)  structure  (space  group  1*2, /c,  ItlA,  7.-2)  have  recently  heeii  shown  to  form 
with  R  -=C.'c,  Nd,  I’r,  Sm,  and  (id,  and  M'-Ti,  V,  Cr,  and  Mn.  This  novel  structure  is  derived  from 
the  alternate  .stacking  of  Th^Ziiiv  iuid  TliMiii^-type  .segments  and  contains  two  R  sites  and  lifleen 
Fe(M)  sites.  Reported  (.'urie  temportitures  of  tlie  3:29  compounds  range  from  29f)  K  {R=-(!e,  M--Cr) 
to  524  K  (R=Sm,  M  -V).  Tin  3:29  compounds  all  show  improved  magnetic  properties  after 
interstitial  modilication  with  i'i  or  N;  in  particular,  room-temperature  coercivity  has  been  reported  in 
Smt(i''e,1'i)^<jN,i;,  making  this  compoutid  a  candidate  for  po.s.sihle  permanent-magnet  u|)|)lication.s.  In 
this  article  we  will  review  the  work  carried  out  to  date  on  the  3:29  compounds. 


Thu  past  ten  years  have  witnessed  a  renewed  interest  in 
the  structural  and  magnetic  properties  of  rare-earth  (R),  iron- 
rich  intermetallic  compounds.  The.se  intermelallics  often 
show  potential  for  application  as  permanent-magnet  materi¬ 
als,  as  in  the  case  of  Nd2l''e|,(B,  and  much  effort  has  been 
devoted  to  the  .search  for  intermetallic  systems  who.se  mag¬ 
netic  properties  might  surpa.ss  tho.se  of  Nd2l''e|,(lt,  which  is 
limited  in  application  by  its  comparatively  low  Curie 
temperature.’  1\vo  families  of  intennetallics,  the  rhoinbohe- 
dral  K2(l'e,M)|7  and  tetragonal  R(l''e,M)|2  com|round,s,  have 
received  special  attention  since  they  are  both  able  to  absorb 
N  and  C  us  interstitial  atoms,  with  remarkable  improvements 
in  their  magnetic  properties  resulting.  In  fact,  Smil'CivN^  ,, 
and  Nd(f''e,Ti)|2N,  ,,  both  have  unia.xial  ani.sotropy  and  Cu¬ 
rie  temireratures  over  700  K. 

As  early  as  1990,  Jang  and  Stadelmaier’  demonstrated 
that  tlie  tetragonal  NdFcnTi  pliase  is  unstaiile  at  tempera¬ 
tures  below  about  10()0°(’,  decomposing  into  Nd2(r''e,Ti)|/, 
r'e^'I'i,  and  a-FeCri),  a  fact  missed  by  many  workers.  In 
1992,  whilst  studying  the  conditions  of  formation  of 
NdFciiTi,  with  a  view  to  preiiaring  single-phase  material  for 
subsec]ucnt  nitrogenation  ami  ultimately  Ndl'CuTiNi 
based  permanent  magnets,  Collocott  et  al,^  reported  the  for¬ 
mation  of  a  new  high-temperature  pha.sc  in  the  Fe-rich  corner 
.)f  the  Nd-Fe-’l'i  ternary  phase  diagram  (see  also  Margarian 
et  ai^).  The  new  structure  was  given  as  Nd2(Fe,7'i),,,  by  Col¬ 
locolt  et  ul.^  and  its  x  ray  diffraction  (XRD)  pattern  was  in¬ 


dexed  on  the  basis  of  a  (2a, 4c)  superstruclure  of  the  hexago¬ 
nal  TbCuv  structure,  I'he  Nd2(l'e,'ri)|i,  comiiound  had  a  rather 
low  Curie  lemperalure  of  411  K  but  ab, sorption  of  nitrogen 
gave  a  roughly  5I)%  increa.se  in  Curie  temperature.  However, 
the  ea.sy  direction  of  magneli/.ation  is  in  the  basal  plane  (re¬ 
ferred  to  the  underlying  hexagonal  TbC'u-/  cell)  for  both  the 
parent  and  nitride  compounds,  precluding  its  use  as  it  perma¬ 
nent  magnet. 

'I'herc  are  a  number  of  reports  of  Sm-Fe-Ti  and  Nd-l'e-Ti 
phases  at  around  the  same  composition  as  the  NdifFe,'!’!),,) 
compound  of  CXrlloctitt  et  al.^  For  example,  Saito  et  ul,^  and 
Ohashi  et  al,"  both  observed  a  Iransformalion  from  a  tetrag¬ 
onal  ThMn,2  structure  to  it  disordered  hexagonal  TbCu-; 
structure  in  rapidly  quenched  .SniFcuTi  its  the  (pienching  rate 
incrca.sed.  Simihniy,  Kalter  el  a!.'  observed  it  transformation 
from  the  rliombohedral  Th2Zni7  structure  to  the  TbC'u-,  struc¬ 
ture  in  Sm-Fe  alloys  around  the  1:9  composition,  and  Neiva 
et  al.''  reported  the  formation  of  a  1 :7  phase  with  composi¬ 
tion  Sm(Fe,Ti)i;,  Jang  and  Stitdelmaier^  reported  a  Ti- 
stabilized  NdFe7  phitse  in  as-cast  itlloys.  At  the  same  confer¬ 
ence  al  which  Collocott  et  al.  reported  the  forniitlion  ol'  the 
NdifFe.Ti)!,,  iihase,'^  Hirosawit  et  al.''  reported  the  formittion 
of  a  Nd(Fe,Ti)„  irhiise  with  the  TbC'u-,  structure  duriitg  it 
study  of  the  formittion  of  the  ThMn|2-lype  NdFen'I'i  |)hitst'.  A 
commoit  feature  of  niitny  ol  lln;se  reptirls  is  the  Iraitsi'orma- 
tion  from  the  2:17  or  1:12  slriictures  to  the  di.sordercd  1:7 


I 
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structure  by  rapid  solidification  with  increasing  quenching 
rate. 

At  the  38lh  Annual  MMM  Conference  in  Minneapolis  in 
November  1993,  Cadogan  e/ «/.'*’  reported  that  the  new 
Nd2(Fe,Ti)|(^  structure  is  monoclinic  with  a  cell  derived  from 
that  of  lliCu-;,  At  the  .same  conference,  Li  ct  al."  reported 
the  observation  of  a  Pr2(L  e,T  i)m  phase  in  a  study  of  the 
(Pr| .  ,.Tq.)Fes  compounds.  During  discussions  at  the  MMM 
Conference  we  learned  that  the  General  Motors  group 
(Fuerst  et  al.)  had  also  observed  the  formation  of  a  new 
structure  in  .samples  of  the  form  NdFey  ,  .,.Mj.  (,v  =  ().5  for 
M=Ti,  1,5  for  M=Cr  and.v>3.5  for  M  =  Mn)  with  virtually 
identical  XRD  patterns  to  that  of  our  Nd2(Fe,Ti)|,)  .sample.'^'’'’ 
Fuerst  et  al.'^  were  the  first  to  suggest  that  the  new  pha.se 
belongs  to  the  P2i/c  space  group,  which  was  later  confirmed 
by  x-ray''^  and  neutrrtn'''  powder  diffraction  work.  The  struc¬ 
tural  determinations''''''  also  showed  that  the  stoichiometry 
previously  referred  to  as  Nd2(Fe,Ti)|i)  is  in  fact  NdifFe.Ti)!.). 
'Phe  K3(Fe,Ti)2i)  irhase  is  now  known  to  form  with  K-  \Sm,'''' 
Pr,"  Ce,"’  and  Gd,'’  in  addition  to  R-Nd, 

In  this  article  we  shall  review  the  structural  and  mag¬ 
netic  properties  of  the  now  R  ((Fe.M)?!)  phases. 

In  the  original  paper  by  Collocott  et  u/.'  the  new 
Nd-P'e-Ti  phase  was  denoted  Nd2(F'e,Ti)|<,  and  found  to  form 
with  high-temperature  annealing  (11()()"C).  This  .structure 
only  forms  for  a  Ti  content  in  the  range  3.H-5.1  at.  %  and 
was  indexed  us  a  (2a, 4c)  superlattice  of  the  hexagomd  TlrCu7 
struetiii'c,  liarlicr  work  by  Ivanova,  Shcherbakova,  and 
co-workers'"'''^  also  showed  evidence  of  a  new  structure  in 
the  R2(l''U().<nV(),m)i7  (R==  Y,  Nd,  Sm,  and  Gd)  compounds  and 
the.so  workers  described  the  crystal  cell  as  being  a  (5u,5c) 
.superlattice  of  the  hexagonal  CuCu.s  structure  for  R- Y  and  a 
distorted  orthorhombic  variant  of  the  hexagonal  GaC!u,s  struc¬ 
ture  for  R”Nd,  Sm,  and  Gd.  'I'hc  simihirilies  between  the 
XRD  patterns  of  the  Sm2(Fe(),()|V„  (|<,)|7  sample  of  Shcherba¬ 
kova  et  al.''’  and  the  Nd2(Fe,'ri)|.)  sample  of  Gollocott  et  al.^ 
strongly  suggest  that  these  samples  in  fact  have  the  same 
crystal  structure. 

The  structure  of  Nd2(Fe,Ti)|i;  was  rc|)orted  as  monoclinic 
by  Cadogan  et  al."’  and  Fuerst  et  al.,’^  the  latter  group  sug¬ 
gesting  the  P2|/c  space  group  and  also  that  the  crystal  cell 
contained  six  NdFcg  ,  vHi  units,  on  the  basis  of  density 
measurements. 

The  final  structural  refinement  was  obtained  from  x-ray 
powder  diffraction  work  by  Li  et  al.’^  who  confirmed  the 
monoclinic  P2|/c  space  group  and  showed  that  the  correct 
stoichiometry  of  the  new  phase  is  Nd2(Fe,'l'i)2g  with  two  for¬ 
mula  units  per  cell.  The  3:29  stoichiometry  represents  a  dif¬ 
ference  of  1.7%  from  the  original  2:19  stoichiometry.  At  the 
same  time,  Yelon  and  co-workers'''  refined  the  3:29  structure 
by  neutron  powder  diffraction,  and  there  is  excellent  agree¬ 
ment  between  these  two  structural  refinements.  In  Fig.  1  we 
show  the  powder  XRD  patterns  {CiiKa  radiation)  of 
Nd2(Fe,Ti)2i),  together  with  those  of  Nd,(Fe,Ti)|7  and 
Nd(Fe,Ti)|2  for  comparison,  and  in  Fig,  2  we  show  the  crys¬ 
tal  structure  of  Nd,(Fe,Ti)2i)  (courtesy  of  Hu  and  Yelon''*). 

The  structure  of  Nd  dFe,Ti)2i)  is  intermediate  between  the 
well-known  rhombohedral  ThiZiin  and  tetragonal  'fliMnii 
structures.  The  common  feature  of  all  these  structures  is  that 


I'td.  I.  X-riiy  powUiM  (lUTviieliiiii  piillcnis  ICuX'nr)  iil'  nioiiuelialc 
Nd,(l'e.'I'i)-i),  ihoml'Dlictliiil  Nilill''e,'l'l)|;  iiikI  Iclianimiil  Nil(l'u,'ri)i;. 


they  arc  formed  by  tlie  replacement  of  R  atoms  by  'I'-l' 
“dumb-bells"  in  the  hexagonal  R'l's  structure.  This  proce.ss 
may  be  described  by  the  equation 

R,  ,(2T),T,,^RT, 

with  the  2:17  structure  corresponding  to  a  replacement  and 
the  1:12  structure  corresponding  to  a  I  replacement.  The  new 
3:29  structure  corres|ionds  tr)  a  replacement  and  is  formed 
by  the  alternate  stacking  of  2:17  and  1:12  segments,  in  the 


<6  N(l 
4)  (Kc.'l'i) 


I'lCI.  2.  Monoclink-  unit  cell  ol  NU,(l'C,'li)_„,  (Kcl.  I'll. 
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TADLB  I.  Lntticc  purumctcrs  iiiid  indexation  cells  used  in  llie  analysis  of  x-ray  and  neutron  diffraction  data  on 
the  R,(Fc,M)jg  compounds.  The  atomic  content  of  the  M  atom  is  at.  %.  [*  I'ltc  indexation  of  YifFciV),,  Iry 
Shcherbakova  ci  was  given  in  both  hexagonal  and  ortliorliomlric  forms  for  comparison  willi  llteir  ollter 
R2(Fc,V)|7  compounds.  The  lattice  parameter  a  is  therefore  determined  by  u-b'A  since  Shclierbakova  I’l  iil. 
indexed  YjiF'e.V)^  as  a  true  hexagonal  structure.] 
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rutio  1;1.  Such  stiuctiiral  relationships  were  consitiered  by 
Stadelinaier  in  1984,^*’  wlio  indeed  predicted  inc  occurrence 
of  a  number  of  novel  sIrucUii'es  including  the  3:29  structure. 
Stadulnmier  showed  that  .such  new  structures  must  have  one 
edge  length  equal  to  where  is  the  relevant  lattice 
parameter  of  the  li.S  cell.  Uotli  structural  reilnements  of 
Nd;i(l''e,Ti)2v  (Refs.  1.3,14)  Imvo  in  agreement  with 

Stadelmaier’s  criterion,  in  Table  1  wo  give  the  lattice  parum- 
eters  and  indexation  cells  of  tire  various  R;)(P'c,M)2(;  com¬ 
pounds  studied  to  date. 


'I'AlilTi  11.  Alonric  positions  and  lattice  parameters  of  Ndi(l'ei|i,„Tl||iMdiv 
obtained  from  the  x-ray  powder  diffraction  |)attern  rellnement  according  to 
tile  space  gioup  F2|/c.'' 
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The  monoclinic  R;,(l'e,M)2i)  structure  contains  two  R 
sites  (2u  and  4e)  and  llfteen  h'eiM)  sites  {2d  and  fourteen  4e 
sites),  and  in  Table  tl  we  give  the  atomic  positions  of  the.se 
sites,  deduced  by  Li  ct '  from  x-ray  powder  diffraction. 
I'he  relationships  between  tlie  lattice  |)arumeters  of  tlic  3:29 
and  1:5  .structures  are 

a  -  v/(2«„)^H-(c'i))^- 

c-  s/(^nP'+‘(2e;y- 

,  /-"o'l  (  «l)  \ 

0--  arctatil.. —  I  arclan  - —  , 

\  t'o  / 

and  iti  I'ig.  3  we  show  the  relationsliip  between  llte  3:29  atid 
1:7  crystal  cells."'  In  I'ig.  4  we  show  a  scliematic  represen¬ 
tation  of  the  dumb-bell  substitution  sequence,  projected  onto 
the  ( 1 10)  plane  of  the  CaCu^  structure,  for  tlie  2;  17,  3:29,  and 
1:12  structures."^ 


FKi,  .1.  Cry.stallographic  rclalion.ship  in  the  n-c  plane  between  the  mono¬ 
clinic  unit  cell  of  Ndid'e.Tiln,  and  the  hextigonal  'niCn,  cell  (Ref.  10). 
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I'ICI,  <t.  Scl)uii)ii(io  i'C|)icscnintl(in  of  (he  ((uoiiictilcal  iclu(loiishl|)  tmd  (ho 
duinl)-l)ell  sul)s(l(u(ii)ii  se(|ue((cc,  hi  a  projuedon  ()(((o  (he  (1 1(1)  plane  of  (he 
hexagonal  ('((C'u^  s((iic((((e  for  (lie  2:17,  iiiid  1:12  sliuclures  (Ucf.  12). 


The  rliombolicdrul  2:17  structure  i'oriiis  witli  light  R  at¬ 
oms  by  a  regular  dumb-bell  replacement  in  the  1:5  structure, 
and  we  therel'ore  suggest  that  the  new  monuclinic  3:29  struc¬ 
ture  will  also  form  only  for  light  R  (including  Gd).  It  is  quite 


likely  that  a  different  structure  derived  from  the  stacking  of 
hexagonal  2:17  and  tetragonal  1:12  segnicnts  will  exist  for 
3:29  compounds  with  heavy  R  atoms.  It  is  also  likely  that 
oiher  intermediate  phases  based  on  the  stacking  of  the  rhom- 
bohedral  2:17  and  tetragonal  1:12  segments  will  exist,  be¬ 
sides  3:29.  For  example,  a  2:1  stacking  (s  dumb-bell  replace¬ 
ment)  would  correspond  to  a  5:46  phase,  whereas  a  1:2 
slacking  (7  dumb-bell  replaccnient)  would  correspond  to  a 
4:41  phase. 

Hu  and  Yelon'"'  drew  attention  in  their  paper  to  the  fact 
that  the  crystal  structure  of  3:29  shows  a  distinct  stacking 
along  the  b  direction  which  is  reminiscent  of  the  Nd2FC|4B 
.structure,  in  that  there  is  an  alternating  stacking  of 
R-coritaining  and  R-frec  layers.  Furthermore,  they  pointed 
out  that  the  distinction  between  the  dumb-beil  and  non- 
dumb-bell  Fe  sites  is  not  as  clear-cut  as  in  the  2:17  and  1:12 
structures,  since  the  3:29  structure  exhibits  a  number  of 
rather  short  Fe-Fe  bonds  (<2.45  A).  Taking  advantage  of  the 
fact  that  I'i  has  a  negative  neutron  scattering  length.  Mu  and 
Yclon  demonstrated  that  the  Ti  atoms  in  Nd4(l'e,Ti)24  occupy 
sites  with  a  low  Nd  coordination.  In  a  sub.sequent  paper,  iiu 
and  Yeloii'^'  presented  a  comprehensive  summary  of  the  bond 
lengths  in  Nd2(Fe,Ti)29  and  showed  that  the  distribution  in 
bond  length  is  virtually  continuous  over  the  range  2.36-3.01 
A,  in  contrast  to  the  Nd2(Fe,Ti)|7  and  Nd(l''e,Ti)|2  eom- 
pounds.  In  their  paper,  Hu  and  Yelon  also  reported  the  for¬ 
mation  of  Nd2(Fe,V)2y  and  Nd2(l''e,Al)2i;,  but  no  structural 
details  were  presented. 

The  R2(l'e,M)2i,  compounds  arc  ferromagnetic  with  Cu¬ 
rie  temperatures  in  the  range  296  K  [R-Ce,  M-Cr  (Ref. 
.3())J  to  524  K  l.R=Gd,  M^V  (Ref.  19)].  XRD  experiments 
on  magnetically  aligned  powder  samples  of  Nd2(i''u,Ti)2i; 
(Ref.  22)  and  Sm;,(l''c,Ti)2v  (Ref.  15)  indicate  that  the  easy 
direction  of  magnetization  is  in  the  a-h  basal  plane  (hexago¬ 
nal  dc,scription),  along  1,201],  wnereas  the  powder  neutron 
diffraction  results  of  Hu  and  Yelon'’’’^'  were  interpreted  in 


lAULIi  III.  Iiilrliislc  inii(uiu(ic  |)urumc(urs  (Curie  (vin|)cru(urc,  siKuriilion  niiigiiudzudoa  iiiiU  uni.sulropy  lluld)  of 
(lie  Uid'c.NDji,  couipouiids  (*■■'12  K  iueii,surcmcul  and  X-77  K  iiicasurcincn(). 
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l'!G.  5.  Miigiioli/.iilioii  curves  I'oi'  Nd^d'c.’I  Oii)  iu  iippliud  Odds  of  0.1  iiiid  5 
T  (lief,  10), 


tcrin.s  1)1'  tlic  niugncticully  easy  direction  being  the  crystal 
«-axis  at  2^5  K,  Tl)e  saturation  magnetization  of 
Nd3(l''e,'!'i)2<j  is  .“ib  /Xp/l'-u.  at  4  K  and  47  /in/f.u.  at  245  K,  and 
its  anisotropy  lield  T  at  245  K  and  4.H  '1'  at  12 

In  'I'able  III  we  summarize  the  intrinsic  magnetic 
properties  of  tlie  various  R-((!'e,M)2()  compounds. 

I'lie  temperature  dependence  of  tiie  magnetization  of 
Nd2(l''e,Ti)2i)  presented  by  Cadogan  (I'ig.  5)  .shows 

clear  evidence  of  a  magnetization  reorientation  around  220  K 
{7i„pi, 1-0.1  T),  and  recent  low-temperature  neutron  work  by 
liu  and  Yelon^'  conllrms  a  shift  in  the  easy  direction  of  mag¬ 
netization  away  from  the  crystal  a  axis  (at  245  K)  to  the  o-h 
plane  (at  12,5  K),  Our  analysis  of  ■‘'^b'e  average  hyperline 
iields,  deduced  from  Mdssbauer  measurements,  also  sup|)orts 
the  occurrence  of  a  .spin  reorientation  at  low  temperatures.^’' 
Other  evidence  of  magnetization  reorientations  in  tlie  form 
of  I'OMl’s  (llrst-order  magnetization  processes)  has  been  re¬ 
ported  by  I'uerst  lU  al.'^  who  observed  a  b'OMI’  in  the  mag¬ 
netization  of  NdTcooTio  s  measured  on  lixed  powders  at  5  K; 
the  observed  FOMI’  lield  is  2,0  T.  Yang  ct  «/.  *'  also  observed 
a  b'OMI’  in  Smifb'e.'ri)^,,  by  singular-point  delection  mea¬ 
surements;  their  b'OMI’  fields  are  2.2  '1'  at  77  K  and  3.0  'f  at 
4  K.  I'he  exact  nature  of  the  magnetization  reorientations  in 
Ndi{b'e,l'i)2>)  are  as  yet  unclear, 

I'inally,  b'uer.st  ct  ul}^  reported  that  their  Ndb'e,,,|Mn^  s 
sample  had  a  coercive  lield  of  3,S  kOe  at  5  K,  wliereas  their 
Ndb'c.,,)l'i() ,  and  Ndb’en,)Cri  j  samples  had  coereivities  less 
than  1.2  kOe. 


Shcherbakova  et  al}''  demonstrated  that  their 
R2(Fe„,<)|V,)()i))|7  (R=  Y,  Nd,  Sm,  and  Gd)  phases  all  absorb 
nitrogen  with  substantial  increases  in  Curie  temperature  en¬ 
suing  (.see  Table  iV).  Significantly,  they  also  found  an  easy 
[001]  direction  of  magnetization  (hexagonal  description)  in 
Sm2(Fe„g|V(,,;i))|7N2,5  and  measured  anisotropy  fields  of 
23.4  T  at  4  K  and  17.3  T  at  2b0  K,  The  formation  of  a 
carbide  Y2(Fe„  ,,|V(),()i,)|7C|  which  had  a  modest  30  K  in¬ 
crease  in  Curie  temperature  over  the  parent  phase,  was  also 
reported  by  the.se  authors, 

Collocott  ct  al.^  showed  that  Nd2(Fe,Ti)2g  ab.sorbs  nitro¬ 
gen,  with  a  5.4%  increase  in  volume  and  a  45%  increase  in 
Curie  temperature  resulting.  However,  iheir  XRD  patterns  on 
magnetically  aligned  powder  samples  showed  that  both  tiie 
parent  and  nitride  compounds  had  a-b  planar  anisotropy. 

Yang  I’l  al}'  reported  the  formation  of  Sm2(b'e,Ti)2()N5 
with  a  7,1%  volume  increase  relative  to  the  parent  phase. 
The  Curie  temperature  of  the  nitride  was  750  K  compared  to 
486  K  for  the  parent  phase  and,  importantly,  Sm,(Fe,1  'i)2.)N,, 
shows  c-axis  anisotrojiy.  I'he  anisotropy  field  of 
Sm3(b'e,Ti)2.)N,(  is  18.1  'f  at  4  K,  and  Yang  et  were  able 
to  develoj)  a  coercivity  of  yiiol  1,.^  -  1 .3  T  at  4  K.  Subsequent 
work  by  Hu  a  on  ball-milled  Sm,(b'e,1'i)2i)N,  produced 
a  maximum  energy  product  of  105  kJ  m  '  after  ball 

milling  for  4.5  h. 

Ryan  el  ul}‘'  have  .studied  the  absorption  of  hydrogen 
and  nitrogen  by  Nd2(b'e,Ti)2()  using  lliermopiezic  analysis, 
thermogravimetric  analysis  (TGA),  and  Mdssbauer 
speclro.scopy,  and  found  that  the  addition  of  hydrogen  leads 
to  a  significant  increa.se  in  Curie  temperature  but  very  little 
change  in  b'e  moment,  whereas  the  addition  of  nitrogen  in¬ 
creases  both  parameters.  Attempts  to  form  a  Nd;,(b'e,Ti)-2i) 
carbide  were  unsuccessful  due  to  disproportionation  of  the 
material,  although  a  “magnetic  event"  was  observed  by  TCIA 
at  660  K  which  was  tentatively  assigned  to  a  Nd2(b'e,1'i)2i)Ci. 
pha.se. 

As  mentioned  earlier,  the  3:24  structure  is  formed  by  the 
1:1  alternate  slacking  of  2: 17  and  1 : 12  .segments  and  Li’^ias 
identilicd  the  interstitial  sites  available  to  N  or  C  atoms  in  the 
3:24  structure  by  considering  the  interstitial  sites  in  the  1:12 
and  2:17  structures.  There  are  two  4c  interstitial  sites  with 
the  special  atomic  positions  (;iyi|)  and  (];j;j),  giving  a  maxi¬ 
mum  N  content  of  Nd,(b'e,Ti)2,;N.,  according  to  the  relation 


'I'Alll.i;  IV.  Inliinsic  iniianclk'  pii)|ii;ilifs  iiiul  volume  oxpiuisloiis  of  the  coinpouiul.';  |  '<  1?.  K 

rneiisuremenl  iiiid  *  refei.s  to  Nd,(l'e,'l'i)M,ll, f 
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I'K).  (>.  ''I'C  Mosshiuicr  spcclni  of  Nili(I''c,'l'i))ij  jouI  Nd,(I‘e,ri)2^N4j  ol>- 
tuincd  ul  12  K  with  u  ''CuRli  source  (Kef.  2t:). 


RjMnNi  +  RMuN,  -K3M29N4. 

Ryan  and  Cudogan’''  calculated  the  sizes  of  the  holes  in  the 
3:2'J  structure  and  found  that  all  lioles  capable  of  accomino- 
dating  interstitial  II,  N,  or  C  arc  4c  sites.  The  two  largest 
holes  have  radii  of  0.64  and  0.5^)  A  and  arc  thus  able  to 
accommodate  N  or  C,  giving  R',M2(jX4  as  the  maximum  in¬ 
terstitial  X  content.  The  next  largest  hole  has  a  radius  of  0.45 
A,  which  is  too  small  for  N  or  C'  but  can  accommodate  11, 
giving  a  maximum  11  content  of  RiM2(jII(,,  as  observed.^'’ 

In  Table  IV  wo  summarize  the  work  on  imerstitially 
modified  3:29  compounds.  I'lie  interstitial  content.s  are  ap¬ 
proximate  values,  and  we  note  that  the  results  on  the 
Sm2(l''e,Ti)2i)  nitride  by  Yung  ct  al.^*  and  Ilu  I’t  al.’^  give  a 
nitrogen  content  of  N,.  Ryan  et  calculated  a  nitrogen 
content  of  N4,  in  Ndifl'e.TiijyN,.  but  caution  that  such  re¬ 
sults  with  N-.4  may  be  due  to  partial  decomposition  of  the 
samples. 

The  room-temperature  ‘’T'C  Mussbauer  spectra  of 
Nd3(Fe,l’i)2i;  and  its  nitride  were  presented  by  Cadogan 
et  along  with  spectra  of  Nd2(I'c,Ti)i7  and  Nd(l-e,Ti)i2 
for  compari.son.  The  Nd,(Fc,Ti)2i,  phase  has  an  average 
•‘’^Fc  hypcrfinc  field  of  20.8  T  at  295  K  which  corre¬ 
sponds  to  an  average  Fc  moment  of  1.33  /r.), ,  assuming  a 
conversion  factor  of  15.6  T//i„.^‘'  The  corresponding 
values  of  Nd2(Fe,Ti)|7  and  Nd(Fe,Ti),2  are  15.4  and  24.8  T, 
respectively.  The  of  Nd-,(Fe,Ti)2i;N4  is  29.6  T  at  295  K, 
the  42%  increase  in  field  being  attributed  to  the  N-induced 
increase  in  Curie  temperature  of  about  200  K.  .Subsequent 
low-temperature  (12  K)  ‘’T'c  Miksbauer  studies  by  Ryan 
el  gave  (/i|,f)  values  of  29.0  and  33.4  T  for  Nd^fFe.TDj., 
and  Nd2(Fe,Ti)2<)N47;,  respectively.  The  (/i|,|)  values  of 
Nd2(Fe,Ti)2,;ll(,  I  are  30.2  and  26,4  T  at  12  and  295  K, 
respectively.^*’  Given  the  large  number  of  Fe  sites  in  the 


Nd^fF  0,31)21)  structure  (15  sites)  <uid  the  eltects  of  site  occu¬ 
pation  by  Ti  in  Nd2(Fe,Ti)2i),  one  can  only  deduce  the  aver¬ 
age  hyperfine  parameters  from  the  Mossbaucr  spectra,  with 
any  certainty.  In  Fig,  6  we  show  the  '’^Fe  Mdssbauer  spectra 
of  Nd,(Fe,Ti)2()  and  Nd3(Fe,Ti)2i)N,|7i  obtained  at  12  K  with  a 
•'’CoRh  source. 

Interestingly,  a  compari.son  of  of  Nd3(Fc,'ri)2i)  at  12 
and  295  K  (Ref.  26)  with  saturation  magnetization  results’' 
suggests  that  the  low-temperature  magnetic  structure  of 
Nd3(F‘e,Ti)2,)  is  noncollinear  (Cadogan  et 
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We  report  the  formation  of  several  members  of  the  recently  discovered  class  of  R^lFe.T),,, 
compounds  and  some  of  their  intrinsic  properties.  Focusing  on  materials  with  T=Ti  and  Cr,  we 
have  prepared  R;((Fc,Ti)2()  (R  =  Ce,  Pr,  Nd,  Sm)  and  R^tFe.Crji.,  (R=Ce,  Nd,  Sm)  compoMids  which 
all  feature  the  novel  monoclinic  crystal  structure  first  established  for  NddFc.Tiiii).  In  each  of  the  Ti- 
and  Cr-containing  groups  the  Ce  member  has  the  smallest  magnetization,  Curie  temperature,  and 
unit  cell,  suggesting  that  the  Ce  ion  is  tetravalent,  or  nearly  so,  in  this  family  of  materials.  We 
observed  no  evidence  of  R3(Fc,Ti)2y  phase  formation  for  R-Y,  Gd,  Dy,  and  Er.  Our  magnetization 
measurements  indicate  that  only  Nd2(Fe,Ti)2.)  and  Nd^fFe.Crliy  exhibit  spin  reorientations,  at 
temperatures  of  233  and  145  K,  respectively. 


I.  INTRODUCTION 

A  new  class  of  rare  earth-iron  (R-Fe)  compounds  stabi¬ 
lized  by  a  third  element  (T)  has  recently  been  discovered  to 
form.  The  class  was  recognized  initially  as  liaving  the 
R2(Fe,T)i()  .stoichiometry,  with  Nd2(Fe,Ti),i,  (Refs.  1-3),  and 
Nd2(Fe,Cr)|,,,  Nd2(Fe,Mn)|,)  (Ref.  3)  as  representatives;  al¬ 
loys  of  nominal  composition  R;(Ec„,j|V|, arc  also  likely 
ntembers."*  Its  prototypical  lattice  symmetry  was  identified  as 
nionoclinic  and  was  found  to  correspond  to  the  P2^/c  space 
group  (No.  14  of  Ref.  5).'^  Structural  investigations  of  the 
Nd-Fe-Ti  pha.se  by  neutron^’  as  well  as  x-ray^  powder  diffrac¬ 
tion  have  since  established  that  the  precise  stoichiometry  is 
R2(Fe,T)2().  Here  we  report  the  preparation  and  characteriza¬ 
tion  of  several  other  members  of  this  fascinating  class  of 
compounds,  including  two  Ce-based  representatives: 
R:,(Fe,Ti)2.,  (R=Cc,  Pr,  Nd,  Sm)  and  R,-,(Fe,Cr)2„  {.’\=Cc, 
Nd,  oiii). 

II.  SAMPLE  PREPARATION  AND  PHASE  FORMATION 

Ingots  for  this  inquiry  were  prepared  by  induction  melt¬ 
ing  high-purity  elemental  constituents  in  boron  nitride  cru¬ 
cibles,  Our  starting  compositions  contained  2%-10%  excess 
rare  earth  relative  to  the  R3(Fe,T)2i;  stoichiometry.  The  ingots 
were  heat  treated  in  vacuum  for  periods  between  five  days 
and  three  weeks  at  various  temperatures  to  maximize  the 
amount  of  R-,(Fe,T)2()  component.  For  the  T=Ti  (Cr)  mate¬ 
rials  an  anneal  temperature  'I\  =  1 100  °C  (1000  °C)  was  most 
appropriate,  with  the  exception  of  Cei(Fe,Ti)2<)  and 
Ce3(Fe,Cr)2i),  both  of  which  required  a  much  lower  of 
900  °C.  Phase  occurrences  were  monitored  by  x-ray  diffrac¬ 
tion  and  electron  beam  microprobe  analyses.  The  latter  indi¬ 
cated  (i)  a  rare  earth  concentration  of  9.4 ±0.1  at.  %  for  the 
principal  phase,  in  excellent  agreement  with  the  R3(Fc,T)2y 
stoichiometry,  and  (ii)  the  values  of  a:  given  in  Table  1  for  the 
specific  R3Fe2i)  ,T,  compositions. 

The  heat-treated  (R-Ce,  Pr,  Nd;  T— -Ti)  materials  were 
essentially  single-phase  R3(Fe,Ti)2i).  'lb  illustrate  this  point 
with  a  representative  example.  Fig,  1  comirares  the  Cu-K„ 
x-ray  powder  diffraction  patten;  of  Pi^Fenv^Tii  s  with  a  pat¬ 
tern  calculated  for  that  compound  using  the  sites  and  nuclear 
position  parameters  obtained  by  Hu  and  Yelon'’  for 
Nd3(Fe,'fi)2,).  In  the  other  samples  contaminant  phases  de¬ 


tected  by  the  electron  microprobc  analy.ses  included 
R(Fe.T)i2,  R2(Fe,T)|.;,  R(Fe,T)2,  and  cr-Fc  admixed  with  the 
clement  T.  I'igure  2  compares  the  observed  Cu-/w„  x-ray 
spectra  of  the  annealed  Ce-Fe-Ti  and  Ce-Fc-Cr  ingots.  The 
former  [Fig.  2(a)J  is  essentially  single-phase  Cc3Fe27  4Ti| 
while  the  analytical  re.sults  indicate  that  the  latter  [Fig.  2(b)] 
contains,  in  addition  to  the  principal  Cc3Fe24  ijCr^  |  phase, 
minor  amounts  of  CcFe,,  ,,Cr2.|,  FeoTjCr,,  ,,  and  Cci^ci  .(Cr,, ,. 

In  our  opinion  the  R3(Fe,T)2i)  phases  arc  “high  tempera¬ 
ture”  materials  in  the  sense  that  they  arc  not  thermodynami¬ 
cally  stable  at  room  temperature.  Put  another  way,  they  cry.s- 
lallize  only  at  temperatures  above  some  minimum  value,  To 
lest  this  conjecture  we  heat  treated  an  as-cast  Sm3  3Fc27,.sTit,5 
ingrrl  for  five  days  at  900  [well  below  =  1  lOO  ®C  found 
to  yield  materiiil  chielly  composed  of  monoclinic 


lABl.li  1.  Cry.sliillonrapliic  anil  inagnclic  prnperlies  of  Ril'i-’i'i  .T,  wria- 
pouiuls.  The  inonoclinic  lattice  parameters  are  a,  h,  c,  anil  fi\  the  unit  cell 
volume  is  V  -^ttbe  sin  /t;  />  is  tlie  ilensity  lieriveii  from  tlie  lattice  constants; 
T,  is  the  Curie  temperature;  ami  4ttM ,  is  tlie  saturation  magnetization. 
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FIG.  1.  (a)  Cu-AT,,  x-iay  powder  diffraction  pattern  observed  for 
(b)  Pattern  calculiited  for  PrjFc27,5'l'i|.5  using  crystallographic 
information  front  Ref.  6  and  lattice  constants  (see  Table  I)  inferred  from  (a). 


FIG.  2.  Observed  Cu-K„  x-ray  powder  diagrams  for  (a)  CciFe27.4Ti| ,,  and 
(b)  Cc3Fc24.i)Cr4 1 . 


Sm3(Fe, 71)29].  T’he  x-ray  pattern  of  the  7^=900  “C  sample 
closely  resembles  a  pattern  calculated  for  SmFe7  having  the 
rhombohedral  ThFe4Co4-type  defect  structure, which, 
judging  from  the  similarity  of  their  x-ray  signatures,  is  re¬ 
lated  to  the  rhombohedral  Th2Zn|7-type  structure  character¬ 
izing  Sm2Fe,7. 

Using  compositions  and  anneal  schedules  similar  to 
those  employed  for  the  materials  of  Table  I  we  attempted  to 
form  R3(Fe,Ti)29  compounds  with  R-Y,  Gd,  Dy,  and  Er.  All 
these  samples,  however,  consisted  primarily  of  material  hav¬ 
ing  the  hexagonal  Th2Nim-typc  structure."’"  We  surmise 
that  monoclinic  R3(Fe,Ti)29  does  not  form  for  Y  and  the 
heavy  rare  earths,  for  which  a  hexagonal  Th2Ni,9  type  [or 
hexagonal  Th2Ni|7  type  for  slightly  lower  (Fe+Ti);R  ratios] 
is  the  stable  low  temperature  phase.  Apparently  monoclinic 
R3(Fe,Ti)29  can  be  formed  only  when  the  equilibrium  room 
temperature  phase  has  a  rhombohedral  structure  of  the 
ThFe4Co4  or  Th2Zni7  variety. 

^  It  is  doubtful  that  R3(Co,Ti)29  compounds  occur,  at  least 

I  for  the  light  rare  earths.  A  Nd-Co-Ti  ingot  annealed  at 

I  1000  °C  principally  contained  Th2Zn|7-type  material. 

111.  RESULTS  AND  DISCUSSION 

Crystallographic  and  magnetic  information  on  the 
R3(Fe,T)29  compounds  investigated  here  is  summarized  in 
Table  I.  The  lattice  parameters  a,  b,  c,  and  (3  (corresponding 
to  the  second  monodinic  setting,  p^9()°)  were  inferred  from 
the  x-ray  diagrams.  The  lanthanide  contraction  is  evident 
from  the  decrease  of  a,  b,  and  c  as  the  atomic  number  of  ll.e 


rare  earth  constituent  increases  from  Pr  to  Sni.  The  largest 
decline  with  R  atomic  number  is  shown  by  b,  analogous  to 
the  larger  decline  of  c  in  the  tetragonal  R2Fei4B  series  (cf. 
Ref.  12).  The  common  behavior  likely  reflects  the  fact  that 
the  R  ions  in  R3(Fe,T)29  [R2Fe,4B]  reside  in  planes  normal  to 
the  h  direction'^’’^  [c  direction].  Through  the  R2FC14B  scries 
the  basal  plane  cell  constant  a  is  confined  to  a  narrow  range 
by  the  particularly  stable  trigonal  prisms  of  the 
Nd2Fe,4B-type  structure,'^  and  we  speculate  that  local 
atomic  coordination  effects  restrict,  in  a  similar  way,  the 
variation  of  a  and  c  with  R  in  the  R3(Fe,T)29  series. 

We  determined  Curie  temperatures  {T(^)  by  differential 
scanning  calorimetry,  and  magnelizalion  measurements  were 
performed  from  5  to  295  K  with  a  vibrating  sample  magne¬ 
tometer  using  a  maximum  applied  field  of  9  T.  Values  of  Tc 
and  the  saluratior.  magnetization  {AttM  ,)  at  5  and  295  K  are 
included  in  Table  1.*'^  For  both  the  T=Ti  and  T=Cr  groups 
T(-  and  47rA/,.(5  K)  are  lowest  for  the  Ce  member,  as  is  the 
(room  temperature)  unit  cell  volume  V.  Together  these  facts 
strongly  suggest  that  the  Ce  ion  is  essentially  tetravalcnt  (i.e., 
has  no  4/-cierived  magnetic  moment)  in  the  P3(Fe,T)29  class 
of  compounds. 

If  we  assume  that  the  Ce  moment  is  zero,  the  47r/V/,(5 
K)  values  for  Ce3Fe27.4'ni ,,  and  Ce3Fe24  yCr4 ,  imply  average 
Fe  moments  of  —1.7  and  -1.4  /ic,j  for  the  Ti  and  Cr  materi¬ 
als,  respectively.  The.se  average  Fe  moments  together  with 
the  47rAf  j.(5  K)  results  for  the  other  compounds  indicate  that 
the  R  n'loment.s  are  near  their  free  ion  values.  Magnetization 
versus  temperature  measurements  in  a  small  applied  field,  I 
kOe,  revealed  spin  reorientations  of  the  easy  magnetization 
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FIG.  3,  Curie  Icmpcralurcs  7’c  of  Ri(Fc,Ti)2v  (•)  and  R(Fc,Ti)|2  (  ♦  )  com¬ 
pounds  vs  G  The  curves  arc  specified  by  Eqs.  ( 1 1-(3)  for  lire  R-I’r,  Nd, 
and  Sm  cotnpoimds  of  each  series  willi  tire  parameters  given  in  tire  text. 


direction  at  Tg=2^5  K  in  Nd3Fe27,4Tii  f,  and  7’j.sl45  K  in 
Nd3Fe24.6Cr4,4,  but  in  none  of  the  other  compounds  in  Table 
I.  Our  7’,(Nd3Fe27,4Ti|  f,)  agrees  well  with  the  measurements 
of  Cadogan  et  alV  The  slightly  larger  low-temperature  mag¬ 
netization  of  Pr3Fe27,5Tii  5  as  compared  with  that  of 
Nd3Fe27,4Ti,  f,  may  reflect  a  noncollinear  moment  arrange¬ 
ment  in  the  latter  below  T, , 

As  is  often  the  case  for  rare  earth-transition  metal  series, 
Tc  is  an  increasing  function  of  the  effective  rare  earth  spin, 
gauged  by  where  G  =  (g  —  1 ) ^(7  +  1 )  is  the  de  Gennes 
factor  for  an  R  ion  having  gyromagnetic  ratio  g  and  total 
angular  momentum  quantum  number  7.  This  is  shown  for  the 
T=Ti  compounds  by  the  filled  circles  of  Fig.  3,  which  dis¬ 
plays  Tc  vs.  G'''^.  Ascribing  the  magnetism  to  Fe-Fe  and 
R-Fe  exchange  interactions  and  neglecting  R  R  exchange, 
we  can  write  7’f(G)  in  the  nearest-neighbor,  mean-field  ap¬ 
proximation  of  the  two-sublattice  Heisenberg  model,  which 
is  used  widely  in  analyzing  systematic  7^.  behavior  in  rare 
earth-transition  metal  compound  series,  us 

Tc(G)  =  jTc(0)(l  +  /r+l^).  (1) 

where 


3A:b7’c(0)  =  Z,..,^p(5,:+1);p,.. 
and 


(2) 

(3) 


Here  is  the  number  of  B  neighbors  of  atom  A  (A,B=R 
or  Fe),  the  Fe  spin,  and  the  exchange  inleraction 
energy  of  the  A  and  B  spins.  A  negative  Jm;  implies  ferro¬ 
magnetic  coupling  of  light  R  and  Fe  moments  and  antiferro- 


niagnclic  coupling  of  heavy  R  and  Fe  moments.  From  the 
work  of  Hu  and  Yelon*’  we  estimate  Z|;f.=  10,  Z|.|(=2,  and 
Zk]:=18,  and  we  lake,S'|.=  l  since  the  average  Fe  moment  is 
~2  Pi,  and  the  corresponding  g  factor  can  be  expected  to  be 
near  2.  A  least-squares  fit  of  Eqs.  (l)-(3)  to  the  Curie  tem¬ 
peratures  of  the  {R  =  Pr,  Nd,  Sm;  T=Ti)  compounds,  in 
which  the  R  ion  is  presumably  trivalcnt,  yields  7|.|.=2.4  meV 
and  1,5  meV.  The  fit  generates  the  lower  curve  in  Fig. 

3  and  provides  excellent  accommodation  of  the  experimental 
results;  the  departure  of  7'c(Ce3Fe27  4Ti|  f,)s322  K  from  the 
trend  underscores  the  likelihood  that  Ce  is  tetravalent.  For 
comparison  purposes  Fig.  3  also  displays  ’1\-  values  (dia¬ 
monds)  for  the  cognate  R(Fe,Ti)i2  compounds.''’''''  A  corre¬ 
sponding  fit  to  them  (the  same  estimates  for  Z^^,,  and  ,S'|..  can 
be  used)'''  yields  yi.|.s3.3  meV  and  yi(|.s-l,4  meV  and  is 
sliown  by  the  upper  curve  in  Fig.  3.  The  stronger  Fe-Fe  ex¬ 
change  is  responsible  for  the  fact  that  the  R(Fe,Ti)|2  Curie 
temperatures  are  120-170  K  higher  than  those  of  their 
R3(Fe,Ti)2y  counterparts. 
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Magnetic  and  crystal  structure  of  the  novel  compound  Nd3Fe29_xTi,x 
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The  struclurc  of  the  eonipoimcl  previously  reported  us  Ndil'ei.,  ,Ti,.  hiis  heeii  solved  by  powder 
neutron  diffraction,  which  reveals  a  nionoelinic  cell  and  a  sloiehiometry  of  Nd^Fein  ,^'1 
(.v=1.24)  and  two  fornuihi  units  per  unit  cell.  This  low  syniinetry,  and  the  large  number  of 
eryslallograpliically  uni(.)iie  sites  (17),  lead  to  a  wide  range  of  Fe — Fe  bond  lengths  (from  2.?i()  to 
3.01  A)  in  a  nearly  continuous  band,  The  phase  forms  througli  the  replacement  of  two-fifths  of  the 
rare  earths  in  the  RFe,  phase  by  i''e-Fe  dumbbells.  'I'he  magnetic  moments  at  room  temperature  lie 
along  the  nionoelinic  a  axis  with  an  average  iron  moment  of  l.O.'i  /i|,,  while  the  magnetic  moments 
at  12.5  K  lie  in  the  a-b  plane  with  an  average  iron  moment  of  about  1.3(i  . 


I.  INTRODUCTION 


Uiiiary  rare-earth  (R)-lion  (be)  compounds  are  unsuit¬ 
able  for  permanent  magnet  application  due  to  their  low  Curie 
points.  Nd2Fei,|li,  nitrides  and  carbides  of  RiFcp  and 
RFcii.  v'l.v'  where  T  is  a  transition  element,'  ’  and  iiseudo- 
binaiy  compounds  such  as  RiFci  7  ,.T,. ,  where  I'  is  Si,  Al,  or 
Oa,  have  significantly  enhanced  Curie  points  compared  to 
the  parent  binary  phase.!.''  "  Studies  of  these  materials  have 
lecently  led  to  the  discovery  of  a  new  pseudobinary  pha.se. 
first  identified  as  ICFciv  with  a  structure  different  from 
the  well  known  Th2Zn|7  and  ThiNin  types, tlien  identified 
as  Ril'Ci.)  vT»'*  "  which  has  now  been  shown  to  have 


stoichiometry  K.il'Ciy  ,,T,v 


12,1.1 


This  compound  was  origi¬ 


nally  formed  witli  T=Ti  al  about  6%  F’e/'l’i  rephieemenl  and 
has  al.so  been  shown  to  form  at  higher  rephieemenl  levels 
with  Cr  and  Mn.‘'  In  attempting  to  form  doubly-sub.stituted 
,vT,v.  this  phase  was  also  formed  with  a  V-f-Al 
replacement.'''  Tlie  monoclinie  cell  of  this  new  pha.sc  is  re¬ 
lated  to  the  CaCu,  structure,  and  an  approximate  x-ray  struc¬ 
ture  determination,  based  on  the  ideai'  '''o  sitions  of  the 
CaCus  structure,  was  recently  ri')!  r'  e  same  time, 

powder  neutron  diffraction  wa'<  use''  solution  in 

which  the  magnetic  monienis  al  room  em|v  .re  were  also 
reporled.'’’  In  this  article  ilv  ;•  'uin  .  .,11  results  are 

extended  to  low  temperature.  .'  .1  sh  .  iletails  are 

reported,  and  the  results  for  R,  ,T,  .e  com|iared  to 
'.hose  of  Ti  substituted  NdiFCi;  and  Mdl'Cii.  'fhese  three  ilif- 
ferent  phases  can  be  considered  as  modifications  of  the 
CaCu,  structure  with  differing  degrees  of  I'e-l'c  dumbbell 
replacement  of  some  of  the  rare  earths. 


II.  RESULTS 

The  room-lemperalure  and  12.5-K  results  of  the  neutr.m 
diffraction  analysis  of  Ndd''ei7  7,,Ti|  are  given  in  Table  I. 
The  structure  adapted  from  Ref.  13  is  shown  in  Fig.  I,  'Fhe 
layered  structure  is  apparent  from  the  figure  in  which  only 
the  shortesi  bonds  (<2.4  A)  are  shown.  Although  not  con¬ 
strained  by  symmetry,  all  of  the  Fe^l'i  anil  Nd  alums  in  the 
first  layer  lie  within  0.06  A  of  the  y -0  plane.  In  lire  second 
layer,  which  contains  only  Fe/Ti  atoms,  most  are  found  very 
close  to  ,V=,T.  The  atoms  tlnit  deviate  I’rom  this  are  clearly 
visible  in  the  figure  and  are  displaced  due  lo  the  presence  of 
Nd  atoms  nearly  directly  above  or  below  lem.  The  arrange¬ 


ment  of  the  Fe/Ti  atoms  in  this  layer  forms  a  nearly  perfect 
hexagonal  grid.  As  previously  discussed,  both  the  stacking  of 
layers  with  and  wilhoiil  rare  earth,  and  the  hexagonal  ar¬ 
rangement,  are  al.so  seen  in  Ril'ei.ill.''’  Other  projections  of 
the  R;,(l’'e7ri)2,)  structure  show  planes  of  atoms,  although 
none  so  clearly  as  seen  in  this  direclion.  'I'his  is  a  relleclion 
of  the  relatively  close-packed  nature  of  the  structure. 

Table  I  also  gives  the  coordinates  used  in  the  x-ray 
study.'"  Relatively  few  of  the.se  were  refined,  but  the  gener¬ 
ally  good  agreement  between  these  two  sets  of  coordinates  is 
an  indication  of  the  small  deviation  of  this  structure  from  the 
parent  structure  from  which  it  is  derived.  It  is  easy  to  .see  that 
the  R,F'e|7  structure  is  derived  from  the  RT,  structure 
(CaCUj)  by  repliicement  of  one-third  of  the  liire  earths  by 
Fc-F'e  pairs.  It  has  been  pointed  out  that  the  RFe|2  structure 
can  be  formed  from  the  same  parent  by  replacement  of  one- 
half  of  the  rare  earths  by  the  I'e-F'e  dumbbells.  The  new 
compound,  RdFe/Tjii),  is  produced  in  the  same  ftishion  by 
replacement  of  two-fifths  of  the  rare  earths.  This  appears  to 
be  entirely  regular  and  leads  lo  the  stoichiometric  comimund 
ob.scrved  here.  In  Nd2Fe|7,  the  dumbbell  is  clearly  visible 
and  the  F'e— Fe  bond  lengtli  is  unusually  smtill — 2.36  A.  In 
RF',  ,2,  the  dumbbells  are  less  iippitrent,  but  it  is  important  lo 
note  that  this  compound  contains  at  least  one  T  atom  |)er  unit 
cell  and  is  thus  expanded  with  respect  to  the  idealized,  but 
nonexistent  jnire  Fe  phase. 

Hecause  of  the  low  symmetry  tmd  the  huge  number  of 
Fe  sites,  there  tire  mtiny  more  ilistinct  bonding  pathways  in 
this  compound  than  in  either  the  R2Fei7-  or  RFcii-tyire  struc¬ 
tures.  The  minimum  bond  length  is  2.36  A,  as  is  seen  in 
NdjFci/,  but  it  is  less  septinited  from  the  other  bonds,  which 
form  a  continuous  band  up  to  al  least  3  A,  The  longest  bonds 
are  iissociated  with  the  14  coordinated  Fe  aloiiis  shown  in 
Table  !,  but  similar  14-fold  coordiiiiition  is  also  seen  in  the 
RiFe|7  :uid  RFe|2  structures.  The  Fe  atoms  have  from  one  to 
three  Nd  neighbors,  but  the  Ti  titoms  arc  found  only  at  the 
three  sites  with  a  single  Nd  neighbor.  Neutron  diffraction 
data  fur  NiRFeK^n/Pii,,,,  and  NdFe|||,,'ri|  ,  were  also  collected 
and  analyzed,  tind  the  stinic  Ti  environment  was  ob.scrvcil  in 
these  compounds. 

The  range  of  bond  lengths  around  each  site  and  the  av¬ 
erage  bond  lengths  are  given  in  'I'tible  II  for  NdiFe,,  7,,'fi  1:4. 
Nd2Fe|,,,|7Ti||,,,,  and  NdFe|||,,Ti|  |.  This  table  excludes 
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TABLE  1.  Kcllncmciit  results  for  NdjFC27  7(,ri|,24 ;  space  group;  1’21/C;  cell  volume— 88V.0()  A'. 


Atuiu,  site 

Neutron 

X  ray'' 

Ncntriin 

Tie) 

Neutron 

Ncutrun 
2'/.5  K 
t/mr) 

Ncutrun 
12.5  K 
l/un) 

X 

>’ 

z 

.V 

V 

z 

Nil,  2(1 

0 

0 

0 

0 

0 

0 

20l'c 

1.8(1) 

2.2(2) 

Nil,  4c 

0.40211) 

0,007(2) 

0,HI5(0) 

0.40S 

0 

(1.81 

I'/l'c 

1.0(1) 

1.4(1) 

I'c,  2(1 

0.5 

0 

0,5 

0.5 

0 

(1.5 

lOl'c  1  2N<I 

1.1(1) 

1.2(2) 

I'o,  4c  1 

0.110(1) 

0.001(1) 

0,722(1) 

0,1003 

0 

0.7127 

lOI'c  i  ^Nil 

1.5(1) 

l..5(2) 

I'c,  4c2 

0.2'/ 1(1) 

0.1)02(2) 

0.0'I4(1) 

0,2'/.37 

0 

(1.0875 

'/I'c  l-.INil 

1.2(1) 

1.4(2) 

(I'c/ri),  4c3 

0.2,S7(I) 

•0.002(2) 

0,520(1) 

0,2552 

0 

11.5104 

.30.50 

131'c  1  INil 

1.5(2) 

I.S(2) 

(I'e/Ti),  4c4 

0.137(1) 

0,001(3) 

0.2'I2(1) 

0,1 44K 

0 

tl.28'/0 

21.411 

I31'c  I-  INil 

1,3(1) 

1.8(2) 

I'c,  4c.‘i 

0.()32(1) 

0,143(1) 

O.OS  1(1) 

0,037(1 

(I.I40I 

().()812 

lOl'cl  2Nil 

0,8" 

1,2(2) 

I'c,  4c() 

O.SOtgl) 

t).22S(l) 

O.OgH(l) 

0,K 

0.2147 

0.1 

lOI'c  1  2Nil 

1.2(1) 

1.5(1) 

I'c,  4c7 

(LWIl) 

(1.24.3(1) 

0,433(1) 

0,0(134 

0.25 

0.4535 

'/I'c  1  3Nil 

O.d" 

1,1(2) 

I'c,  4cH 

-0.004(1) 

0.247(2) 

0.257(  1 ) 

0 

0.25 

0.25 

lOI'c  :-2Nil 

(l.dd) 

1,1(3) 

I'c,  4c') 

0,400(1) 

(1.247(1) 

0.002(1) 

0.4l'/.5 

0.25 

0.0801 

'/I'd  3Nil 

0.7" 

1,2(3) 

I'c,  4c to 

0,«()2(1) 

(),24K(  1 ) 

(l.«47(l) 

(),S 

0.25 

0.85 

lOl'c  1  2Nil 

0.2(2) 

0,813) 

I'c,  4c  1 1 

0,1 '/7(1) 

0.257(1) 

O.IOId) 

0.2 

0.25 

0.15 

lol'c  I  ^Nil 

1.2(1) 

1,0(2) 

I'c,  4c  12 

0,204(1) 

0.2'/, 3(  1 ) 

(1.410(1) 

0.2 

().2K53 

0.4 

l(ll'c-l-2Nil 

().'/( 1) 

1,0(1) 

I'c,  4c  13 

0.,37()(1) 

(1.35,5(1) 

0,812(1) 

0.3024 

0.35'i'/ 

0.8188 

lOl'c  1  2Nil 

1.0(1) 

1.4(2) 

(I'c/Ti),  4c  14 

O,0t).S(l) 

(1.350(1) 

0.004(2) 

0.0007 

0.3.542 

0.0034 

KUO 

131'c  11  Nil 

l.ldl 

1,4(2) 

C.'cll  pariuiiclurs  unil  agrccoiciil  fuclur.s  of  nculron  aiul  x-tay  iliffraetlon  results 

(1,  A 

/),  A 

c,A 

li 

A-' 

Ncu!,-un  2'/.S  K 

10,ti02H(2) 

H, 0050(2) 

'/.7(ilO(2) 

'/0.')'/0(l) 

3,(11% 

4,74',!!, 

5.o.s';i. 

l./.o 

Neutron  I2..S  K 

10,04S(.(2) 

S.0(I5(I(2) 

7000(2) 

'/O.K3.3(l) 

2S2% 

5.23% 

(1.05',!!, 

2.(M 

X-ray'’ 

10.()2.S« 

H.SH14 

'/,7282 

'/0.8'/ 

13.20% 

Ui,10% 

'Mouieiit  tmslalrle  when  relhieil — cuiisiniliied  lu  ihe  average, 

''X-ray  data  oiled  Iroiii  lU'f.  10  and  liausl'onued  to  Ihe  coiiiparahle  coordinates. 


I'd — I'c  hontls  over  2,8  A  Ihiil  arc  a.ssuiitcd  lo  coiilribulu  liltic 
or  no  imujiidtic  ciicrjjy.  A.s  already  discu.sscd,  the  Nd2l‘'c,7 
parent  lias  a  short  2.3(')-A  bond,  In  llic  l'i-sub,stiiutcd  com¬ 
pound,  however,  this  bond  has  expanded  to  2,47  A  due  to  the 
strong  prcl'ereiice  I'or  the  dumbbell  h'e  site  by  the  larger  Ti 
atom.  The  higli  symmetry  of  the  Ul''e|2  phase  produces  two 
groups  of  bonds,  long  atid  short,  with  a  gap  between,  'I'he 
other  two  compounds  have  a  broader  distribution.  Table  III 


gives  the  overall  average  bond  lengths  for  these  three 
samples  (and  Nd^b'ei/)  as  well  as  their  Curie  points,  b'or 
Nd2h’c27.7(,'ri|  24,  two  values  tire  given,  including  bond 
lengths  lo  2,8  and  2,W  A,  'I  he  dependence  of  the  C’tirie  ptiint 
on  bond  length  in  tnher  Nilb'e  compounds'*’  has  previousiy 
been  noted  and  a  similar  relationship  is  observed  here  if  one 
docs  not  include  llie  very  long  h'e — h'e  bonds,  whicli  obvi¬ 
ously  contribute  little  to  the  magnetic  exchange  energy. 


NM  Ol'u.lelO  0)1'^ 


MCI,  1.  Muiiocliilic  iiiiil  cell  ol  N(l,l''c;i,  ,'11,  willi  the  II  axis  u|).  Tlic  laycis 
with  y  1/4,  1/2,  aiul  3/4  arc  cirawii  as  well  as  the  he  l-'c  hoiuls  iiiiilcr 
2.4  A. 


TAUini  II.  .Site  luinti  length  range  anil  average  hunil  length. 


Nil,l'c,„.,.Ti,,.i 

Site 

lll.K 

Alll. 

Site 

lil.K 

Alll. 

I'c,  (ic 

2.4748- 2.7'/'/8 

2.7001 

I'c,  2d 

2.4443- 2.()272 

2,5040 

I'c,  Or/ 

2.45d8-2,(i27K 

2.4')')4 

I'c,  4c  1 

2.4010-2,7278 

2.50'/4 

I'c,  18/ 

2,45d')-2.7'/'/8 

2.5'/'/ 1 

I'c,  4c2 

2.45O7-2.70')8 

2,5507 

I'c.  18/1 

2.4778- 2.d()28 

2.5030 

I'c,  4i’3 

2.402'/-  2,7087 

2,0l'/8 

"c,  4c4 

2.402'/-2,777'/ 

2.0024 

I'c,  4c5 

2.37'/5- 2,7705 

2.5'/47 

Nill'C|,|„l  i|  , 

I  c,  4c0 

2.,3575  -2.0X45 

2.5550 

Site 

lll.K 

Alll, 

I'c,  4c 7 

2.405'/ -2.7400 

2.5.52,7 

I'c.  8i 

2,4723-2.7404 

2,0014 

I'c,  4c8 

2..18(I8  -2.0520 

2.5222 

I'c,  8; 

2.4'),35-  2,dd'/2 

2,0247 

I'c,  4c') 

2.4054  -2.7705 

2.57'/0 

I'c,  8* 

2.4011  2.0242 

2.5188 

I'c,  4c  10 

2.3575-2.777'/ 

2. .5005 

I'c,  4c  1  1 

2.4(14.5-2.0X78 

2.52,50 

HI.R  liiinil  length  range 

I'c,  4c  12 

2.4()7'/-2.7X50 

2.5')(I7 

Alll.  iivcragc  Initiil  length 

I'c,  4c  1  3 

2.4580  2.(i747 

2.5404 

I'c,  4c  14 

2.3803  2.7‘/57 

2.0271 

614Q 


J.  Appl.  Phys,,  Vol.  70,  No.  10,  15  November  1994 


Z.  Hu  and  W.  B,  Yelon 


TABLE  ill.  rtic  overall  average  length  (OABI.)  aiui  C'uric  Icni- 

pcnuurc. 


Conipoiinil 

OAlll. 

r,  IK) 

I'liinnicats 

Ndrl'tiiiiidiii.in 

2.,SK1I 

.111.1 

NilFciD^Iii  1 

2.,SKI4 

.5.10 

NdjFc,, 

2,.5KOI 

.1.10 

N4j1'C27  7(|I  i|.M 

2.. 5K()I 

2.. 5V29 

.1(0 

no  hoail  ’2.K  A 
no  lioiiil  .  •2,')')  A 

1'hc  magiiclic  moments  ate  also  given  in  1ablc  I.  b'or 
Nd'^l'C27  ul  I'uuni  tcin|)craUiru,  tlio  I'u  inoniciit  icliiic- 

nicnts  were  uiistable  oti  a  lew  sites,  oseilialiiii.’  about  rela¬ 
tively  siiiull  values.  These  were  eoustniiiied  to  their  average, 
while  the  others  were  allowed  to  reline  freely.  The  overall 
average  site  moments  of  Nd,l''e^v  v„Tii  2,,,  Nd2l'e|,,,|-,Ti,|,,,, 
and  NdFe|()()Ti|  I  at  room  temperature  are  1.05,  l.d.S,  and 
2,3b  Mh’  respeelively.  The  moments  of  Ndib'oiv  7„Ti, are 
found  to  lie  along  tlie  a  axis.  ‘The  moments  of 
Nd2l''e|„|)7Ti(i,.)2  are  found  to  lie  perfectly  in  the  basal  plane, 
while  the  motnetils  of  Ndl''e|(i,i|Ti|.i  are  foutid  to  lie  perfectly 
along  the  c  axis.'^  The  Fe  and  Nd  atoms  coupie  I'erronmg- 
neticully  in  all  three  contpotinds,  suggesting  that  the  reported 
enhancement  in  the  Curie  point  through  interstitial  sub.slitu- 
tioti  could  leinl  to  highly  desirable  pro|'.ierties  due  to  their 
high  Ndti'c  ratio.  I'or  NdiFe.v  vi.Tii  2,1  at  1.2. .5  K,  the  easy 
direction  is  found  to  be  changed  from  the  a  axis  at  room 
temperature  to  the  u-h  |)lanc  at  I2..5  K.  It  was  foutid  tiiat  the 
component  ratio,  •')  O.b  when 

every  componetit  was  telltied  itidepciidetitly.  Tlicn  a  con- 
.straint  was  made  to  keep  all  site  moments  hi  the  .same  direc¬ 
tion  and  with  a  componciit  ratio  of  (l.b.Tlie  amplitudes  of  the 
site  moments  at  12.5  K  given  in  the  last  column  of  Table  I,  as 
expected,  are  larger  than  that  at  room  temperature.  The  over¬ 
all  average  iron  site  moment  of  Ndd''e27  7(,Ti|  ...i  at  12.5  K  is 
1.3b/i|),  This  low  value  may  be  due  to  the  fact  that  nearly  all 
sites  have  at  least  some  very  short  (-'2.45  A),  ptcsumalrly 
antiferromagnetic,  bonds.  It  is  particultirly  interesting  to  note 
that  one  Fe  site,  4(’  1 0,  has  tlirce  short  hoods  ami  relioes  witn 
the  smallest  moment  at  both  tcmperatuies.  A  second  site, 
4t’K,  has  two  such  bonds  and  has  the  scconil  smallest  mo¬ 
ment  at  room  temperature,  which  retnains  small  at  12.5  K.  In 
contrast,  Fe4  and  Fe5  have  the  largest  12.5-K  moments,  av¬ 
erage  bond  lengths  over  2,0  A,  and  no  short  bonds. 

III.  CONCLUSIONS 

The  new  pseudobinary  rare  earth-iron  phase, 
Nd^Fejv -/(.Ti,  24,  was  studied  by  neutron  diffraction  and  com¬ 
pared  with  Ti-substituted  NdjFci;  and  Ndl'cii  compounds. 
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The  structures  of  all  those  three  compounds  are  related  to  the 
.structure  of  RT^,  with  differing  degrees  of  Fe-Fe  dumbiiell 
replacement  of  the  rare  earth.  The  Ti  atoms  were  found  to 
occupy  those  sites  with  a  single  Nd  neighbor  in  all  three 
compounds.  A  dependence  of  the  Curie  points  on  bond 
length  similar  to  other  NiiFe  compounds  was  ob.servcd.  The 
Nd  siiblaltice  couples  fcrromagnetically  to  the  Fc  sublattice 
in  all  three  compounds  with  different  easy  directions,  that  is, 
u  axis  for  Nd^Fe,^  7,,Ti|  14,  basal  plane  for  Nd2Fe|,,,,|Ti||,,7, 
and  (•  axis  for  NdFC|,mTii  |,  re.spectively.  An  easy  direction 
change,  from  the  tt  axis  to  u-h  plane,  for  Ndd'e27  7(,Ti|  24  was 
observed  when  the  temperature  was  lowered  from  2b5  to 
12.5  K. 
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I'hc  ul't'ccis  of  light  alot\i  iiitcrciilatioii  on  the  magnetic  properties  oi'  the  rnonoeliaie  compound 
Nd^il'e/ri)!,,  Iiave  been  studied  by  Mbssiiauer  spectroscopy  aitd  tiiermograviinetiic  analysis. 

Maximum  contents  of  4  nitrogen  atoms  and  b  liydrogen  atoms  per  formula  unit  have  been  achieved, 
consistent  witli  structural  calculations.  The  associated  lattice  expansion  ranges  from  2%  in  the 
hydride  to  b.5%  in  the  nitride.  Attempts  to  introduce  carbon  were  unsuccessful  as  the  material 
dccom|iosed  ra|)idly  during  the  reaction.  Doth  hydrogen  and  nitrogen  additions  lead  to  substairtial 
increases  in  the  magnetic  ordering  tempeiature,  but  only  the  iritrogen  leads  to  an  increase  in  the  irort 
momerrt, 


I.  INTRODUCTION 

I'he  scareit  for  iiigh-perfornumce  rurrgrtetic  materials, 
which  wtrs  revived  by  the  discovery  of  llte  K^b'Ci,,!.!  sy.stern, 
has  beeit  expanded  greatly  try  the  ob.servation  that  slgrtifleartt 
imjrr'ovetticnts  can  be  obtairted  through  the  intercalation  of 
alloys  by  a  variety  of  light  alums.  Often  tiris  irttercalatiorr 
process  cun  be  u.sed  to  transform  olherwi.se  useless  mater  ials 
into  highly  promisiitg  permanent  magnet  candidates.  The 
rrrost  striking  examples  of  this  are  the  Ud'C,/  alloy.s,  which 
liave  ordering  temperatures  ortly  slightly  above  room  tem¬ 
perature,  but  the  addition  of  cither  carbon  or  nitrogerr  by 
gas-|)haso  retrcliort  leads  to  a  greatly  erthanced  7',.  and,  in  the 
case  of  the  Sm  alloy,  substantial  uniaxial  arri.sotroiry.' 

la  Ibbi,  C'ollocoll  et  al.  reported  the  existerree  of  a  rrew, 
irorr-r'ich,  phase  in  the  Nd-b'e-Ti  pha.se  diagrttm."  Subsequent 
x-ray'  and  rtculron'*  diffractiorr  measurements  showed  that 
the  alloy  sir'uclure  Irelorrged  to  the  nronoclirtic  l'2|/c  sprtce 
group,  arrd  that  lire  crrrfcct  .sloichiortrctry  was  Ndi(l'c,Ti)H). 
The  com|)osition  lies  between  the  tetragonal  Nd(l''e,Ti)|,>  arrd 
rhombohedral  Ndj(l'e,Ti)|7  pha.ses,  arrd  tire  3-2^  strrrclure 
cun  be  viewed  us  an  alleraaling  stack  of  these  1-12  arrd  2-17 
units.'  The  magnetic  orilerirtg  temperatures  of  the  3-2b  cotn- 
irounds  are  in  the  rurrge  41l-48()  K."’  I’reviotrs  work  has 
shown  that  Ibis  phase  absorbs  nitrogen  readily,  exhibilittg 
large  incrcu.ses  in  both  7',.  rmd  magnetizatiorr.'’ 

hr  this  paper  we  report  a  ntore  extensive  study  rrf  the 
effects  of  11,  C,’,  trnd  N  interstitial  modiltcrtiiort  orr  the  mag¬ 
netic  properties  of  N(li(l'e,Ti)ii). 

II.  EXPERIMENTAL  METHODS 

Nd3(r'e,Ti)2i,  sitmples  were  prepitred  by  irre  melting  rtp- 
propriale  amounts  of  d9.b%  purity  Nd,  Ti,  rrrtd  be  irrtder  Ti- 
gettered  argon,  Sirrgle-phased  alloy.s  were  oblairred  by  an¬ 


“'Oii  leave  Inmi  Selaiiil  (it  I’liy.sie.s,  lliiiveisiry  ul  New  .SmiUi  Walc.s,  Syditey 
NSW  2I).S2,  Aiisrialia. 


nealing  at  1373  K  for  72  h  under  argon  in  sealed  quartz 
tubes,  followed  by  water  queneliirtg.  .Structural  measure¬ 
ments  were  made  using  C!u-K„  indiation  on  an  automated 
Nicolet-Stoe  difl'ractometer'.  Orderirrg  temperulures  were  de¬ 
termined  on  a  I’erkin-  lilrner  T(iA-7  by  recording  the  upirar- 
ent  ma.ss  as  a  function  of  temperature  in  tr  small  field  gradi- 
errt.  '^b'e  Mbsslrauer  spectra  were  obtained  on  a  conventitnml 
cori.sliirit  acccloralioii  spectroiticler  using  a  25-nit'i  ‘’’C.VrKh 
source.  Ixrw-ternperature  spectra  were  obtained  using  a 
vibrirtion-i.solaled  closed-cycle  He  fridge.  Calibration  and 
i.somer  sitifts  are  referred  to  ir-b'e  at  room  temperuture.  Tire 
Nd;((b'e,Ti)2()  unit  cell  contains  b  Nd  atoms  on  two  sites,  and 
5K  i'c  atoms  di.slributed  among  I.S  distinct  sites,  one  being  a 
2d  and  the  remaining  14  being  dc  sites.  It  is  clear  from  tiie 
.spectra  in  lugs,  1  and  2  that  few  of  the  sulrspectru  arising 
fronr  the  l.*>  b'e  sites  are  resolved,  especially  at  room  tem¬ 
perature.  We  have  llierefore  fitted  the  spectra  using  the  mini¬ 
mum  numliei  of  subspectra  neciled  to  reirroduce  the  most 
obvious  features  of  the  spectra.  The  number  u.sed  varied  from 
3  in  lire  cu.se  of  the  as  amiealed  material  at  roonr  tempera¬ 
ture,  to  f)  in  the  cases  of  the  irilride  and  liydride  al  12  K. 


l''Ki,  I.  Koi)ni-lciil|)cianire  Mi)ssl)aiii'i  spccliii  dI  Niljll  v, Til;.,  iri  iinneiiled, 
iiiul  will)  liyUr())icii  {iial  luUleO. 
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I'Ui.  2.  Masshiiuui'  spuclra  ol  Ndid'C.  iis-itiiiicalud.  iiiul  will)  hydrogen 
i.iid  nllrogvii  added  measured  al  1 1  K. 

Tliu  intercalation  reactions  were  carried  out  at  various 
temperatures  in  a  Ihormopie/ic  analy/er  ('I'l’A)  nsins  hydro¬ 
gen,  nitrogen,  and  acetylene  us  sources  o!  11,  N,  and  re¬ 
spectively, 

III.  RESULTS  AND  DISCUSSION 

Substantial  amounts  of  hydrogen  are  absorbed  readily  by 
Nd){l''e,Ti)jy,  Heating  to  .lOO  at  40  “('/min  in  -l.t)  bur  of 
H;;  leads  to  a  hydrogen  uptake  of  over  b  ii/l'ormula  unit 
(I'.u.),  with  no  evidence  of  decomposition.  Wliile  lire  liydride 
appears  stable  al  room  lempcruiurc  (no  evolution  of  tlie  inu- 
terial  was  apparent  on  tlte  ~l-duy  tiniesculu  needed  to  reeord 
a  Miissbuuer  spectrum),  it  decomposed  rapidly  on  licating, 
making  an  accurate  determlnulion  of  7',.  prrdriemalic.  1'lie 
value  of  .‘>48  K  given  in  Talde  I  represenls  a  lower  limit,  tlie 
value  obtained  on  re-cooling  was  typically  lot)  K  lower,  re¬ 
flecting  a  signillcant  loss  of  hydrogen,  The  room  temperature 
Massbauer  .spectrum  (i''ig.  I)  exhibits  a  substantially  in- 
creu.sed  average  liyperilne  ileki;  however,  the  mea.surement 
at  12  K  (b'ig.  2)  shows  this  to  Ire  almost  entirely  due  to  the 
higlier  ordering  temperature.  I'he  measured  lattice  ex|)ansion 
is  -2%,  giving  an  effective  volume  cliunge  per  hydrogen 
atom  of  ''2.0  A^,  clo.se  to  values  typical  ot  intcrmelallic 
hydrides.' 

Nitrogen  also  reacts  easily  with  this  alloy.  Annealing  for 
70  h  in  1. 6  bar  of  at  400  “('  tiikes  the  reticlion  close  to 
completion  and  yields  nitrogen  contents  of  -  4,.S  N/f.u, 
Higher  apparent  concentrations  (-.S.H  N/f.u.)  can  be 
achieved  by  annealing  at  higher  temperatures  (e.g.,  .‘i00“(  '): 
however,  the  observed  ordering  lenipcr.iture  does  not  in¬ 
crease,  and  there  is  evidence  of  o-h'e  precipitation.  The  (y.5% 


lAllUi  I.  Suiiiiiiiiry  i)l'  niii|{nctic  and  Nliueluiul  diaii(;ca  ri.-.'iiiMini;  iioiii  llic 
aUdilkm  at'  It,  C,  or  N  to  Nd,in'i;,’l'i)2i, , 
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from  iin  aaiilysls  of  the  eryslnl  slruelure.  'Hie  dc,  is  nssuiiied  to  Ire  iiiioeeu- 
pied  as  il  is  loo  .small  for  iiilropen.  and  only  eoordiiniled  Ity  Pe  aloiiis. 
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volume  expansion  corresponds  to  a  volume  cliangc  ol'  -  7 
AVN  atom,  us  found  in  tlie  Rjl'Cn  nitrides,'  Tlic  Mds.sbauer 
.spectra  sliow  a  substantial  increase  in  the  hypeifme  Held  liotli 
at  room  temperature  and  12  K.  Values  listed  in  Table  I  are  in 
elo,st  agreement  with  tho.se  reported  earlier,'’  As  in  the  2-17 
and  1-12  alloys,  nilriding  leads  to  an  increase  bolli  in  7',.  and 
in  the  average  h'e  moment. 

The  carbide  does  not  form  easily.  Conditions  appropriate 
for  1-12  or  2-17  alloys  tend  to  lead  to  a  disproportionation 
reliction,  with  the  principal  magnetic  ifhiises  being  l''e,C 
(po.s,sihly  containing  .some  of  tlie  Ti)  and  o’-h'e.  liven  short 
duration  (  -.^O  min)  anneals  at  lemperalures  between  .1.SI)  and 
501)  “('  led  lo  partially  decomposed  samples.  Il  therefore  ap¬ 
pears  that  in  this  pha.se,  the  competition  from  the  di.s|)iopor- 
tionation  reaction  is  too  strong,  and  the  carbide  lends  not  to 
form  in  .signillciinl  amoiinls.  A  magnetic  event  al  -'bbO  K  is 
tentatively  ii.ssociated  with  a  Nd  |(l''c,TI);ic)(’,,  idiiisc;  however, 
the  actual  carbon  content  is  unknown,  (liven  the  mixture  of 
magnelic  phases  present,  no  attempt  was  made  to  exiraci 
Md.ssbauer  piirameters. 

An  analysis  of  llie  .'l-2b  structure  yields  only  a  very  lim¬ 
ited  number  of  holes  large  enough  lo  accommodate  inlersli- 
llul  atoms  (.see  Table  II),  and  all  of  them  are  4i'  sites  (the  2a 
and  2il  sites  are  occuified  by  Nd  and  I'c,  respectively,  and 
both  the  21)  and  2c  sites  lie  inside  other  iiloms).  The  two 
large.sl  voids  liiive  radii  of  O.fvf  and  l)„5b  A.  and  could  hold 
either  curium  or  nitrogen  atoms,  I'ull  occupancy  of  tliese 
.sites  by  nitrogen  would  yield  a  composition  of 
Ndi(I''e,Ti)ivN.|.  'I'liis  cominisilion  i.s  also  consistent  with  Hie 
3-2‘)  .structure  being  derived  from  iilternale  stacking  of  1-12 
and  2-17  units,  which  can  liold  1  aiul  3  nitrogen  atoms,  le- 
•spectivcly.  Our  mcasurcil  nitrogen  content  of  4.5  N/f.u,  prob¬ 
ably  results  from  a  partial  decomposition  of  the  material, 
widr  the  excess  nitrogen  in  the  form  of  neodymium  nitride. 
The  next  hole  is  only  0,45  A  in  radius,  far  loo  small  to  accept 
either  nifrogeii  or  carbon.  While  this  site  is  large  enough  lo 
take  a  hydiogen  aloiii,^  the  coordination  solely  by  be  atoms 
may  make  tlic  environmeiil  energetically  unallractivc.  The 
next  largest  site  with  one  Nd  neighbor  lias  a  radius  of  0.42  A 
and  is  more  likely  to  be  tlie  hydrogen  location.  Occupation  of 
the  tlirce  largesi  rare-earth  coordinated  holes  by  hydrogen 
gives  the  coiiiposilioii  Nd,(l'c,Ti)n,,H(,,  as  observed, 

111  conclusion,  adding  liydrogeii  leads  to  a  signiHcaiil  in- 
crease  in  T,  ,  hut  essentially  no  change  in  the  iron  moment, 
whereas  nitrogen  leads  lo  an  incieuse  in  bolii  partimeters. 
These  results  are  similar  lo  those  found  in  the  1-12  and  2-17 
rare-cartli  iron  alloys.  AUem|)ls  lo  make  tlic  carbiile  were 
unsuccessful  due  to  a  rapid  disproporlioiialioii  of  the  male- 
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rial,  An  uxamiiuUion  of  the  crystal  structure  shows  that  the 
hydrogen  and  nitrogen  concentrations  achieved  arc  the  maxi¬ 
mum  values  allowed. 
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Phase  equilibria  in  the  Fe-rich  corner  of  the  Nd-Fe-Ti  ternary  alloy  system 
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Higli-tcmpcralurc  pluisc  rclalions  in  the  r'c-ricli  corner  of  the  Nd-Fe-Ti  ternary  alloy  system  have 
been  investigated  and  an  equiiibritiin  phase  diagram  has  been  constructed  at  lll)l)'’C'.  Arc-melted 
and  annealed  alloys  of  systematically  varying  compositions  were  characteri/ed  utilizing  scanning 
electron  microscopy,  an  energy  dis|)ersive  x-ray  microanalysis  system  (CDS),  x-ray  diffraction,  and 
oirtical  metallography.  Three  major  phases  have  been  identified,  the  well  known  Nd(Fe,Ti)| ^  “1:1 2“ 

(I'hMn  1 2-type  structure)  and  Nd2(Fe,Ti)|7  “2:17”  (Th2/n|7-type  structure)  compounds,  and  a  phase 
with  approximate  eomposition  Nd2(Fe,Ti)|,,  “2:0.“  The  crystal  .structure  of  the  latter  phase  has 
very  recently  been  .solved,  and  the  “ideal’’  composition  .shown  to  be  Nddl'c.Tili.) 

Ouantitative  CDS  data  has  been  used  to  identify  the  compositional  limits  fur  the  three  major  phases. 

Annealing  the  "1:12”  and  “.'?:29”  ternary  phases  at  OOt) results  in  a  slow  decomposition  into 
Nd2(Fe,Ti)|7,  Fe^l'i,  and  fr-FeO'i). 


I.  INTRODUCTION 

Intensive  research  during  the  past  2t'  years  has  seen  the 
emergence  of  many  raru-uarth  iron  transition  metal  interme- 
tullic  compounds  with  technologically  ii:i. nesting  magnetic 
properties,  Nd2l''e|,|H  has  many  of  the  proirerties  of  an  ideal 
permanent  magnet,  such  as  a  high-remanenee,  large  uniaxial 
magnetocrystalline  ani-solrojiy  and  low  cost,  yet  its  low  (.'uric 
temperuturc  (.110  “Cl)  lestricts  its  upplication.s  to  tempera¬ 
tures  below  150  “C. 

Nd-Fe-Ti  alloys  with  the  tetragonal  TliMni2-type  struc¬ 
ture,  and  especially  their  nitrides,  have  inagnetie  properties 
comparable  to  tluwe  of  Nil2Fe|,)B  and  are  therefore  pcwsible 
candidates  for  permanent  magnets.  In  attempting  to  prepare 
single-phase  sami^les  of  Nd(Fe,'ri)|2,  (,'ollocutt  cl  ol)  found 
a  second  ternary  compound,  with  nominal  composition 
Nd2(l'e,'ri)|9.  'I'he  structure  of  the  “2:1b"  phase  has  been 
solved  from  powder  x-ray  difti  action"  and  ncutrmi 
diffraction'^  data,  and  the  ideal  com{)osition  shown  to  be 
Nd2(Fe,Ti)2g.  To  further  understand  the  formation  and  inter¬ 
relationships  of  phases  in  the  Fe-rich  section  of  the  Nd-I’e-Ti 
ternary  alloy  system,  we  have  carried  out  a  systematic  inve.s- 
tigation  of  a  range  of  alloy  compositions  and  constructed  an 
equilibrium-phase  diagram  at  a  temperature  of  1100  °C. 

II.  EXPERIMENTAL  PROCEDURE 

Alloys  weighing  2  g  were  prepared  from  Nd,  Fe,  and  Ti 
of  purity  by  argon-arc  melting  r)n  a  water-cooled 

copper  hearth.  The  samples  'were  then  wrapped  in  tantalum 
foil,  encapsulated  in  sealed  quartz  tubes  under  an  atmosphere 
of  argon  gas,  and  annealed  for  3  days  at  1 100  °(’,  followed 
by  a  water  quench.  Selected  samples  were  also  given  a  .sec¬ 
ond  annealing  treatment  at  900  “C  for  periods  of  7  and  21 
days.  .Samples  were  characterized  by  powder  x-ray  diffrac¬ 
tion  using  Cu  Kcx  radiation,  optical  metallography,  and  scan¬ 


ning  electron  microscopy  (SLiM)  using  a  JLiOl-  35(‘l' 
equipped  with  a  Robinson  backscaller  electron  ileteclor  and  a 
LINK  energy  dispersive  x-ray  microanalysis  .system  (liDS). 

III.  RESULTS  AND  DISCUSSION 

Microstiuctural  investigation  of  the  alloys  was  carried 
out  utilizing  bnck.scntter  electron  (BSF)  imaging  and  x-ray 
microunalysis.  Generally,  back.scattercd  electrons  provide  ex¬ 
cellent  contrast  between  phases  of  different  mean  atomic 
number  in  u  polished  .section  of  sample.  In  our  samples, 
where  there  nre  two  or  more  phases  with  similar  composi¬ 
tions,  BSLi  imaging  alone  does  not  |irovide  suflicient  contrast 
and  etching  with  a  2%  solution  of  nitric  acid  in  alcohol 
(Nital)  was  necessary  to  generate  toiiologicnl  conirasi. 


I'ni.  1.  I-'c-rk'li  CDinei  dl'  llic  Nil-t'C-'I'i  pha.si;  ilianium  :il  IIIKI  ("x  " 
represents  annealed  eoinpiisiliinis  analyzed). 
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I'Ki.  2,  Hacksciillorccl  olectron  iiiint’e  ol'  iiii  cU'hcil  Nvl,,l'Csn'ri„  iilloy  (iiiiijor 
pliiisi!  1:12,  ilo|ircssic)ii  ,1:2')  imil  iliirk  n'p.iiin  I'o). 

Dctuilctl  cxiuniiiiitioii  of  alloys  in  the  I'c-ricli  conicr  ol 
ilic  Nd-l‘'C“Ti  ternary  alloy  system  al  11()()°C  revealed  the 
existence  of  two  ternary  phases,  Nd(l''e,'l'i)|i,  Ndifl'c, 
[previously  reported  as  Nd2(l'e,'l'i)|.).l,  and  the  pseudohinary 
Nd2(l''e,Ti)|7  phase,  and  allowed  us  to  construet  the  ternary 
phase  diagram  shown  in  h'ig.  1.  higure  2  shows  a  haekseat- 
tered  electron  image  of  a  Nd(,l''enK'ri„  composition  (in  the 
l:12  l-3;2d  +  l'e  phase  Held)  annealed  at  IHK)  “('  and  etclied 
with  Nital,  The  3:2d  phase  (depressimi)  cr)uld  not  be  ob¬ 
served  prior  to  etching.  The  compositional  limits  for  all  the 
major  phases  were  determined  by  quantitative  x-ray  mi- 
croanalysis,  although  this  was  complicated  by  the  strong 
overlap  which  exists  between  the  Nd  L  and  b'e  K  scries  lines. 
'I'iic  Nd  composititins  were  normalized  by  reference  to  a 
single  phase  .sample  of  Ndib'Ciy  prepitred  with  minimal 
weight  lo.ss  (<(),1%)  during  arc  melting  and  annealing.  It 
was  observed  that  the  Nd  content  remained  constant  (to 
±0.2%)  within  each  of  the  three  major  phases,  with  only  tlie 
h'efri  ratio  changing.  The  compositional  limits  lor  tlie  tliree 
major  phases  are  presented  in  Table  1. 

Jang  luid  Stadelniaier  reported''  the  existence  of  two  ter¬ 
nary  phases  in  Nd-b'e-Ti  alloys;  the  “1:12,  and  a 
TbCuy-type  (1:7)  pha.se  with  a  higher  Nd  content  (--’12 
at.  %)  than  in  the  substituted  binary  Nd2(l''e,Ti)|/,  wlicreas 
the  “3:2y”  reported  here  has  a  Nd  content  of '±4  at.  %,  sig- 
nilicantly  lower  than  in  the  2:17.  Neiva  ct  n/."’  have  reported 
the  formatir)!!  of  a  Sm(l''e,Ti).,  phase  with  a  hexagontd 
TbCuy-type  structure  at  1000  °C. 

X-ray  diffraction  spectra  of  the  major  phases  are  shown 
in  I’ig.  3.  The  “1:12”  [Fig.  3(c) |  has  the  tetragonal 
ThMiiii-lype  structure,  wliich  is  relatively  common  in 
R-Fe-T  systems  (R-^a  rare-earth  and  T’^-a  transition  ele¬ 
ment),  but  does  not  exist  as  a  binary  RFcij  phase  except  lor 


■I'AHI.li  1.  C'oiiipiisilioiuil  rimncs  iil  llic  Ihro;  niiijiir  phases. 
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h'lU.  .V  X-ray  iliHrucliDii  spectra  Inr  llie'  l‘'e-rie'll  Nil-l'C-H  phases;  (a) 
Na,(l'V.  li);,|.  (Ill  NU.ll'C.Tili,,  ami  (c)  NiKI'e.Ti),.  (t'liK,,  raeliallnn). 


the  case  rtf  .SniF'Cii  thin  Hlms  prepared  by  sputtering.'’'' 
Nd,(F'e,Ti)|-,  [F'ig.  3(b)l  has  tlie  rliombohedral  Th,/.n|7-lype 
structure  and  exi.sts  with  up  to  3.b  at.  %  of  the  F'e  substituted 
by  Ti. 

Nd,,(F'e,Ti).a,  iFig.  3(a)|  has  a  complex  structure  that  was 
originally  indexetl  rm  a  2Xit  and  4X0  superlattice  ol  liex- 
agonal  TbCiiy.'  The  x-ray  diffraction  data  has  subsen^ucntly 
l)een  reindexed  on  the  basi''  of  a  monoclinie  lattice'"''  and 
very  recently  tlie  structuie  was  solved  independently  Irom 
powder  x-ray  diffraction'’  anil  neutron  diffraction''  data.  The 
crystal  structure  is  monoelinic  (/’2|/t')  with  lattice  param¬ 
eters  (/---l.()b4  am,  /r-O.Rfid  nm,  c-tMJV.S  am,  and 
/J and  the  “ideal"  composition  is  Nd,(F'e.Ti).H). 
Figure  4  iilustrates  the  crysiallographic  relationship  in  the 
(i-c  plane  between  the  monoclinic  unit  cell  of  Nd|(l''6.Ti)2i) 
and  the  hexagonal  TbC'u,  lattice.  Cirystallographic  data  for 
tlie  tiiree  major  phases  can  be  found  in  Talrle  II.  The  "3;2d“ 
phase  is  not  restricteil  to  the  Nd-Fe- Ti  system,  hut  also  exists 
in  R-F'e-Ti  (R-aSiii,'''"'  Ce."  I’r,"  and  (id'’)  and  in  Nd-F'e-T 
(T-=('r,  and  Mn"). 

Investigation:,  inlo  the  therimd  stability  ol  Ndd'c,  li)|i 
and  Nd,(Fe,Ti)i.,  have  shown  tliat  they  are  only  stable  at 
elevated  temperatures.  Annealing  the  compounds  al  a  tem¬ 
perature  of  bl)()‘’(:  results  in  a  slow  decomposition  to 


l-'Ki.  4.  Cl vstiUlopriiphic  rcliilionsliip  in  tlic  ii-c  plniic  liolwcL'ii  llic  iinil  cell 
III  niiiiuiclinic  Nil|(l-'c.  I'il,..,  iiiul  llic  ami  ‘'c  siipurlallicc  nl  rhCii,. 
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TABLE  II,  Cryslullogiaplilc  data  lot  the  llirec  major  phases. 


Phase 

Siruclure 

Cryslid  type 

a  (nni) 

Udiico  paraniclers 

h  (mn)  <■  (nin) 

fin 

2:17 

rhonihohedral 

ThjZn,., 

(1.860 

l,2.M 

.1:29 

niunoolinic 

NddFe.Ti),, 

1.064 

0.8.5')  0,')7,S 

')6.')2 

i;12 

letragunal 

ThMn,j 

(I.SS'J 

0,47') 

Nd2(Fc,'n)|7,  r''c2'ri,  aiul  a-l'cCl’i),  iind  litis  observation  is  in 
agreement  with  tlie  lindings  of  Jang  atid  Stadeliuaicr,''  that 
Nd(l''e,Ti)|2  is  unstubie  at  low  temperatures.  It.sukaidii 
da/,'’  also  showed  that  mechanically  alloyed  Nd-Fe-l’i 
powder  with  the  1:12  ctmiposition  does  not  crystallize  in  the 
"I'hMni2  structure  after  a  heal  ti\titment  at  8()t)  “C. 


IV.  CONCLUSION 

We  htive  constructed  an  cqvitlibrium-phase  diagram  for 
the  Fe-rich  corner  of  the  Nd-Fe-Ti  alloy  .system  at  ll()t)°(;, 
and  determined  the  compositioti  ranges  for  the  major  phases; 
tetragonal  Nd(l‘'e,'ri)i2,  numoclinic  Ndi(l''e,'ri)2i,,  and  rhom- 
bohedral  Nd2(F'e,'ri)i7,  Nd(Fe,’ri)i2  and  Nd.,(l''e,Ti)2<,  become 
thermodytiamically  unstubie  on  cooling  below  some  tem¬ 
perature  between  WO  and  1()()0'’C.  Nd(l'o,l'i)i2.  and  espe¬ 
cially  its  nitride  Nd(Fc,l'i)|2Nv ,  are  being  examined  us  can¬ 
didates  for  new  permanent  magnets,  and  this  low- 
teiupeiature  m.stubility  will  have  |)rofound  implications  on 
tnutcrial  processing. 
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Deiuirinwni  of  I’hyxirx  and  Axinmomy,  iJnivirxiiy  of  Dvluware,  Newark,  DcUiwair  I'>7i()-2fi70 

Tlic  siructural  iiiui  magiiclic  piopailics  of  llic  olT-sit)icliioiiiinric  KilTiv-typi;  Siiiil'i.'|,, 
compounds  witli  ()^.v's=7  have  been  investigated  by  x-ray  dilTractioii.  thcnnomagnctic  analysis,  and 
magnetic  measurements.  Sulislilation  ol'  t'o  I'or  be  leads  to  an  increase  in  Curie  lein|)erauirc, 

A7',.=  3()3  K  lor  sam|)lcs  witli  .v  I'rom  0  In  7,  The  saturation  magnetizalion  A-/,  increased  with 
increasing  Co  content  at  lirsi  and  tlien  decrea.scd.  A  maximum  saturation  magncli/.ation  M 124 
emu/g  was  obtained  at  a-  about  4.  The  anisotropy  changes  from  planar  a<4  to  uniaxial  .v  -4  with 
//„”23  kOe  for  .v  7,  Introduction  of  N  leads  to  an  increase  in  lattice  constants  causing  a  further 
eiilumccmeiit  in  the  Curie  tcmperalure  and  anisotropy  field.  The  be.si  proirerties  were  oluaiiied  for 
the  Sinil‘e|i|Co,|Si^N^  (  compound  with  'l\:  742  K,  //„  (3(10  KT  C/.S  kOe. 


I.  INTRODUCTION 

Research  in  the  Held  of  |)ermanent  magnets  intensilieil 
after  the  discovery  of  llie  lCl''e-IJ  compounds''-’  whose  supe¬ 
rior  magnetic  pro{ierties  led  to  (he  high  perfoiinance  Nd- 
b'e-R  type  permanent  magnets'  which  arc  being  used  in  a 
wide  variety  of  apjrlicalions,  most  notably  in  the  computer 
industry,  However,  the  low  Curie  temperature  and  large  lent- 
perature  coelTicienls  of  H,  and  //,,  limit  the  temperature 
range  of  airplicalions  of  Nd-b'e-U  magnets.  Recently  the 
R(b'eT)|j  compounds  (T  -  Al,  Cr,  Mo,  .Si,Ti,  V,  and  W)  svith 
the  ThMn|rty|)e  .structure  have  heen  investigated 
extensively,'’"'  Recently,  it  has  been  found  that  2;17-lyj)c 
ruru-emth  iron  carbides  and  nitride.s''  show  excellent  intrinsic 
magnetic  properties  for  permanent  magnet  applications.”  A 
new  type  of  ternary  compounds  with  nominal  composition 
R^b'ei,)  vCo^Si,.  which  crystallize  in  the  off  stoichiometric 
2;17-typc  structine  has  been  studied'''’  with  R  Y  m-  a  heavy 
rare-earth  element. 

In  this  work,  a  detailed  study  of  the  structural  and  mag¬ 
netic  properties  of  the  Sm.ib'e|,|  ,Co,Si,  nitrides  was  per 
formed  and  some  of  the  resitlls  arc  incscnterl  and  disi'usscrl. 


II.  EXPERIMENT 

Snt2b'e|.|  jCo,.,Si,  coittpounds  with  .v -0-7  were  pre 
pared  by  arc-melting  the  constituent  elements  which  had  at 
least  purity.  The  ingots  were  melted  several  times  to 

ensure  homogeneity,  The  as-errst  ingots,  without  any  anneal¬ 
ing,  were  their  pulverizeil  to  an  average  irarlicle  size  of 
20-30  //m  and  the  powder  samples  obtained  were  heated  in 
purilied  Nj  under  a  pressure  of  about  1.7  atm  at  .“iZO'Y'  for 
4-lb  h  to  form  the  SniTbei.i  (CojSijN,,  nilriilcs.  The  value 
of  y  was  determined  to  be  l<y-  .3  by  weighing  the  samples 
before  and  after  nitrogenailon. 

X-ray  diffraction  was  employed  to  delermine  the  slitic- 
lure  and  the  lattice  parameters.  The  x-ray  diffraction  patterns 
of  the  magnetically  aligned  powrler  samples  obtained  at 
room  temperature  were  used  to  determine  the  easy  magncii- 
z.alion  direi.tion  (liMD)  of  the  compounds,  Thcrmomagnelic 
curves  were  measured  by  means  of  a  vibratini',  sample  mag, 
netometer  'V.SM)  with  an  airplieil  lichl  of  .‘>00  Oc,  and  the 


Curie  temperature  was  derived  from  M'  vs  '/'plots.  The 
magnetiz.alion  curves  were  measured  by  means  ol'  a  suik'i- 
coiulucting  iiiiantum  interference  device  mngneiomeiei  wiili 
applied  Helds  up  to  ()S  kOe  at  tein|)eralures  between  4. .2  K 
and  room  temperature.  The  salurnlion  magneiiz.alion  A7,  was 
derived  by  means  of  A7  vs  1///'  plots,  using  the  hig.h  (ield 
part  o(  the  magnetization  curves. 

The  anisotropy  Helds  //„  wcie  derived  from  the  extrapo¬ 
lated  intcr.scction  of  the  two  magneli'/.ation  cuivos,  measured 
with  the  Held  parallel  and  perpendicular  to  the  alignment 
direclion. 

III.  RESULTS  AND  DISCUSSION 
A.  Sm^Foi^  ^COxSIj  compounds 

X-ray  diffraction  and  thcrmomagnctic  analv  ,i;,  show  that 
all  the  investigated  as-cast  Sm,.be|,|  (t'o,Si,  alloys  aic  of 


l-Mi-  I  .N  i-r.  )., 111. -Ills  ..I  Sill  I'.i . .  .Sin  ,l.- 'i.  ,‘.1 . ,  iiii.l 
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TABLE  1.  The  lattice  paruiiieteis  a  and  c,  unit  cell  volume  V,  rootn  tem¬ 
perature  saturation  magnetization  M  , ,  anisotrop  lield  H„ ,  and  easy  magne¬ 
tization  direction  EMD  in  Sm2Fe|4_,Co,Si2  com|X)unds. 


X 

u 

(A) 

(A) 

V 

(A') 

M, 

(enm/g) 

//„ 

(kOe) 

EMD 

(1 

8,484 

12,.34l) 

772,78 

118 

plane 

1 

8,477 

12,388 

770,87 

120 

plane 

2 

8..187 

12,613 

774,33 

123 

plane 

.3 

8.4,Sl. 

12,.3.38 

764.IK1 

124 

plane 

4 

8.4.SV 

12..37y 

764.62 

124 

8 

V  axis 

.S 

8.4.3y 

12..3.38 

760,88 

122 

13 

e  axis 

0 

8.414 

12,301 

7,S3.y6 

120 

21 

(*  axis 

7 

8,4114 

12.2y3 

7,S1.28 

112 

23 

c  axis 

single  pliasc.  Tlie  x-ruy  diriruction  putlcrns  liuvc  been  in¬ 
dexed  Dll  tlie  busis  Ilf  tlie  TlijZiiiy-lype  structure.  I'igure  1, 
curve  (a)  sluiws  an  example  lor  the  Sm2l'e|4Si2  compound. 
Substitution  ol'  Co  I'or  b'e  docs  not  ieud  to  any  cliatige  in  tlie 
cry.stui  .striiclure  even  i'or.v=  14,  The  lattice  constants  a  and 
exhibit  a  smtili  decrease  with  increasing  Co  concentration. 
Uxperimentul  data  in  Tabic  1  show  tiie  lattice  constants  a  and 
c  as  functions  of  Co  concentration.  The  average  decrease 
upon  Co  substitution  is  oniy  0.1%  jicr  Co  atom.  The  average 
lattice  con.stants  are  0--K.252  A  and  c=  12.356  A,  which 
are  1.3%  and  1.5%  smaller  than  those  of  the  Snijl'Ciy  com¬ 
pound,  respectively. 

rigure  2,  curve  (A)  shows  the  Curie  temperature  7',.  as  a 
function  of  Co  concentration.  It  can  lie  seen  that  7',.  increases 
nearly  linearly  with  Co  content,  from  514  K  for  a;-0  to  H17 
K  for  K~l,  The  average  increase  upon  Co  substitution  was 
determined  to  be  55  K  per  Co  atom,  It  is  worth  noting  that 
the  Curie  temperature  of  the  Sm2l''e|,,Si2  is  about  100  K 
higher  than  that  of  the  SiUyFeiy  compound. 

1'hc  saturution  nmgneti/ation  at  room  temperature  us  a 
iunction  of  t.'o  content  is  summarized  in  Tabic  I,  It  can  be 
seen  diut  tiie  .saturation  magnetization  A7,.  increa.scs  with  in¬ 
creasing  CT)  content,  at  first  going  tirrough  a  maximum  of 
1 24  emu/g  at  a '--3  and  then  it  decreases  wiili  increasing  Co 


I'lCi.  .1.  A  spin  pluisc  diiignmi  lin  Sin. la',.,  compnnnds. 


content.  Tlie  incrca.se  of  Ihc  .saluralion  niagnelization  al  room 
temperatuii'  for  smaller  Co  conlenis  lesulls  I'roni  Ihc  cn- 
Iiancemcni  in  Curie  temperature. 

Sm2l'e|4Si2  exhiliits  a  planar  anlsotiopy.  Willi  inereasing 
C.’o  contenl,  Ihe  magneloeryslalline  aiiisolropy  elianges  from 
planar  to  uniaxial  al  an  .v  value  between  3  and  4  (Table  1). 


I  :iii(i  K 
I  i.sK 


I'Ki.  2.  turie  tcmpcmunc  7',  as  a  fiincliim  ol  .v  in  Sni2l'(;|4  .e'o.Si,  com¬ 
pounds  and  tlicii  niliidas.  (A)  is  .Sniil'ci.i  ,C'o,,Si2  sampits  and  (131  is  I''l(i.  4.  Magnulizalion  cinvcs  ol  llie  aligned  powder  sample:.,  measui.  i 
.Sm2l'ei4  ,C'o,Si2N,.  when  x  ■(),  y  -2.U,  and  ,v 4 ,  y  =  2..3,  parallel  (||)  and  [rerpendieular  ( 1  1  lo  tire  exiernal  magnet ie  liekls. 
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TAULli  H.  The  lattice  piiranieters  a,  c,  unit  cell  volume  expansion,  WjV,  Curie  temperature  7',.,  saturation 
nuignctization  /M, ,  anisotropy  fielil  ami  easy  magnetization  direction  for  SmiFe^  ,Co^Si;Nj  ,  and  the  parent 
compounds. 


Compound 

(A) 

(A) 

^VIV 

(%) 

T, 

(K) 

M, 

(cinu/g) 

(kOc) 

f:dm 

1.5  K 

300  K 

1.5  K 

300  K 

Sin.FeijSi; 

8,484 

1 2.340 

514 

134 

118 

plane 

Sin,l  i 

8.(G3 

1  .’,478 

4.2 

602 

133 

117 

227 

157 

c  axivS 

Sn),l'e|,|Co,,,Si; 

8.459 

12,379 

698 

136 

124 

8 

c  axi' 

,Sm.l''e|||Co2Si2N2,2 

8.433 

12,460 

5.0 

742 

128 

113 

276 

175 

c  axis 

Figures  1(b)  and  1(c)  shovys  tl'c  x-ray  diffraction  patterns  on 
the  magnetically  iilignetl  pitwilcr  samples  of  the  ji‘  =  3  and  4 
compounds,  respectively.  I'or  compounds  with  jr^3,  a  sub¬ 
stantial  increase  in  the  (h,k,())  rcllcction  intensities  and  dis- 
ap])eaianee  of  ((),(),/)  lines  show  that  the  samples  have  easy 
plane  mugneloeryslalliiu'  ani.sotropy,  in  contrast  with  the 
coiu|K)unds  with  .v  ^4;  in  the  latter  only  the  (0,0,/)  reflection 
intensity  sulistantially  increased,  which  shows  a  uniaxial 
magnetocrystalline  anisotropy  at  room  temperature.  It  can  be 
.seen  that  for  the  compounds  witii  x^Ti,  is  very  small  due 
to  the  plunui  anisoiiopy,  whereas  for  the  compounds  with 
a"'4,  //„  incieust.r;  with  increasing  Co  content,  changing 
from//,, -8  kOc  lor  .v  4  to//,,  =  23  kOcforA  =  7. 

A  spin  pliasc  diagram  is  shown  in  Fig.  3.  It  is  clear  that 
the  s])in  reorientation  temperature  T„  increases  monoto¬ 
nously  with  increasing  Co  content,  This  suggests  that  substi¬ 
tution  of  Co  for  I'c  leads  to  ;in  increase  in  the  contribution  to 
the  uniaxial  anisotropy  resulting  from  the  Sm  and  Co  sublut- 
tices. 

B.  SmjiFeu-xCOySli,  nitrides 

Sm-jFci.,  ,('o,.Si.  nitrides  with  a  =  0  and  4  have  been 
prepared  with  llic  values  ''iy  determined  to  be  2<>’<3.  The 
nitiides  inainiain  llu:  'ili2Ziii7-type  structure,  but  with  re¬ 
markable  Liiiii-ccll  volume  expansions  compared  with  the 
l.osts.  The  X  r:iv  diffi  action  patterns  of  Sm2Fei()Co4Si2N^.  (a), 
I'ompaied  vvilli  ii,_  of  the  parent  compound  (B).  The  unit- 
ei  i!  volume  expansion  is  4,2%  for  a  =  ()  (>'  =  2.6)  and  5% 
loi  A  4  ()■  -.^..3)  The  introduction  of  nitrogen  leads  to  an 
Increase  in  (  iirie  temperature  from  514  to  602  K  for  a  =  0 
ami  l’■ont  (lOK  to  742  K  for  a  =  4,  respectively.  The  increase 
i;  T,.  may  be  partly  associated  with  the  unit  cell  volume 
expansion  The  values  of  for  Sm2Fei4  jCO(.Si2N^,  com¬ 
pound:  are  also  shown  in  Fig.  2  [curve  (B)].  Introduction  of 
niirog<  n  also  changed  the  anisotropy  in  Sm2Fe,4Si2  from  pla¬ 
nar  to  uniaxial  at  room  temperature  with  an  anisotropy  held 
/./,  -157  kOe  and  led  to  an  increa.se  in  the  room- 
tei'.ipcrature  anisotropy  field  of  Sm2Fc„)Co4Si2  from  8  kOe 


for  the  parent  compound  to  175  kOe  for  the  niiride.  A  very 
large  anisotropy  field  was  observed  at  low  temperature, 
r=  1.5  K,  //„  =  227  kOe  for  Sm2Fe,4Si2N2f,  and  //„  =  276 
kOc  foi  rm2FC|()C04Si2N2,3.  respectively.  The  detailed  ex- 
perimeiiial  data  are  summarized  in  Table  II  and  Fig.  4[(A) 
and  (B)], 

IV.  CONCLUSIONS 

The  off-stoichiometric  R2F'^i7Type  Sm2Fe|4_,.Co,.Si2 
compounds  with  a  =  0  to  7  crystallize  in  the  Th2Zni7-type 
structure.  Substitution  of  Co  for  Fe  leads  to  an  increase  in 
Curie  temperature  T^.  from  514  K  for  .a=0  to  817  K  for 
A  =  7.  The  room-temperature  saturation  magnetization  in¬ 
creases  from  1 1 8  emu/g  for  a  =  0  to  124  emu/g  for  a  =  4  and 
then  it  decreases  slightly  with  increasing  Co  content.  Co  sub¬ 
stitution  enhances  the  uniaxial  anisotropy  and  the  spin  re¬ 
orientation  temperature  T„.  The  anisotropy  changes  from 
planar  in  Sm2Fe|4..tCo^Si2  to  uniaxial  for  a^4.  The  anisot¬ 
ropy  field  is  23  kOe  for  a  =  7 . 

Introduction  of  N  leads  to  an  increase  in  lattice  constant 
and  unit  cell  volume,  causing  a  further  enhancement  in  Curie 
temperature.  Furthermore,  introduction  of  N  results  in  a  fur¬ 
ther  increase  in  the  contribution  to  uniaxial  anisotropy  from 
the  Sm  sublattice.  It  has  been  found  that  for  the 
Sin2FC|„Co4Si2N2,3  compound,  T,.  =  742  K,  A/,,  (300  K) 
=  1 13  emu/g  and  '//„  (300  K)  --- 1 75  kOe. 

'G.  C.  Madjipunayi.s,  R.  C.  Ilazclton,  ami  K.  R.  Lawless,  Appl.  I’liys. 

43.  797  (1983). 

^J.  J.  Croat,  J.  G,  tierbst,  R,  W.  lx;e,  and  K  E.  I’inkeilDii,  J.  Appl.  I’liys.  55, 
2078  (1984). 

■’M.  Sagawa,  S.  Fujiimira,  N.  Togawa,  )4.  Yainanioio,  and  Y.  Malsuura,  J. 
Appl.  Pliys,  55,  2(1S.3  (1984). 

'*Y.  Z.  Wang  and  G.  C.  Hadjipanayis,  J.  Magn.  Magn,  Mater.  87,  375 
(1990). 

■'W.  Gong  and  O.  C.  Iladjipnnayis,  lEliE  liaiis.  Magn.  MAC;-28,  25f)3 
(1992). 

‘■J.  M.  D.  Cocy  and  H.  Sun,  J.  Magn.  Magn.  Mater.  87,  1,2,51  (1990). 

’F.  Pourarian,  R.  T.  Oberinyei,  and  S.  G,  Sankar,  J.  Appl.  Pliys,  75,  ()2()2 
(1994). 

"F.  Pourarian,  R.  Oberniyer,  Y.  Zheng,  S.  G.  .Sankar,  and  W.  li.  Wallace.  J. 
Appl.  Phys.  73,  7)272  (1993). 


J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Yang,  Gong,  •  i.d  I laeijipanayis 


I 


6158 


Mossbauer  study  of  permanent-magnet  materials:  Sm2Fe^7_xAlx 
compounds 

I.  A.  Al-Omari,  S.  S.  Jaswal,  A.  S.  Fernando,  and  D.  J.  Sellmyer 

Behlen  I  aboratory  of  Physics  ami  Cenlerfor  Materials  Research  ami  Analysis,  University  of  Nebraska, 
Lincoln,  Nebraska  68588-0111 

The  Fe”’^  Mossbauer  spectra  of  Sm2Fe,7_  jAl,. ,  where  .v-O,  1.0,  2.0,  .■?.(),  anti  4.0,  have  been 
measured  at  room  temperature  and  analyzed.  The  ternary  compounds  Smd‘C|7  ,A1^.  have  the 
rhombohedral  Th2Zni7  structure.  Mossbauer  measurements  showed  that  all  the  compounds  studied 
were  ferromagnetic.  The  average  hyperfine  field  was  found  to  decrease  with  the  increasing 
aluminum  concentration,  which  is  in  qualitative  agreement  with  magnetic  measurements.  The 
decrease  in  the  average  hyperfine  field  was  from  224  kOe  at  a  =  0  to  1 74  kOe  at  .v  =  4 .  By  fitting  the 
spectra  we  found  that  the  hyperfine  fields  for  the  iron  sites  decrease  in  the  order  6c,  Or/,  18/,  and 
18//.  The  measured  average  i.somer  shift  relative  to  a-iroii  was  found  to  increase  linearly  with  x. 
Analysis  of  the  spectra  showed  that  A1  atoms  occupy  the  6c,  1 8//,  and  1 8 /,  but  not  9r/,  Fe  sites  and 
the  fraction  of  occupancy  of  A1  was  found  to  depend  on  .v. 


I,  INTRODUCTION 

It  has  been  discovered  recently  that  the  hard-niagnet 
properties  of  Fe-rich  intermetallic  compounds  improve  con¬ 
siderably  upon  nitrogenation.'”'^  Efforts  are  underway  to  see 
ii  substitutional  impurities  can  accomplish  the  same  goal. 
Compounds  of  the  type  R2Fe|7  .,  (.M^ ,  (/?  =  Ho,  Y,  Sm,  Ce,  Pr, 
and  Nd;  M =A1,  Ga,  V,  Co,  and  Ni)  have  been  studied’’^’  and 
their  magnetic  ordering  temperatures  were  found  to  increase 
by  substituting  other  elements  for  iron.  Weitzer  et  al.’’  found 
that  the  Curie  temperature  (7<.)  changed  from  265  K  for 
Ce2Fei7  to  385  K  for  CeiFcijAF,  and  from  335  K  for 
Nd2Fe,7  to  440  K  for  Nd,Fe|5Al2  and  to  520  K  for 
Nd2Fei5Ga;  .  Effects  of  Al  substitution  on  the  magnetic  an¬ 
isotropy  and  Curie  temperature  of  Sm2Fei7_  ,A1^  compounds 
have  been  studied  by  Wang  and  Dunlap.^  They  found  that  l\. 
for  these  compounds  depends  on  the  Al  concentration  (.v) 
and  it  reaches  a  maximum  of  471  K  for  .SniiFci^AI,.  com¬ 
pared  to  391  K  for  the  parent  compound  Sm2Fe|7.  They 
found  also  that  the  ani.sotropy  changed  from  planar  for  1 
to  uniaxial  The.sc  changes  in  7\.  and  the  anisotropy 

are  promising  improvements  to  the  permanent-magnet  prop¬ 
erties  of  the  parent  compound';.  Low-temperature  measure¬ 
ments  for  Sm2FC|7 .. ,.A1,.  by  McNecly  and  Oesterreicher'^ 
showed  that  the  magnetization  of  these  compounds  decrea.scs 
by  83%  as  A'  increases  from  0  to  9.5.  The  coercive  force  (//,.) 
increa.ses  by  increasing  a  and  it  reaches  a  value  of  15  kOe 
with  .v^9.5  at  7' =-4.2  K.  In  this  article  we  report  on  Mbss- 
bauer  studies  for  Sm2Fc|7  ,A1,  to  understand  the  effect  of 
Al  on  their  magnetic  propertic.i  .ind  the  site  occupation  of  the 
dilTerent  Fe  sites.  Also  we  use  Mossbauer  spectroscopy  to 
look  for  smai!  amounts  of  a-Fe  in  these  compounds. 

II.  EXPERIMENTAL  PROCEDURE 

Bulk  samples  of  Sm2Fc|7  jAl,  with  .v -0,  1,  2,  3.  and  4 
were  prej/ared  by  arc  melting  the  elemental  constituents  in  a 
water-cooled  coppei  boat  in  a  nowing-argon  gas  atmosphere. 
All  the  starting  elements  used  svcrc  at  least  of  99.99%  purity. 


The  alloys  were  melted  several  times  to  insure  homogeneity. 
The  samples  were  wrapped  separately  in  tantalum  foils  and 
heat-treated  below  3Xlf)  Torr  vacuum  at  10t)0°C  for 
about  72  h,  and  sub.sequcntly  quenched  in  water. 

Room-temperature  x-ray  diffraction  measurements  on 
powder  samples  using  Cu/fa  radiation  showed  only  the 
rhombohedral  Th2Zn|7  structure  with  a  small  amount  of 
«-Fe.  The  magnetization  of  the  compounds  was  measured  at 
5  and  3{)()  K  with  a  superconducting  quantum  interference 
device  (SQUID)  and  alternating  force  gradient  magnetometer 
(AFGM),  respectively. 

The  samples  for  Mossbauer  spectroscopy  were  prepared 
by  sprinkling  a  thin  layer  of  the  powder  of  Sm2Fei7...  ,,Al,.  on 
a  piece  of  tape.  The  stimples  were  studied  by  using  a  Ranger 
Mossbauer  spectrometer,  model  MS  1200.  The  velocity  drive 
of  this  spectrometer  operates  in  the  constant  acceleration 
mode.  Co"’^  in  Pd  was  used  as  the  y-ray  source  in  this  ex¬ 
periment.  All  the  isomer  shifts  were  measured  relative  to 
a-iron  at  room  temperature  and  a-iron  was  also  used  for 
calibration. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  room-temperature  Mossbauer  spectra 
and  the  fitting  (die  solid  curves)  for  Sm2Fe|7  jA/  with 
A  =  0,  1,2,  3,  and  4.  The  spectra  show  that  all  the  samples 
are  magnetically  ordered  for  all  values  of  a  and  all  of  them 
have  different  subspectra  with  different  magnetic  hyperfine 
fields.  A  standard  program  was  used  to  fit  the  spectra,  w'hcre 
each  spectrum  was  fitted  with  a  set  of  seven  ,:’jhspectru, 
which  is  similar  to  the  previous  models  used  by  Ping  et  ///,,'" 
Long  eial.,^'  and  Yelon  et  for  2:17  compounds.  The 
weak  features  indicated  by  arrows  in  Fig.  1  are  the  first  and 
sixth  lines  due  to  o-Fe  in  samples  with  .v=  1  and  2.  From  the 
relative  intensity  of  the  subspcctrum  the  atomic  percentage 
of  tr-Fe  was  c.stimated  to  be  less  than  2%.  For  the  rhombo- 
hcdral  ThiZiiiy  .structure  there  are  four  different  iron  sites, 
6c,  9</,  1  8/,  and  1  8//,  with  different  environments.  Previous 
Mb.ssbauei  measurements  by  Long  cl  for  NdiFe,-;  and 
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Velocity  (mm/sec) 

FIG.  1.  Room-temperature  Mossbaucr  spectra  of  Sm2l'C|7  ,AI,  com¬ 
pounds.  The  solid  curves  represent  the  fitting.  Arrows  indicate  the  lii.st  and 
sixth  lines  due  to  a-Fc. 

Nd2Fe|7N2.f„  Mdssbauer  and  neutron  diffraction  by  Yelon 
et  al}^  for  Nd2Fei7__^.Al^,  and  Mossbauer  measurements  by 
Hu  eta/.'“  for  R2Fe|7N3_^  showed  that  the  hyperfine  fields 
decrease  in  the  order  6c',  9d,  18/,  and  18/i.  The  6c  site  has 
the  largest  hyperfine  field  since  it  has  the  largest  number  of 
iron  n  est  neighbors.  In  our  fitting  and  analysis  of  the  data 
we  kept  the  same  order.  The  seven  subspectra  used  in  fitting 
correspond  to  one  spectrum  for  6c  and  two  subspectra  for 
each  of  the  other  three  sites  with  the  relative  intensity  2:1. 
The  parent  compound  Sm2Fe|7  was  studied  for  comparison 
with  other  compounds  and  other  data.  The  average  hyperfine 
field  for  different  sites  and  for  different  A1  concentrations 
was  found  to  decrease  with  increasing  concentration  of  the 
nonmagnetic  element,  Al,  as  seen  in  Fig.  2.  This  decrease  is 
in  qualitative  agreement  with  the  magnetization  measure¬ 
ments  by  McNeely  and  Oesterreichcr.*^  The  average  hyper- 
fine  field  for  the  parent  compound  was  224  kOe  which  is  in 
good  agreement  with  other  values  of  221  kOe  by  Hu  cl  al."^ 


Al  concentration  (x) 

FIG.  2.  Hcpcndencc  of  the  average  liypertinc  field  for  the  different  Fe  sites 
of  Sni2Fci7.  on  the  Al  concentration  a-,  at  7’=  295  K. 


Al  concentration  (x) 

FIG.  3,  Dependence  of  the  percentage  fraction  of  aluminum  occupancy  for 
different  sites  on  the  Al  concentration  .v. 

and  216  kOe  by  Long  el  al."  for  related  compounds.  The 
Curie  temperature  for  these  compounds  increases  with  x  and 
reaches  a  maximum  at  x  =  2:  7/  changes  from  391  K  for 
Sin2Fei7  to  471  K  for  Sm2Fei4Al3.’*  This  increase  of  20%  in 
7/  in  spite  of  the  decrease  in  the  average  hyperfine  field  by 
12%  must  be  due  to  the  increase  in  the  interatomic  exchange 
interactions  upon  volume  expansion. 

The  intensity  of  each  subspectrum  is  proportional  to  the 
Fe-site  occupation.  Using  the  fitted  intensities  we  calculated 
the  percentage  of  iron  and  aluminum  at  each  site.  Figure  3 
shows  the  percentage  fraction  of  Al  occupancy  of  each  site 
for  the  different  sites  and  for  different  concentrations.  From 
this  figure  we  see  that  Al  prefers  to  go  to  the  different  sites  in 
the  order  6c,  18/i,  and  18/,  but  not  9d,  which  has  the  small¬ 
est  Wigner-Seitz  cell  volume.  This  is  in  agreement  with  pre¬ 
vious  observations  on  Nc)2Fei7_^.Al^.  by  Yelon  et  al}^ 

The  average  isomer  shift  (IS)  relative  to  a-iron  was 
found  to  increase  linearly  by  increasing  the  Al  concentration 
shown  in  Fig.  4,  where  the  circles  are  the  experimental 
IS  and  the  solid  line  is  the  linear  fit.  The  parameters  for  the 
linear  fitting  are  given  by  the  equation 

IS(nim/s)=  -0.12-l-0.03x. 

Figure  4  shows  that  IS  is  negative  and  the  magnitude  of  IS 
decreases  with  increasing  Al  concentration.  This  decrease 


0  1  2  3  a  & 

A!  concentration  (x) 


FIG.  4.  Depcnilcnci;  of  the  average  i.somer  shift  (I.S)  relative  to  a-iroii  for 
Siii,FC|7  ,A1,  ermipounds  on  the  Al  eoneentration  a. 
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means  a  decrease  in  the  probability  of  finding  the  a  electrons 
at  the  nucleus  ^at  can  be  attributed  to  the  expansion  of  the 
cell  volume.  (5IS/5lnK  for  these  compounds  was  .3.0  mm/s 
compared  to  1.13  mm/s  for  a-Fe  given  by  Shenon  and 
Wagner'"*  and  1.5-2.3  mm/s  for  R2FC17  and  R2Fe,7N3_  .^at  15 
K  given  by  Hu  et  a/."’  The  present  value  is  higher  than  the 
other  values  due  to  the  smaller  change  in  the  cell  volume 
compared  to  the  others. 

IV.  CONCLUSIONS 

Samples  of  Sm2Fei7_,.Al^.  magnetic  compounds  have 
been  fabricated  iind  studied  by  Mdssbauer  spectroscopy. 
These  compounds  have  rhombohedral  Tli2Zn|7  single  phase 
with  less  tlian  2%  a-Fc  impurity.  All  the  samples  studied  are 
ferromagnetic  and  the  average  hyperfine  fields,  and  hence  the 
magnetic  moments,  are  found  to  decrease  as  x  increases  from 
0  to  4.  I’herefore  the  increase  in  'I\  with  at  up  to  a:  =  3  must 
be  due  to  the  increase  in  interatomic  exchange  interactions 
between  Fe  atoms  with  volume  expansion.  Adding  more  Al 
lowers  the  exchange  interaction  due  to  the  decrease  in  the 
number  of  Fe-Fe  nearest  neighbors,  thereby  lowering  the  7',. 
for  x>3.  Aluminum  is  found  to  occupy  the  three  iron  sites 
6c’,  18/t,  and  18/  with  varying  degrees  of  occupancy,  but 
not  the  9(1  site.  The  change  in  isomer  shift  with  increasing  Al 
concentration  corrc.sponds  to  the  decreasing  .s-cicetron  den¬ 
sity  at  the  nucleus  caused  by  the  volume  expansion. 
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Neutron  diffraction  and  magnetic  studies  of  Nd2Fei7_x-2AI^Si^ 

Z,  Hu  and  W.  B,  Yelon 

University  of  Missouri  Research  Reactor,  Coliimlm,  Missouri  (>5211 

The  Al  and  Si  double-substituted  2:17  phase,  Nd2l‘e|7  ^  ;Al,Si, ,  was  prepared  and  analy/.ed  using 
neutron  powder  dilTraction  and  SQUID  magnetization  measurements.  Rietveld  analysis  of  tlie 
neutron  diffraction  data  indicates  that  the  lattice  parameters  arc  clo.se  to  a  linear  combination  of  the 
corresponding  single-substitution  compounds.  The  unit  cell  could  be  expanded  or  contracted, 
depending  on  the  Al/Si  ratio.  The  aluminum  and  silicon  fractional  occupancy  on  the  different 
crystallographic  sites  in  the  double-substitution  compounds  are  related  to  those  of 
single-substitution  compounds.  The  SQUID  measurements  show  that  all  samples  in  this  study  have 
Curie  points  higlier  than  that  of  the  unsubstituted  contpound.  For  a  Si/Al  ratio  of  2:1,  the  Curie 
point,  492  K,  was  found  at  a  total  substituent  content  less  than  in  the  singly  substituted  Si  compound 
with  the  same  7', . 


1.  INTRODUCTION 

The  substitution  of  aluminum  for  iron  in  Ndnl'Ciy  raises 
the  Curie  temperature  and  leads  to  an  expansion  in  the  unit 
cell  volume.'  In  this  kind  of  compound,  it  is  believed  that  the 
lattice  expansion  is  suflicient  to  decrease  antiferromagnetic 
exchange  airt  enhance  the  ferromagnetic  exchange.^  When 
silicon  is  used  as  the  substituent  for  iron  in  NdjFciT,  the 
lattice  contracts  upon  substitution,  which  would  normally  be 
expected  to  lower  the  Curie  temperature.  However,  the  Curie 
temperatures  of  the  compounds  are  strongly  increased.'''  The 
enhancement  of  magnetic  properties  with  ,Si  substitution  is 
apparently  related  to  the  expansion  of  the  lattice  in  the  '■)(!■ 
18/i  plane,'  It  may  be  expected  that  a  combined  substitution 
of  Fe  by  Si  and  Al  at  the  appropriate  level  could  lead  to 
further  enhancement  of  the  magtietic  properties.  In  this  pa¬ 
per,  neutron  diffraction  and  magnetic  studios  of  the  Al  and  Si 
double-substituted  2:17  pha.se,  Ndil'civ  ,,Al,.Si,. ,  are  pre¬ 
sented. 


II.  EXPERIMENT 

Samples  of  Nd2Fe|7  ,  bi  this  study  were 

prepared  by  rf  induction  melting  of  the  constituent  elements 
of  purity  99.9-99.995%  in  a  vvater-coiiled  copper  boat  under 
Howing  argon  at  the  Ciraduate  Center  for  Materials  Research, 
University  of  Missouri-Rolla.  The  ingots  were  annealed  at 
9ol)  °C  for  one  week.  The  ingots  were  then  crushed  and 
ground  in  an  acetone  bath  for  neutron  diffractioir  studies  or 
SQUID  measurements.  Neutron  diffraction  data  were  col¬ 
lected  at  the  University  of  Missouri  Re:  ucli  Reactnr  using 
the  linear  position-sensitive  detector  diffractometei  at  rtrom 
temperature  trn  approximately  2  g  samirles  in  24  b.  The  neu¬ 
tron  wavelength  war;  1.4783  A.  The  data  were  mea.sured 
from  5°-l().5°  in  20.  The  Curie  temperatures,  7',.,  were  mea¬ 
sured  by  SQUID  using  a  Quantum  Design  MI’MS  Sy.stem, 

The  neutron  diffraction  powder  patterns  were  analyzed 
by  the  Rietveld  method  using  the  fut.i.i'itoi-  program'  for 
multiphase  refinement  including  magnetic  strueiure  reline- 
meni.  rr-Fe  (5.62-8.57%  in  volume)  was  observed  in  all 
samples. 


III.  RESULTS  AND  DISCUSSIONS 

The  relinement  results  are  given  in  Table  1.  Since  each 
sample  has  some  rr-Fe  (5-8%  in  volutne)  as  the  second 
phase,  the  stoichiometry  of  the  compounds  differs  from  the 
nominal  compositirm.  However,  by  using  the  site-effective 
scattering  length  and  assuming  the  nominal  Si/Al  ratio,  the 
stoichiometry  of  the  compounds  can  be  determined  (sec  Ap¬ 
pendix).  The  results  are  given  in  Table  I.  In  a  previous 
study,^  the  unit  cell  volume  increased  In  the  Al-only  substi¬ 
tuted  compound,  NdjFcn  ,.A1, ,  at  a  rate  of  9  A'/A1,  while 
the  unit  cell  volume  ilecrensed  in  the  Si-only  substituted 
compound,  NdiFe^/  ,,Si,, ,  at  a  rtite  of  3.4  A'/Si."'  It  is  found 
that  the  unit  cell  volume,  as  well  as  the  cell  parameters,  a 
and  f,  are  close  to  a  linear  combination  of  that  of  the  corre¬ 
sponding  single-substitution  compounds.  The  deviations  are 
in  the  range  of  ±0.11%.  The  unit  cell  could,  thus,  be  ex¬ 
panded  or  contracted,  depending  on  the  Al/Si  ratio,  All 
double-.substitution  compounds  were  found  to  have  a  higher 
c/u  ratio  than  the  pure  Nd2Fei7  pha.se.  The  site  occupancies 
of  the  substituents  in  double-substitution  compounds  are  not 
a  simiile  addition  of  the  Al  occupancies  and  the  Si  occupan¬ 
cies  of  corresponding  single-substitution  compounds.  Unfor¬ 
tunately,  the  substituent  occupancies  cannot  be  determined 
directly  from  the  neutron  relinements.  However,  they  can  be 
determined  using  a  few  reasonable  assumptions.  Previous 
studies  show  (hat  no  Al  occupies  the  9(/  site  in  the 
Nd2Fe|7„  j.Al^.  compounds  up  to  a- =  8,  since  the  9r/  is  the 
smallest  site,'’’  and  no  Si  occupies  the  be  sites  in 
Nd2FC|7  ,.Si,.  compounds  up  to  at  least  y  =  4.2,  since  the  6c' 
is  the  largest  site.'*  In  Nd2Fe|7  ,,Al,Si,. ,  it  is  assumed  that 
(a)  no  Al  atoms  occupy  the  9r7  sites,  (b)  no  Si  atoms  occupy 
the  6c  sites,  and  (c)  the  average  bond  length  of  the  1  8/i  sites 
depends  only  on  the  occupancies  of  Al  and  Si  on  this  site. 
The  dependence  functions  ol  the  1 8/i  site  average  bond 
length  of  single-substitution  compounds  are  applied  to 
double-substitution  compounds.  The  results  for  the  se|)arate 
Al  and  Si  site  occupancies  (see  Apirendix)  are  given  in  Table 
11.  These  appear  reasonable  in  comparison  to  the  singly  sub- 
stiiuted  results,  but  an  anomalous  x-ray  scattering  study, 
combined  with  the  neutron  data,  would  be  useful  to  uniquely 
fix  the  occupancies.  Figure  1  shows  (he  dependence  of  site 
occupancies  upon  the  substituent  contents  for  those  samples 
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TABLE  1.  Rcliiioiiiciil  results  of  Nd2l’0|)  ,  ,.AI,Si,  snlid  soluliiin. 


•v.y 

piiruinclci 

,v  =  () 

>'=0 

.v-().'J2 

.v--l).y,4 

.V-  1.82 

y-0.87 

.1  =0.01 
y-  1.70 

.v=  1.47 
v  1.48 

.V  -  2.84 
y-  1.02 

A  2.14 
y  2.00 

.1  -  2.<iS 

V  2.00 

a 

H.ftl)()2(  1 ) 

s..sy2.s(,4) 

8.0288(4) 

8.478.4(4) 

8.004.4(2) 

8.(i4l4(2) 

8.0(1(10(4) 

8.0274(4) 

c 

12.48.1.S(2) 

I2..si50(,‘)) 

12..4.472(0) 

12..4|04(.4) 

12.4440(4) 

12.487,8(4) 

12.4474(7) 

l2.,'i,4()0(.S) 

da 

i.a.M.s 

1 .4.S(iO 

1.4.4.42 

1 .4404 

1.4470 

1.44(i7 

1.448 

1 .4448 

V 

800.2.4,4 

810.414 

707.870 

804.442 

814.101 

K()4.^)7rt 

800.074 

/a,  Nil,  be 

2.1(2) 

2.2(.4) 

2.8(4) 

2.8(2) 

2.2(4) 

2.1(2) 

2.1(4) 

1.7(4) 

fi,  I'c,  in' 

2..S(2) 

2,S(.S) 

2.4(4) 

2.7(2) 

2.4(4) 

1.0(4) 

2.2(4) 

1.0(4) 

fl,  I'c, 

i.7(2) 

1.8(1) 

1.8(1) 

1.8(1) 

1.8(1) 

1.2(1) 

1 .8(  1 ) 

2.1(4) 

te,  Ee,  18/ 

2.4(2) 

1.7(2) 

2.0(4) 

2.4(2) 

2..4(2) 

2.2(2) 

2.4(4) 

2.0(4) 

IL,  I'C,  I8fl 

1.7(2) 

1.8(4) 

2.4(4) 

2.2(4) 

1.0(4) 

1.012) 

2.1(4) 

1.0(4) 

0 

0 

0 

0 

()..U 

0.4 

1.2 

1.7 

/( 

.S.48 

4.08 

.4.()0 

.4.20 

4.00 

4.(i8 

0.04 

0.72 

^^W|J 

7.09 

()..40 

7.71 

7.12 

0.04 

0.40 

8.00 

0.41 

0.22 

10.20 

14.11) 

I0.(<0 

10.00 

10.70 

11,00 

8.07 

A-' 

.4.11 

i.on 

.4.47 

2.00 

2.44 

2.44 

4,41 

4.01 

T, ,  K 

.4.40 

4.4.4 

470 

402 

480 

402 

470 

400 

«-l'C 

o.e.s 

.4.02 

8.47 

7.74 

7.44 

4.08 

7,10 

0.40 

Or,  ASUL" 

2.07.S 

2.07(1 

2.080 

2.080 

2.084 

2.()84 

2,081 

2.080 

>)(/,  ASBI, 

2.4>)4 

2.4‘W 

2.404 

2.404 

2.400 

2..405 

2.407 

2..4(I4 

IS/,  ASBI, 

2..S7U 

2..482 

2..4<)2 

2.580 

2.500 

2,400 

2..401 

IS/i,  ASBL 

2..S00 

2..404 

2.470 

2.400 

2.408 

2.480 

2.408 

2.470 

“ASIJI,- average  site  liond  length. 


with  till  approximate  Al/Si  ratio  of  one.  In  the  singly  substi¬ 
tuted  compounds,  cither  the  9(/  or  he'  sites  remain  lull  of  Fe 
a.nd,  therefore,  the  remaining  sites  must,  on  average,  have  a 
itigher  than  random  substituent  occupancy.  In  the  pre.scnl 
case,  both  sites  are  occupied  and  thcreftrre  there  is  a  lower 
total  occupancy  of  the  remaining  18/  and  18/i  sites.  It  is 
found  that  the  18/  site  takes  up  less  substituent,  while  the 
18/t  site  nils  at  roughly  the  same  rate  us  in  the  singly  .sub¬ 
stituted  compounds.  Table  I  also  gives  the  bond  lengths  and 
the  average  bond  length  of  each  site.  It  was  found  that  the 
average  bond  length  increases  in  be,  Sid,  and  18/  sites  in  all 
samples  in  this  study.  On  the  1  8/i  site,  the  average  bond 
length  increases  in  some  samples  and  dccrea.scs  in  other 
samples,  depending  on  the  Al/Si  ratio  and  the  total  sub.stitu- 
ent  content. 

Tire  site  magnetic  momenl  of  these  compounds  are  also 
given  in  Table  1.  It  v/as  found  that  the  Nd  sublatticc  couples 
ferromagnetically  to  the  Fe  sublattice  in  all  compounds.  For 
those  samples  of  low  total  substituent  content,  the  magnetic 
moments  lie  in  the  basal  plane.  For  those  samples  of  high 
total  substituent  content,  canted  magnetic  structures  were  ob¬ 
served.  However,  the  refinement  was  not  stable  for  the 


sample  of  highest  content  and  the  minimum  was  found  by 
iteration  of  the  ij.(z)I/ll(.\:)  ratio.  An  easy  direction  change 
was  loimd  in  Nd2Fe|7  .vSi,,  only  willi  >'>.^  (Ref.  4)  hut  not 
found  in  Nd2Fe,7  ,A1,.  up  to  ,v“b.'  It  is  po.ssible  that  an 
easy  axis  system  could  be  produced  at  a  lower  substituent 
content  than  is  found  in  any  singly  substituted  compound. 
The  Curie  temperatures,  measured  by  SOUID,  are  also  given 
in  Table  I.  All  compounds  have  a  Curie  ivoinl  higher  than  that 
of  the  pure  Nd2Fe,7  phase,  which  is  .1.10  K.  'I'he  Curie  tem¬ 
perature  was  found  to  depend  on  both  the  total  substituent 
content  and  the  AlASi  ratio,  and  those  compounds  with  a 
higher  Si/Al  ratio  have  higher  Curie  points,  indicating  that  Si 
has  a  .stronger  effect  on  the  ferromagnetic  exchange  than  Al. 
In  the  NdjFcp  .,.A1, ,  the  maximum  Curie  temperature, 
about  460  K,  is  found  for  .v  of  approximately  three.  In 
Nd2l'e|7 .  ,.,Si,. ,  the  maximum  Curie  temperature,  alnrut  4b.S 
K,  is  at  y  of  about  3.7.  The  maximum  Curie  point  of  the 
double-substitution  compounds  (with  the  limited  Al  and  Si 
contents  and  their  ratio  in  this  study)  was  found  trr  be  492  K, 
similar  to  that  of  Si-only  substitution  compounds.  I’he  total 
sub.stituent  content  is  signilicantly  lower  than  in  the  singly 
substituted  compound  (2.7  compared  to  3.7,  about  27%  less). 


TABLE  II.  Site  iiecupaiicics  of  Al  anil  Si  in  Nd.l'ci 7  ,  ,  Al,Si,. . 


x,y 

paramcler 

A  =  () 

y=-() 

.v  =  (l.02 
y  =  ().04 

.v=l.82 

>■=-0.87 

A- 0.01 

y  1.70 

A  =1.47 
y  -  1,48 

A  2.84 
y=  1.02 

A  2.14 
y  --C.OO 

.V 

V  J.dO 

Al%,  Oc 

().()() 

4..45 

5.87 

4.(i(i 

7.87 

7.01 

14.21 

24.44 

Si*??',  (ic 

O.OO 

(1.1)0 

0.00 

O.IH) 

O.OO 

O.OO 

0.00 

0.00 

Al%,  Oi/ 

0.00 

0.(10 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Si%,  'III 

0.00 

4.84 

(1.04 

7.42 

10..4(i 

7.88 

14.87 

1(1,42 

Al%.  1 8/ 

0.00 

4,78 

4.78 

4.1(1 

4.40 

14,24 

10.88 

1 1 .04 

Si%.  18/ 

0.00 

O.OO 

0.00 

4..40 

2..4() 

0.00 

(1.44 

Al%,  18/1 

O.OO 

10.14 

22.24 

10.1(1 

18.02 

:o..s7 

10.00 

2^1  .Hi) 

Si%,  18/i 

O.OO 

12,47 

11.14 

21.70 

18.80 

14,18 

21.11 

18.07 
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I'lG.  1.  1'lic  pcrccnliige  Mjbslllucnls  I'oinul  on  llic  four  iron  sites  us  u  func¬ 
tion  of  (,v  l  y)/2  for  samples  willi  tin  upproxiinatc  Al/Si  ratio  of  otto. 

whicli  is  important  because  the  lower  substiiuciit  coiiteiit 
means  less  reduction  iti  the  magnetixation  ol'  the  eoiiipound. 
It  is  possible  that  the  higher  I’e  content  on  the  I  K/  site  plays 
a  role  in  the  observed  enhuneement  in  the  magnetic  proper¬ 
ties.  Note  that  the  magnetic  moment  on  this  site  is  relatively 
large  in  most  ot  tire  .specimens. 
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APPENDIX 

For  a  double-substitution  2:l7  phase, 
Nd2Fe|7  j,Al,.Siy,  the  effective  scattering  lengths  of  the 
four  iron  sites  are 

c-i?fc‘=-v,/2ui+y,/;si  f  (().  167-.V|  -y|)/;f,,  (Al) 

d/;f,  =  A:2/2ui  +  y2^si+(0.lf)7-a;2-}'2)/Jfg.  (A2) 

//)f,  =  A'3/2u|+y3/5si+(0.l67-.V3-y3)/7,„,  (A3) 

.'I  .h  f  „  =  A  4  h  a  I  +  y  4  /; ,  i  -t-  ( 0 . 1  6  7  -  A  ,i  -  ^  a-  -  ( A4 ) 


where  c,  d,  f,  and  It  arc  refined  Fe  site  occupancies.  /)„|,  /j,|, 
and  hfj  are  the  scattering  lengths  of  Al,  Si,  and  Fc,  respec¬ 
tively.  A',  (/'  -  1 ,  2,  3,  and  4)  are  Al  site  occupancies  and  y,- 
(r  =  1 , 2,  3,  and  4)  are  Si  site  occupancies. 

To  .solve  for  the  eight  unknowns,  a,  and  y, ,  four  more 
independent  equations  are  needed; 

(a)  No  Al  or  Si  out  of  the  2:17  pliase,  then 

=  (A5) 

where  tV,,,  and  are  the  starting  weights  of  Al  and  Si,  and 
M„|  and  are  the  atomic  weights  of  Al  and  Si,  respec¬ 
tively. 

(b)  No  Al  atoms  occupy  the  9d  sites, 

A2  =  t).  (Ah) 

(c)  No  Si  atoms  occupy  tire  hr  sites, 

yi-().  (A7) 

(d)  The  average  bond  length  of  the  1 8/i  sites  depends 
only  on  the  occupiineies  of  Al  and  Si  on  this  site.  The  depen¬ 
dence  functions  of  the  18/i  site  average  bond  length  of 
single-substitution  compounds  can  be  applied  to  double¬ 
substitution  compounds,  I'he  site  average  bond  length  for  the 
1  H/i  sites  dejfends  only  on  the  substituent  occupancies. 

ABL,,  =  /;,(a4 )  I  /;,(y 4 )  -  AIiL() .  (A8) 

w'here  ABL/,  is  the  refined  li  site  average  bond  length  of 
NdyFe,^  ,,Al,.Si,, ,  ABL,)  is  the  refined  /i-site  average  bond 
length  of  Nd2Fei •/,/;, (a)  is  the  dependence  function  of  the  li 
site  average  bond  length  on  Al  occupancy  in  Nd2Fe|7...  ,.A1,. , 
which  was  extracted  from  the  Al-only  substituted  compounds 
in  a  previous  .study.^ /|,(y)  is  the  dependence  function  of  the 
/i-site  average  bond  length  on  Si  occupancy  in 
Nd2Fe|7..,,Siy,  which  was  extracted  from  the  Si-only  substi¬ 
tuted  compounds  in  a  previous  study.'' 

By  .solving  the  independent  equations  (A1)-(A8),  A;  (i 
=  1,  2,  3,  and  4)  and  y,-  (f -  1 , 2,  3,  and  4)  are  determined. 
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The  compound  SmCo.iB  is  a  hard  magnelic  material;  however,  the  saturation  moment  and  the  Curie 
temperature  need  to  be  increased  I'or  the  componnd  to  be  a  candidate  for  a  permanent  magnelic 
material.  For  this  purpose,  Fc  substitution  I'or  the  Co  and  Fr  substitution  I'or  the  Sni  of  SmCo.jB  have 
been  attempted.  In  addition,  the  nitrogenation  of  SmCoiFe,  is  also  attempted.  The  magnetic 
eharaeteristie.s  of  SmCoiFciB  have  been  investigated  in  a  pulsed  high  magnetic  field  up  to  .l.'SO  kOe, 
and  the  data  are  compared  with  those  of  other  related  eompounds  investigated  in  this  work.  1'he 
compound  with  more  Fe  content,  SmCo,  vFcijB,  has  been  suceessfully  made,  and  '/',  =■  794  K  and 
.saturation  moment  A/,  =  8 1.4  enui/g  at  300  K  have  been  obtained,  It  is  found  that  the  h'e 
suin.stilntion  does  not  decrea.se  the  uniaxial  magnetic  anisotropy.  Heat  treatments  in  nitrogen  gas  at 
,S()0  “C  of  SmCo;I''e2B  have  brought  about  significant  increases  of  magnetization:  however,  the 
increase  of  is  only  about  20  K  and  the  crystal  volume  is  unchanged  to  within  experimental 


uncertainty. 

It  has  been  known''^  that  boron  substitution  I'or  the  Cto  of 
RCo,  (R-rare  earth)  leads  to  a  formation  of  compound  sys¬ 
tems  with  discrete  B  content  expressed  by  the  general  for¬ 
mula  R,,.,. |Co3,|.,  .iB2,|  (/i"0,l,2,...,).  In  our  previous 
papers, we  focused  on  the  Sm  system  of  hard  magnetic 
materials,  The  compound  SmCJo^B  is  e.specially  interesting 
because  it  has  a  huge  uniaxial  magnetic  anisotropy  at  7'--4,2 
K,  However,  both  the  saturation  moment  and  the  Curie  tem- 
peratui'e  are  about  half  of  those  of  SmCos.  It  is  also  known‘‘ 
that  Fe  and  Pr  substitutions  increase  the  magnetization  as 
well  as  the  Curie  temperature  of  SmCo^B,  In  order  to  im¬ 
prove  the  magnetic  churacteristies  of  SmCo^B  for  a  hard 
magnetic  material,  three  kinds  of  trials  have  been  made  in 
this  work:  the  first  is  to  re-examine  the  magnetic  character¬ 
istics  of  SmCo4..^.FCj.B  in  a  high  magnetic  field;  the  second 
is  to  make  samples  with  greater  Fe  content  than  ,v~2  in 
SmC('.4..^Fc_i.B  and  alfio  to  create  Pr  substitution  for  the  Sm; 
the  last  is  to  make  nitrogen-absorbed  samples  of 
SmCo2Fe2B.  Magnetic  and  cryslallographic  measurements 
have  been  performed  ami  discussed  for  the  samples  men¬ 
tioned  above. 

Samples  in  the  pre.scnt  study  were  prepared  by  an  arc 
furnace.  The  melting  was  repeated  generally  more  than  six 
times  (o  iiomogcnize  the  composition  of  the  melts.  Espe¬ 
cially  in  the  case  of  SmCo,  7Fe2jB,  ingots  of  Co,  Fe,  and  B 
with  desired  ratio  of  ma,ss  were  first  melted  ten  times,  and 
then  the  ingot  thus  prepared  was  melted  together  with  a  suit¬ 
able  mass  of  Sm  at  least  six  times.  This  method  seems  to  be 
effective  to  obtain  a  single  phase  of  the  compound  with  a 
large  content  of  Fc.  Several  days  of  heat  treatment  at  about 
1000  "’(3  was  generally  made  to  homogenize  the  ingots  ob¬ 
tained  by  the  arc  melting.  By  this  method,  we  obtained  a 
single  phase  of  SmCO|  7Fc2,3B,  which  implies  that  there  is 
hope  fhat  higher  Fe  contents  arc  attainable,  but  not  certainty. 
In  the  case  of  the  Sm,,  7Pr|)  jCo2Fe2B  compound,  the  sample 
prqiared  included  a  small  amount  of  the  2:17  phase  and  a 
very  small  amount  of  the  1:5  phase.  If  composition  loss  of 
tlic  Sm  and  B  occurs  during  the  melting  process,  we  will 
have  thi;  three  phase  samples  mentioned  above.-  Excess 


nominal  composition  of  Sm  and  B  will  be  needed  to  obtain  a 
single  phase  of  Sm||  7Pr|,  iCoiFciB.  The  crystal  structures  of 
CaCu,  type  for  SmCo,  and  CcCo,|B  type  for  SmCo^B,  etc,, 
are  illustrated  in  Fig.  I.  The  lattice  parameters  of 
SniCoi  7Fe2  3B  have  been  determined  by  x-ray  diffraction  to 
be  0-5.1.38  A  and  c  =  ().948  A,  which  arc  larger  than 
0  =  5.087  A  and  c'  =  ().89  A  for  SmCo^B,  respectively. 
About  3%  volume  expansion  occurs  by  the  I'-'c  substitution. 

Magnetization  curves  have  been  measured  in  a  pul.scd 
high  magnetic  field  up  to  .35  T(  =  350  kOe)  for  licld-orientcd 
samples  of  SmCo^,  ,SmCo,,B,  and  SmClo2re2B.  Particle  size 
of  powdered  samples  is  generally  less  than  32  /um  in  diam¬ 
eter.  The  magnetization  curves  of  SmCo,  and  SmCo4B  are 
similar  to  our  previous  data.'^  'Hie  anomalous  behavior  of  the 
magnetization  curve  with  //||c'  at  around  //  =  ()  for  SmCo,|B 
is  considered  to  be  caused  by  the  experimental  method:  the 
magnetization  in  the  process  of  decreasing  external  field  is 
first  measureil  in  the  region  from  II  =  35  'f  to  II  =  0  and  then 
the  cylindrical  licld-oricnted  sample  direction  was  reversed 
to  measure  the  magnetization  in  the  region  from  //  =  ()  to 


C;ii('u5  lypc  ('i'C<)4n  tj’iu' 

(11=0)  (11=1) 


I'K).  1.  C'lyMal  .slriicUMC  olCaCii.,  iiiul  CcCo.iir  ty|H'.  ’I'lic  square  syiiilHils  in 
Die  hn.sal  plane  iiulleale  llie  sites  llial  iiilmnen  alonis  may  uecupy  if  the 
nitride  is  lornieil. 
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SmCOj  3^ 

Hs-0 1  .5  eau/d 

Utlc 

11^-4. G  kOe  / 

JUc 

-If^kOe)  / 

intvoe) 

I'Ki.  2.  Miigncli/ation  curves  mcHsiircd  in  pulsed  mugnclic  licid  tor  llekl- 
uricnled  samples  of  SmCl)^  and  S111C04  witli  .v-()  and  2.  iiHliciiles 

the  direction  of  field  orientation. 


//=  — 10  T,  Thd  magiictiziition  curve  in  the  process  of  in- 
creasing  Held  was  measured  hy  a  similar  method.  The  data 
for  SinCo2Fe2B  at  7'=  4,2  and  300  K  are  obtained  for  the 
lirst  time  in  this  work.  Coercivity  //,. ,  wliicli  depends  on  the 
various  factors,  is  also  sliowti  for  tlic  re.spective  samples  in 
Fig.  2.  As  seen  in  Fig.  2,  the  magnetization  curves  witli  /71c 
have  a  small  amount  of  residual  magnetization  at  //  =  (), 
whicit  means  a  sligltt  lack  of  alignment  of  tlte  field-orientcd 
samples.  To  avoid  tlic  error  in  the  estimation  of  anisotropy 
field  77, j  due  to  the  lack  of  alignment,  the  linear  part  of  the 
initial  magnetization  curve  with  tile  is  moved  in  parallel  .so 
as  to  start  from  the  origin,  and  then  the  ani.sotropy  field  is 
determined  as  the  magnetic  field  at  whicit  the  straight  line 
corresponding  to  the  linear  part  mentioned  above  reaches  the 
spontaneous  magnetization.  The  anisotropy  field  has  been 
determined  by  tliis  method  for  the  respective  sample  in  Fig. 
2.  The  saturation  magnetization  values  have  been  calibrated 
by  making  use  of  the  data  for  the  loose  p-iwdcr  of  each 
sample.  Anisotropy  constant  K  |  has  been  calculated  by  the 
equation  of  K  ^  —  {  \  H)M  Jt ^  ,  where  A7  ,.  is  the  spontatieous 
magnetization  per  unit  volume. 

The  magnetization  curves  for  tire  field-oriented  .samples 
of  SmCoi7Fe2.3B  and  Sm(),7Prii,3Co2l''e2B  liave  been  mea¬ 
sured  in  a  magnetic  field  up  to  20  kOe.  The  data  are  shown  in 
Fig,  3.  In  this  case,  the  particle  size  is  larger  than  that  of  the 
samples  in  Fig.  2,  but  less  than  32  ;um.  Since  tliere  i.s  con¬ 
siderable  lack  of  alignment  and  also  the  maximum  field  used 
is  only  20  kOe  in  Fig.  3,  it  is  hard  to  obtain  a  reliable  value 
of  anisotropy  field.  Rough  values  of  /7^  in  both  cases  in  Fig. 
3  have  been  estimated  to  be  about  120  kOe  by  a  method 
similar  to  that  used  in  Fig.  2,  The  magnetic  data  mentioned 
above  are  summarized  in  Table  1  together  with  Curie  tem¬ 
peratures  determined  by  a  magnetic  balance  in  tli  work. 
Some  data  in  Table  1  are  taken  from  references  cited  therein. 
We  can  .see  some  important  points  in  Table  1,  The  magneti¬ 
zation  of  SmCo4B  is  considerably  increased;  however,  the 
anisotropy  con.stant  remains  almost  unchanged  by  the  Fc 
substitution.  The  magnetization  of  YCo4„  ,.Fe,.B  is  known  to 
increase  with  It  has  also  been  clarified  by  Onodera 

i:t  that  both  Fe  and  Co  moments  increase  w'th  x.  A 
similar  mechanism,  which  occurs  also  in  the  Fe-Co  alloy, 
must  occur  in  SmCo4  _  ^  fundamental  concern  is  also 


Hh-92.4  ofnii/d 

line 

It,. -2. 9  kOe  / 

...  .  .  ,  .  / 

/  lO{kOe) 

/ 

l•lCi.  .1.  Miignclizalimi  curvvs  I'or  litlil-oiiciilcd  siimiilcs  ol'  SmCoi  iI'c,  ,1! 
mid  Sniovl’iii  iCOjI'ed).  C  iiuliealcs  tlic  direction  of  Held  orientation.  Tlic 
coercivity  II,.  i.s  delined  as  an  iivcrai’c  oft/,,  in  tlic  proccs.scs  of  decrcnsing 
and  iiicreaaing  lielda. 


in  the  magnetic  state  of  tlic  Sm  suhlatticc;  liowever,  we  do 
not  discuss  it  here.  According  to  Dung  ct  the  anisotropy 
constant  /C,  at  7’=4.2  K  of  YC04B  and  YCo2,.<iFe| take 
about  -4X1(/'  crg/cm’  and  -1X10^  erg/cm\  respectively. 
The.sc  values  arc  negligibly  small  compared  with  tho,sc  of 
SmCo4B  and  SniCo2Fc2B  at  7’=4.2  K,  which  means  tliat  the 
K^  value  in  the  Sm  system  mentioned  above  is  supplied 
mainly  by  the  Sm  suhlatticc.  Tlie  data  of  Ki  in  Tiiblc  !  sug¬ 
gest  that  tlic  Sm-snh!altice  anisotropy  is  enhanced  by  the  Fc 
sub.stitulion.  Therefore,  to  make  SmCo4B  a  candidate  for  per¬ 
manent  magnet  materials,  we  only  need  to  increase  the  mag¬ 
netization  and  the  Curie  temperature  of  SmCo4B  by  Fc  sub¬ 
stitution  as  mucli  as  possible.  As  seen  in  Table  1,  the  Curie 
tcinpcrature  of  SniCo,  7Fe2.2B  is  about  1.6  times  liighcr  than 
that  of  SmCo.jB.  The  Fr  substitution  is  also  effective  to  in¬ 
crease  the  magnetization.  In  the  case  of  YCo4_.4.FC|.B,  the 
maximum  Fe  content  seems  to  be  A  =  1 .5,'^  wliich  means  the 


TABLE  I.  Magnetic  data  of  SiiiCojU  and  related  ciiiiipounds.  7'f- .  Curie 
Iciiipcraturc;  ,W, ,  .saturation  iiiagnetiziitimi;  //^  ,  anisotropy  field  in  tlie  unit 
of  Tesla;  K^,  ani.sotiopy  eonstant.  .Saiiiration  induction  equals 
(Aiauss),  wliere  specific  mass  p  is  for  SitiCo.;  and  H..S4  for  otlicr  com¬ 
pounds. 


W  (K) 

W, 

(einu/g) 

//a  (■/') 

A-, 

(l(F  erg/cm’) 

SniCo«i 

1020""  y.1.7(4.2  K) 

71(4.2  K) 

28.6 

nocioo  K) 

I.S''’  -  18"" 

SiitC<i4B 

47..S(4.2  K.) 

1 10(4.2  Kl 

22..1 

120(4.2  K)'’' 

24..1''' 

SiiiCoit-CiU 

782'^' 

71.7(4.2  K) 

74 

22.6 

7.12 

711.2(77  K) 

Hi 

24.2 

67.1  (.100  Kl 

.Si 

14.6 

SiiiCii,  7I  C1  iB 

7V4 

81.4(.10()  K) 

Siniijl’r,,  iOhI'CjB 

747 

72.4(.1(l()  K| 
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20  30  40  so  60' 

2W(dcK) 


FlCi,  ().  Hysteresis  loop  of  fielrl-orieiited  SniC'oiFeili  powder  unnciiled  at 
50(1  “C  it)  N2  gas  for  5  h.  Deliriilion  of  //,.  is  the  same  as  those  in  Fig.  .1, 

FIG.  4.  X-ray  diffraction  patterns  fr)r  SmCo.FcjB  powder  annealed  in 


gas  for  .S  h  at  the  indicated  temperatures. 


maximum  Fc  content  in  RC04  ^Fc^-B  seems  to  depend  on 
the  kind  of  rare  earth  R. 

As  mentioned  in  the  preceding  section,  the  three  phases 
of  SniojPi'o  •,Co2Fe2B  could  be  attributed  to  the  composition 
shift  during  the  melting  process,  so  if  appropriate  initial 
nominal  composition  is  found,  it  will  be  possible  to  obtain 
the  single  phase  sample  of  Sm()7Pr(,3Co2Fe2B. 

To  improve  the  magnetic  characteristics  of  the  materials 
mentioned  in  Sec.  Ill,  the  nitrogenation  will  be  another  ef¬ 
fective  method.  In  this  work,  heat  treatments  of  SmCo2Fe2B 
powder  in  atmospheric  N2  gas  have  been  carried  out  at  vari¬ 
ous  temperatures,  X-ray  diffraction  patterns  of  the  sample 
after  the  heat  treatments  are  shown  in  Fig.  4,  The  heat  treat¬ 
ments  at  temperatures  above  600  “C  seem  to  promote  the 


H(kOe) 


FIG.  5.  Magiicibalion  curves  for  SmC('2Fc2B  loose  powders.  500  ’’C',  24  h 
indicates  thtil  the  sample  was  annealed  in  N2  gas  at  500  “C  for  24  h.  The 
inset  shows  the  temperature  dependence  of  the  magnetization  of 
SmCo2Fc2B  annealed  in  two  different  conditions. 


precipitation  of  Fc-Co  alloy.  Therefore,  nitrogenation  of 
SmCo2Fc2B  was  tried  at  500  °C  in  N  ;  gas  for  5,  10,  and  24  h. 
Magnetization  curves  measured  for  loose  powders  at  300  K. 
arc  sltown  in  Fig.  5.  Those  data  clearly  show  an  effect  of  heat 
treatments  in  N2  gas.  The  saturation  magnetization  increases 
more  than  10%;  however,  x-ray  diffraction  patterns  before 
and  after  the  heat  treatment  do  not  bring  about  signilicunt 
volume  expansion.  The  Curie  temperatures  that  are  shown  in 
the  inset  of  Fig.  5  also  do  not  show  a  clear  difference,  al 
though  an  N2  gas  effect  is  .seen  in  the  magnetizations.  It  is 
not  clear  at  present  whether  the  sample  ab.sorbcd  nitrogen 
into  the  inner  part  of  the  crystal.  A  hysteresis  loop  of  the  heat 
treated  N2  gas  for  5  h  is  shown  in  Fig.  6.  The  coereivlty  takes 
a  very  similar  value  to  that  of  the  sample  without  heat  treat¬ 
ment  in  N2  gas.  The  crystallographic  site  that  the  nitrogen 
atom  may  occupy  is  shown  by  the  open  .square  symbols, 
which  is  the  site  similar  to  the  9l’  site  in  Sm2Fei7"  in  Fig.  1. 
Since  the  four  near  neighboring  sites  around  the  square  site 
are  occupied  by  Co  or  Fe  atoms  in  equal  probability  in  the 
present  case,  the  probability  that  all  the  four  sites  are  occu¬ 
pied  by  Fc  atoms  will  be  (j)"*.  Therefore,  if  tlie  nilrogen  atom 
is  supposed  to  occupy  the  square  site  witli  four  Fe  surround¬ 
ings,  the  possible  formula  of  nitride  of  SmCo2Fe2B  will  be 
SmCo2Fc2BN„  |j,73,  wliich  means  that  the  quantity  of  nitro¬ 
gen  tliat  may  be  absorbed  by  the  sample  is  small,  unlike  the 
case  of  Sm2Fei7,  This  may  be  one  of  the  reasons  why  nitro¬ 
gen  is  not  easily  absorbed  by  SmCo2Fc2B. 
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For  quantum  phenomena  involving  a  maerovariable  such  as  the  total  moment  of  a  ferromagnetic 
particle,  or  the  Neel  vector  of  an  antiferromagnetic  one,  enviroimicntal  couplings  play  a  crucial  role, 
The  effect  of  such  couplings,  or  dissipation,  is  studied,  with  emphasis  on  the  nuclear  spin 
environment.  It  is  shown  that  magnetic  macroscopic  quantum  tunneling  (MQT)  and  coherence 
(MQC)  both  become  harder  to  sec.  Quantitative  calculations  are  presented  for  the  tunneling  rate  in 
MQT,  and  the  tunnel  splitting  and  ac  susceptibility  for  MQC.  A  recent  claim  to  have  seen  MQC  in 
a  resonance  experiment  on  ferritin  is  critically  discus.scd  and  the  absorption  is  found  to  be  at  least 
150[)  times  larger  than  predicted  by  MQC. 


1.  INTRODUCTION 

Even  the  best  quantum  mechanics  texts'  sometimes  state 
that  for  billiard  balls  and  cannon  shells,  the  de  Broglie  wave¬ 
length  is  so  absurdly  small  that  any  quantum  mechanical 
effect  such  as  two-slit  diffraction  would  be  washed  out  by 
the  limited  resolution  of  any  measurement  apparatus.  This  is 
usually  taken  as  sufficient  reason  for  the  inadvisability  of 
applying  quantum  mechanics  to  such  objects.  Yet,  if  one 
were  to  press  the  issue,  and  ask  what  the  practical  difficulties 
would  be  in  experimentally  verifying  quantum  effects  in 
such  cases,  one  would  soon  conclude  that  the  small  dc 
Broglie  wavelength  was  completely  overshadowed  by  an¬ 
other  phenomenon,  namely,  interaction  with  the  environ¬ 
ment.  Diffetent  particle  trajectories  would  be  correlated  with 
very  different  states  of  the  rest  of  the  universe,  so  that  even  if 
the  trajectories  ended  with  the  particle  in  the  same  position, 
the  environment  would  not,  and  the  interference  terms  in  the 
square  of  the  total  amplitude  would  vanish  by  virtue  of  the 
zero  overlap  between  the  states  of  the  cnvironirent.  To  put  it 
another  way,  the  environment  would  “measure”  the  trajec¬ 
tory  taken  by  the  particle,  and  one  would  never  obtain  the 
case  of  indistinguishable  alternatives,^ 

This  view  of  the  quantum  mechanics  of  macroscopic  ob¬ 
jects  has  been  developed  considerably  further  by  Leggett  and 
his  co-workers  over  the  last  decade.'*  Interaction  with  the 
environment,  or  dissipation,  as  it  has  come  to  be  called,  is 
the  feature  which  distinguishes  macroscopic  objects  from 
microscopic  ones.  It  is  usually  present  in  myriads  of  ways, 
and  one  would  have  to  go  to  impo.ssible  lengths  to  eliminate 
it  for  the  vast  majority  of  macroscopic  systems.  As  Leggett 
has  pointed  out,  the  two  phenomena  likely  to  yield  the  most 
unambiguous  evidence  of  quantum  behaviour  are  macro¬ 
scopic  quantum  tunneling  (MQT),  or  the  decay  of  a  meta¬ 
stable  state,  and  macroscopic  quantum  coherence  (MQC),  or 
the  resonance  between  degenerate  states  (see  Fig.  1).  Most  of 
the  early  work  was  done  with  a  view  of  seeing  MQT  and 
MQC  of  the  order  parameter  in  Josephson  junction  based 


systems,'*-**  but  m  the  la.st  few  years,  small  magnelie  particles 
have  emerged  us  potential  candidates  too,'"'"  The  maerova¬ 
riable  is  the  total  magnetic  moment  of  the  particle  if  it  is 
ferromagnetic,  or  the  Neel  vector  if  it  is  antiferromagnetic, 
and  the  different  states  correspond  to  different  directions  of 
these  vectors.  Other  magnetic  systems  such  as  domain  walls 
have  also  been  proposed.'^ 

It  is  e,sscntial  to  realize  at  the  out.set  that  MQ'l’  and  MQC 
are  very  different  phenomena,  e.specially  when  environmen¬ 
tal  couplings  arc  considered,  In  general,  both  become  harder 
to  sec,  but  the  effect  on  MQC  is  more  severe.  The  essential 
requirement  for  MQC  is  degeneracy.  If  the  bottoms  of  the 
wells  of  the  MQC  potential  in  Fig,  1  are  nondegenerute  by 
much  more  than  the  tunnel  splitting,  the  mixing  between  the 
stales  localized  near  the  well  bottoms  will  be  negligible,  and 
one  will  not  sec  any  MQC.  The  environment  can  be  viewed 
as  giving  rise  tr)  a  dynamically  lluctuating  potential  for  the 
system.  If  this  irotential  is  asymmetric  for  most  of  the  time, 
or  if  the  degeneracy  persists  for  times  much  less  than  the 
tunneling  time,  MQC  will  be  reduced,  Another  way  of  saying 
this  is  that  phase  coherence  must  be  maintained  for  much 
longer  durations  in  MQC  than  MQT  (inverse  of  the  tunnel 
splitting  versus  the  small  oscillation  period  in  the  metastablc 
well),  and  is  therefore  more  easily  destroyed  bv  an  eiiviroii- 
ment.  In  fact,  for  ohmic  and  subohmie  dissipation,  as  deirned 
in  Ref.  7(b),  the  environment  can  suppress  MQC  completely, 
localizing  the  particle  in  the  initial  well!" 

The  purpose  of  this  paper  is  to  discuss  dissipation  in 
magnetic  particle  systems.  The  dissipation  mechanisms 
which  have  been  studied  to  date  include  phonons, 
nuclear  spins,'**  and  Stoner  excitations  and  eddy  currents  in 
metallic  magnets.'*’  Except  for  nuclear  spins  and  Stoner  ex¬ 
citations,  the  other  mechanisms  are  generally  weak.  We  will 
focus  only  on  nuclear  spins,  and  refer  the  reader  to  the  lit¬ 
erature  for  the  rest.  The  work,  for  the  most  part,  elaborates 
on  Refs.  15(a)  and  15(b),  which  deal,  respectively,  with 
MQT  and  MQC,  We  will  consider  MQT  in  Sec.  II.  We  rebut 
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Cluidnavsky’s  recent  statement  tliat  nuelcar  spins  are 
uniinpoftaiit,'^  and  explicitly  olitain  the  WKH  exponent  in 
the  presence  of  dissipation.  We  lind  that  unless  the  number  of 
magnetic  nuclei  is  less  than  a  few  percent  of  the  atomic 
magnetic  moments,  the  exponent  is  multiplied  by  a  factor  of 
order  unity.  If  the  exponent  is  as  large  as  20  or  .10  in  the 
absence  of  dissipation,  this  can  substantially  reduce  the  es¬ 
cape  rate.  We  consider  MOC  in  Sec.  ill,  and  show  that  even 
for  .systems  where  magnetic  nuclei  are  rare,  the  suppression 
of  MQC  can  be  large.  As  a  technical  point,  we  note  that 
unlike  the  case  of  MO'l',  for  the  MO('  problem,  nuclear  spins 
cannot  be  reduced  to  an  equivalent  bath  of  harmonic  oscilla¬ 
tors.  IJecause  where  w„  and  w,,  are  the  nuclear  and 

electron ic  Larmor  frequencies,  the  nuclei  act  almost  as  a 
c-number  bias  Held,  and  sizeable  resonance  occurs  only 
when  the  net  nuelean  spin  polarization  in  a  given  particle  is 
zero,  Since  the  polarization  decrea.ses  with  increasing  tem¬ 
perature  '/',  we  irredict  that  MQC  may  be  enhanced  with  in¬ 
creasing  T  in  some  range.  We  ahso  suggest  double  resonance 
experiments — driving  the  nuclear  polarization  to  zero  by  a 
strong  rf  pulse  at  u)„  shouki  enhance  the  MQC  signal  while 
the  nuclear  polarization  relaxes.  We  apply  our  results  to 
Aw.schalom  et  aL'a  claim  to  have  seen  MQC  in  aiitiferro- 
inagnetic  ferritin  particles.'”  When  nuclear  spin  dissipation  is 
included  in  a  previous  calculation  of  the  expected  itowcr 
absorption,''^  the  experimental  signal  is  frrund  to  be  too  large 
by  a  factor  exceeding  l.'iOO.  Taken  with  previously  discussed 
difficulties,^'*  this  renders  the  possibility  of  MQC  occurring 
in  ferritin  rather  implausible. 

II.  NUCLEAR  SPINS  AND  MQT 

Consider  an  isolated,  nonmctallic,  —50  A  radius,  single 
domain,  ferromagnetic  particle,  at  a  temperature  well  below 
the  anisotropy  gap,  Let  us  suppo.se  that  it  has  A'  —  IO'-IO” 
atomie  moments,  each  of  spin  .v,  and  magnctogyric  ratio  y. 
The  total  magnetic  moment  M  then  has  essentially  fixed 
magnitude  —  and  its  direction  M  is  the  only  dy¬ 

namical  variable  left.  In  the  presence  of  an  external  field  H, 
the  Hamiltonian  is  given  by 

1 

.^■(M)=/-^„(/W)-b  —  (2.1) 

lV() 

The  three  terms  are  due  to  crystal  anisotropy,  shape  anisot¬ 
ropy,  and  the  dipole  coupling:  Uo  is  the  particle  volume,  and 
Nij  is  a  shape  dependent  tensor  with  trace  4ir.  The  first  two 
terms  will  combine  to  create  easy  and  hard  directions  for  M, 


which  will  in  general  not  be  along  the  crystal  axes.  'I'his 
point  must  be  kept  in  mind  if  one  ever  reaches  the  stage  of 
doing  single  particle  experiments,  as  it  raises  the  issue  of 
how  the  magnetic  axes  are  to  be  found.  We  will  denote  the 
easy  axis  by  z,  the  hard  axis  by  y,  and  assume  that  nl|— z. 
[I'or  results  for  small  misalignments  of  H,  see  Ref.  13(b).] 
The  state  M||z  is  then  metastable  with  respect  to  M||-z,  As 
the  field  strength  is  increased,  the  barrier  from  Ml|lz  to  Ml|— z 
will  be  lowered,  and  eventually  vanish  at  some  “coercive 
field”  .  Since  the  tunneling  rate  is  low  for  large  barriers, 
we  anticipate  that  we  will  need  //-//,.  to  see  appreciable 
tunneling^  and  parametrize  H  as  //  ■■=(  1  -e)/7,. ,  where  t-as)  , 
Writing  M  in  terms  of  polar  angles  fyand  </>,  and  subtracting 
a  constant  term,  we  arrive  at  the  general  Hamiltonian  (model 
Ill  in  Ref.  1(1) 

.^((y,(A)  =  A',()’(e  f)’/4)  +  /C2f)’  .siir  </).  (2.2) 

Here,  K|  and  K2  are  shape  idus  erystal  anisotropy  coeffi¬ 
cients  (A'l  >A'2>()).  h'or  hard  magnets,  we  expect  these  to 
be  close  to  tlie  crystal  unisotro|)y  coefficients.  In  any  case, 
we  expect  that  per  unit  volume.  A', 1  f ergs/cim^. 

The  quantum  mechanical  dynamics  of  M  can  be  sjreci- 
fled  by  giving  the  action  and  using  path  integrals  to  calculate 
any  desired  amplitude,  h'or  tunneling  rates,  it  is  better  to  use 
the  "imaginary  time”  rrr  Liuciidean  action,  and  this  is  given 
by 

'VnlMJ^j  wti  0<I)(t)](It.  (2,3) 


1'he  escape  rate  from  an  MOT  potentiul  such  us  in  i'ig.  I 
can  generally  be  written  as  r()=c‘W()Cxp(-A'o//i),  where  wo 
is  the  small  oscillation  frequency  in  the  metastable  well,  c  is 
a  constant  of  order  unity,  and  ,V|]'  is  the  least  or  "classical” 
action  for  trajectories  crossing  the  barrier.  For  our  problem, 
(u,)  is  the  frequency  for  small  amplitude  iirecession  of  M 
around  the  .stable  direction  0={) — essentially  the  ferromag¬ 
netic  resonance  frequency — whicli  from  liqs.  (2.2)  and  (2.3) 
is  Mi={2y/M^^)iK^K2€y‘\  {Note  that  A,,  A,,  and  AY,,  are 
all  proportional  to  tlie  particle  volume,  so  tliat  is  an  in¬ 
tensive  quantity.)  As  for  the  exponent  it  can  be  ob¬ 

tained  by  standard  WKH  or  instanton  techniques,"’’'-’"”'''-'*''" 
and  it  is  useful  to  write  it  in  three  equivalent  ways: 


Here,  r~KJK2,  U  =  K^€"  is  the  barrier  height,  and  N  is  the 
total  number  of  atomic  moments  in  the  particle.  The  second 
form  follows  from  the  first  on  recalling  that  M^^-Nshy,  and 
the  last  form  reveals  a  general  feature  for  all  smooth  poten¬ 
tials,  namely,  that  the  WKH  exponent  is  of  order  Ulhw^,. 
The  second  form  sliows  explicitly  that  tunneling  becomes 
harder  as  the  number  of  moments  increases,  and  makes  the 
need  for  keeping  e  small  absolutely  clear.  Since  a),,~l()"’ 
s  ',  one  must  have  .S'|,<3(),  say,  to  have  any  hope  of  getting 
a  reasonable  value  for  I'l,.  Since  /■>!,  and  .v>l/2,  it  follows 
that  we  must  iiave  e<0.()37  h)r  /V  — lO'  and  e<().()n8  for 
N=\(f.  Surprisingly,  these  values  correspond  to  fairly  big 
exit  angles  (the  classical  turning  points)  of  22'’  and  10°,  so 
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that  the  tunneling  can  justifiably  be  called  macrascopic,  al¬ 
though  it  does  require  rather  fine  tuning  of  c,  i.e.,  the  applied 
ijeld  H. 

Let  us  now  include  the  nuclear  spins,''''"'  We  consider 
only  the  nuclei  ol'  the  magnetic  atoms,  as  this  is  enough  to 
illustrate  our  central  point  that  nuclear  spin  dissipation  sup 
presses  tunneling,  llyperline  fields  at  magnetic  atoms’  nuclei 
are  often  ~  100  T.“  'rransf'erred  hyperfinc  fields  at  the  nuclei 
of  nonmtignetic  atoms  and  dipolar  fields  at  nuclei  outside  the 
|)article  are  smaller,  and  their  effect  is  weaker,  although  it 
could  be  included  with  minor  modification  of  the  treatment 
to  follow.  Suppose  there  are  N„  magnetic  nuclei,  each  with 
q)in  I,  and  magnetogyric  ratio  y„ .  It  suffices  to  take  an  iso¬ 
tropic  hyperiine  tensor,  and  to  neglect  the  a|rplied  and  de- 
magneti/ittion  fields. 'I'he  total  interaction  Hamiltonian  tor  ail 
nuclear  .spins  is  Ihen 

U-.Si,  (2.5) 

k 

where  .s*  is  the  atomic  spin  on  the  Ath  atmn,  and  A  is  the 
hyperfine  eoupling,  'I'he  hyperline  field  is  given  by  il„  =  As, 
and  the  nuclear  l.armoi  frequency  is  cij„~Als/t>.  We  will 
rtiily  consider  the  case  of  zero  temperature  (7'=()),  The  i.ssue 
of  how  to  correctly  calculate  '/'t^O  escape  rates  is  not  com¬ 
pletely  clear  to  the  author,  but  if  the  common  pnreedure  of 
finding  the  imaginary  part  of  the  free  energy  is  used,  one  can 
show  that  the  ciumnically  averaged  escape  nite  is  always  less 
thiin  the  rate  in  the  absence  of  di.ssipation.^'^  The  '/'=()  case 
thus  gives  the  maximum  ili.ssipative  suppression  of  the  es¬ 
cape  rate,  and  a  comparison  of  the  exponent  in  this  rate  with 
Ulki,T  also  provides  an  estimate  of  the  crossover  tempera¬ 
ture  between  thermal  activation  and  quantum  tunneling. 

To  calculate  the  rate  1’  with  di.ssipation,  we  ertnsider  an 
initial  state  |i, {—/}),  where  i  is  the  orientation  of  M,  and 
{-/}  indicates  that  Ii=~I  for  all  nuclear  spins.  We  then 
ealeulate  the  (|uantity 

(2.6) 

as  ami  compare  the  result  with  exp(-/?||  I  i\'l2)THi. 

(Note  that  '/'  is  now  a  time,  and  not  the  temperature.)  The 
amplitude  for  the  nuclear  spins  not  to  flip  for  any  given  M 
trajeciory  is  found  to  very  good  approximation  by  perturba¬ 
tion  theory,  turd  the  final  result  is''""’  that  Q{T}  can  be  writ¬ 
ten  entirely  in  terms  of  an  effective  action  5'cff=.S'|,-t-.V,  for 
M,  where  .S’o  is  given  by  Eq,  (2.3),  and 

‘V|[f7J  =  W„  r|)-WA7.)j2 


The  new  rate  I'-'o/,,  exp(-,S'|;'|f),  where  is  the  least 
value  of  .S'jff.  (The  change  in  the  prefactor  in  I'  is  much  less 
important  and  will  be  ignored.)  Eollowing  Refs.  4(b)  and  24. 
wc  define  w  =  aj^,T,  (KT)  —  2e''~z{ii),  and 

(rl,2j  =  (/iw,,/4f7),S;,|,[ff(T)j.  (2.8) 

The  problem  is  characterized  by  two  dimensionless  param¬ 
eters,  given  by 

(2.6) 

in  terms  of  which,  we  can  write 


(7«(i‘-l-c“  — z'*)  + 


?// 


Xc  "I"  '‘'\liidu'. 


(2.10) 


We  shall  denote  the  minimum  value  of  (t\z\  by  h(/j.,y). 
Thus,  without  dissipation,  /)-4/3,  and  the  bounce,  or  best 
trajectory,  is  z-.sech  u,  'faking  1-100  T,  and  lo'" 
s  wc  get  r/~0.()!-l.  To  estimate  /x,  let  us  take  e  -10 
and  h(Oi,IU~\l5  (any  smaller  value  would  lead  to  a  very 
sntail  hare  tunneling  rale).  If  the  magnetic  nucleus  has  a  high 
abundance,  so  that  we  get  fi'iU),  If,  on  the 

other  hand,  A'„/;V"-10  as  is  the  case  for  natural  isotopic 
mixtures  of  Ee  and  Ni,  /r—O.I 

I  Before  minimizing  liq.  (2. 10),  we  address  a  recent  opin¬ 
ion  by  Chudnovsky'^'"’  staling  that  nuclear  spin  dissipation 
can  largely  be  ignored.  I'or  weak  m’  moderate  dissipation,  the 
relevant  combination  of  fi  tind  ?/  turns  out  to  be  /A7//2,  which 
as  wc  can  see  from  above  can  be  of  trrder  unity  in  many 
cases.  Chudnovsky  rewrites  /.rr//2==/i/,^///,.t,  where  Iti,^  is  the 
field  at  the  atomic  moments  due  to  the  nuclei.  As 
/;y,|///,.~l()  ’  for  systems  witli  high  abundance  of  magnetic 
nuclei,  a  value  of  order  unity  for  /iti/2  cun  arise  only  if 
€^0,01,  a  condition  which  is  thought  to  be  not  realistic  by 
Chudnovsky.  We  have  shown  earlier,  however,  that  small 
values  of  e  are  compelled  upon  us  by  the  need  to  have 
.S'„<30.  Since  the  second  term  in  Eq.  (2.10)  is  positive,  we 
see  that  the  WKI3  exponent  is  always  increased  by 
dissipation — in  fact,  is  a  monolonieally  increasing 

function  of  fi — the  restrictions  on  e  apply  with  even  greater 
force.  Far  from  being  unrealistic,  small  values  of  e  are  a 
necessary  precondition  for  observing  MOT] 

I'lie  Eulcr-Lagrirrtge  cqir.rtion  for  the  least  actiorr  trajec¬ 


tory  ts 

(hr 


2  ^ 

y=z-2z^+  j  I  z(r<)-z(tr' )  jc 


(2.11) 


Xc  ‘"''<^<’l(Jr,(/T,.  (2.7) 

Note  thirt  this  effective  action  would  also  be  given  by  a  bath 
of  harmonic  oscillators,  with  a  spectral  density 

(o„).  This  illustrates  the  Caldeira-lxggcit 
argunient"  that  as  lorrg  as  any  one  bath  degree  of  freedom  is 
weakly  perturbed,  the  bath  can  be  regarded  as  a  collection  of 
hanrtonic  oscillators  for  understanding  the  dynamics  of  the 
system.  We  shall  see  that  thrs  description  of  the  nuclear 
breaks  dowrr  completely  for  the  case  of  MC.)C. 


and  the  boundary  corrditions  are  zfrr)— ‘d  as  rr  Denot¬ 

ing  Fururicr  Irattsforms  by  tildes,  Ikp  (2.11)  ertrr  be  rewritten 
in  the  frequency  dmnain  as 

i'(or)  =  2?^(a.)6'(w),  (2.12) 


n  M-V  w- 

(l  (  W)  -  1  +  W-  l-  - - T - 1 

2  (o~+  rj” 


Note  that  z’fw)  -f-  z'.  The  inverse  Fourier  transform  of  Imp 
(2.12)  gives 
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I'lCi.  2.  Miilllpliciilivc  ilissipiitivc  coricctiuii  lo  llii;  WKU  iix|)()iiciit  (suliil 
lilies),  iiiiil  upper  boiiiul  I'rom  Kef.  17(b)  (iliislicd  lines). 


0  5  10  15  20 


I'lG.  .7,  Mliximuin  cxtiirsioii  of  Ihe  bounce  wilh  ilissipiilion 


Z{u)  = 


=  s 


:\u')Rje  "'Iriir', 


{2.14) 


where 

/Ji- '(1+  hd.r/1-  T)+ii(H- 

In  u  large  interesting  part  of  parameter  space,  we  have  r/^  1, 
but  ixr]  is  arbitrary,  In  this  limit,  to  leading  order  in  t]  we 
liave 


(2,16) 


f3  ^  » 

R 'i  R^vhil,  R  -^U,,, 

where  M/,  =  (H-/ftr//2) '  From  Fqs,  (2,14)"(2.16)  we  see 
that  z(u)  varies  on  two  quite  different  time  .scales.  T'he  short 
time  scale  /3['‘  and  associated  amplitude  (which  is  governed 
by  R  ,)  are  botli  of  order  unity.  Tire  long  time  scale  diverges 
as  but  tile  amplitude,  whicli  is  governed  by  R  ,  is 

0(r/).  In  fact  we  can  show  that  asymptotically,  as  h  >», 


0=2/?,.  (  r'^((()cosh(/?  ,  w)4w. 

Jit 


(2.17) 


The  integral  is  clearly  convergent  and  of  order  unity.  The 
approxiniati'Ui  B  of  Ref.  15(a)  is  obtained  by  simply  neglect¬ 
ing  the  R ,  term  in  Eq.  (2,14),  and  using  Eq.  (2.16)  for  R  . 
and  (i.  . 

To  solve  for  z{u)  numerically,  we  iterate  Eq.  (2.14). 
[This  is  better  than  iterating  Eq.  (2,12),  as  ?(w)  entails  a 
double  integral.]  As  noted  by  Chang  and  Chakravarty,^'*  liow- 
cver,  one  must  beware  of  a  dangerous  relevant  direction  in 
this  iteration,  but  this  can  be  efficiently  eliminated  following 
their  procedure.  At  the  nth  iteration,  we  insert  the  solution 
:r„(i()  on  the  right-hand  side  of  Eq.  (2.14)  and  multiply  it  by 
a  parameter  X„  to  get  z,, ,  |(u).  The  only  difference  with  Ref. 
24  is  that  we  must  choo.se  \„n=X„4'  \  where 
I  |(())/2„(()).  Once  the  pair  |Xy,2y(iO]  has  converged, 
we  scale  to  X  =  1  via  the  equation  z(u)  =  X]'‘z^(«). 


In  Fig,  2  we  show  the  calculated  multiplicative  correc¬ 
tion  to  the  nondi.ssipative  action  [,S'AV()  =  3/>(/x,77)/4].  The 
dashed  lines  are  tlic  upper  bounds  from  tlie  method  of  Ref. 
17(b).  In  Fig.  3,  we  plot  the  maximum  value  2(0),  which, 
multiplied  by  gives  the  typical  exit  angle  with  dissipa¬ 
tion.  By  choosing  differenl  meshes  for  integrating  Eq.  (2,14) 
and  differenl  points  beyond  whieh  the  asymptotic  form 
(2,17)  is  employed,  we  estimate  that  our  numerics  are  accu¬ 
rate  to  about  1%. 

As  an  illustration,  for  Ai=10  and  r/=().l,  .S7.S’,,“1,65,  and 
so  if  ,V(//i  were  25,  the  escape  rate  would  be  reduced  by  the 
ratlier  large  factor  of  10  In  the  author’s  opinion,  (he  best 
hope  for  .seeing  MQT  lies  in  using  material.s — natural  or  iso- 
topieally  enriched — witli  few  nuclear  moments,  for  wltich 
/2,-4).l.  If  /ir/<ll,  a  u.seful  formula  is  5’AS',)=«1 +3ya7j/4. 


III.  NUCLEAR  SPINS  AND  MQC 

The  setup  for  MQC''''*'’’  is  the  same  as  that  for  MQT, 
except  that  now  tliere  is  no  external  Held.  In  other  words,  we 
consider  an  isolated,  insulating,  ferro-  or  antiferromagnetic 
(I'M  or  Al'M)  particle  at  nearly  zero  temperature,  with 
/V,,:Sl()''  atomic  moments.  Suppose  anisotropy  (crystal  and/or 
shape)  creates  an  easy  direction  for  M  or  the  Neel  vector  /.  If 
there  are  no  external  lieltls,  lime  reversal  invariance  ensures 
that  the  opposite  direction  is  also  easy,  and  resonance  be¬ 
tween  these  directions  then  becomes  a  possibility.  We  look  at 
this  phenomenon  in  this  section. 

The  tunnel  splitting  A  for  a  potential  such  as  that  labeled 
MQC  in  Fig.  1  is  generically  given  in  terms  of  the  barrier 
height  U  and  the  small  oscillation  liec|uency  (i)||  by  a  WKB 
formula  like  that  for  the  escape  rate:  A—Ziti),,  exp(  — cU/ZiWo), 
Since  or,,  for  AFM  resonance  is  generally  higher  than  that  for 
FM  resonance,  we  will  get  bigger  A’s  with  AFM  particles." 
We  will  therefore  couch  our  discussion  in  terms  of  AFM 
particles,  although  it  can  be  trivially  altered  to  fit  the  FM 
case.  A  significant  point,  ,is  noted  by  Barbara  and 
Chudnovsky,""”  is  that  in  the  AFM  case,  due  lo  finileness  of 
the  particle,  the  number  of  spins  on  the  two  siiblalliccs  (in 
the  simplest  case)  will  not  be  equal,  and  the  particle  will 
have  a  net  moment  M.  We  expect  M  to  follow  /  adiabati- 
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cally,  and  MQC  could  be  detected  by  measuring  the  ac  sus¬ 
ceptibility  which  is  related  by  standard  formulas  to  the 
correlation  function 

C(/)  =  (M(r).M(0))  =  M5</(f)./(())).  (3.1) 

As  noted  in  Sec.  I,  Awschalom  el  al.'^  claim  to  have 
seen  just  such  MQC  in  particles  of  ferritin,  an  iron  storage 
protein^''  in  the  form  of  a  hollow  shell  of  75  A  inner  diam¬ 
eter,  that  can  be  filled  with  an  inorganic  compound  close  in 
cemposition  and  structure  to  ferrihydritc  or  hydrated 
o-FciOi.  This  core  is  believed  to  be  antiferromagnetic,  and 
Awschalom  cl  al.  ascribe  the  peak  in  their  y'  to  resonance  of 
the  Neel  vector.  Some  relevant  parameters  as  given  by  them 
are  as  follows:  The  sample  has  =  OOO  ferritin  particles, 
each  containing  A/,, =4500  Fc'^  ‘  ions,  of  which  43  arc  un¬ 
compensated,  giving  M(|=|M|=217  yu,/;.  At  T=2^).5  mK,  the 
resonance  frequency  is  u^=A/li  =  94()  Hz,  the  peak  suscep¬ 
tibility  y'(r',)  =  3.8X10  "  emu/G,  the  full  width  at  half 
maximum  intensity  (FWHM)  is  ^  0  kHz,  and  the  ac  field 
used  to  see  the  resonance  is  //„<^^=10  G. 

We  consider  a  two-sublatlice  uniaxially  anisotropic  anti¬ 
ferromagnetic  particle  with  /V,,  atomic  moments  or  .spins, 
each  of  magnitude  s.  Denoting  the  spin  directions  on  the 
sublattices  by  unit  vectors  A]  and  i^,  we  have  the  obvious 
hamiltonian"’'’’'^'’'” 

=7 n I  ■  -K(n]^  +  , ) ,  (3.2) 

where  J>K>().  (We  will  use  the  subscripts  e  and  n  to  de¬ 
note  electronic  and  nuclear  spin  quantities.)  By  integrating 
out''*'’’  Mo«(n|+n2)  we  get  the  following  Euclidean  action 
for  /: 


r 

Wr)]=~f  J  (^^  +  sin'  (f<^2)  +  2K 


sin^  0,  (3.3) 


where  (fund  <l>  are  the  polar  angles  of  /.  Standard  instanton  or 
WKB  methods"'^'’  give  the  tunnel  splitting  as 
A„=(/i.w,,/7r)c  ”,  where  (d^,-4{JK)^'^IN,.s  is  the  AFM 
re.sonance  frequency,  and  is  the  action  for 

one  instanton.  Note  that  w,,  '  is  the  instanton  width  or  the 
“time  spent  under  the  barrier."  For  typical  values  of,/  and  K, 
0)^277'' It)"- 1  o' ■'  Hz.  Even  for  a  weak  ferromagnet  such  as 
cr-Fc^Oi,  a),,/27r'-10  GHz.  Because  the  WKB  exponent 
B “  Af,. ,  A  will  be  unlikely  to  exceed  a  few  MHz  if  A'j.tsSOOO. 

Next,  as  in  Sec.  II,  let  ;V„  of  the  magnetic  ions  have 
magnetic  nuclei.  The  total  interaction  Hamiltonian  is  the 
same  as  Eq.  (2.5): 


I 


For  simplicity  we  consider  only  /  =  l/2.  For  ferritin,  the  rel¬ 
evant  nucleus  is  '’Fc,  /  fv  1/2,  and  Mdssbaucr  data"'  give  a 
hyperfine  field  of  50  T,  a  typical  value  for  magnetic  ions."" 
This  yields  cc„  =  As/fi  =[2TT)(i8.5  MHz.  We  thus  have  three 
well  separated  frequency  scales  in  the  problem: 
(Ui,>  AJh. 

Because  ,  the  nuclear  spins  are  essentially  static 

during  the  time  it  lakes  for  /  to  tunnel,  and  they  act  almo.st 
like  a  c-number  external  field.  If  we  map  our  system  onto  an 


equivalent  pseudospin  1/2,  with  the  states  |/||±i)— >1±),  Hq, 
(3.2)  becomes  the  tunneling  term  A,|(r, .  Equation  (3.41  is 
equivalent  to  a  magnetic  field  along  the  2  axis  proportional  to 
the  nuclear  polarization  /;  =  where  =  ±  1  depend¬ 

ing  on  the  sublatticc,  and  the  total  Hamiltonian  becomes 

.  z?',,  =  A  0  (7  /  2  -  /i  co„/7  tr ,  /  2 .  (3.5) 

Since  <u„^A|,  and  since  p  changes  in  steps  of  unity,  it  fol¬ 
lows  that  there  is  negligible  mixing  between  |  +  )  and  |  — ) 
unless  /;  =  ().  To  put  it  another  way,  suppose  /;A()  and  /l|z 
initially.  If  /  were  to  now  switch  to  -z,  Eq.  (3,4)  implies  that 
the  energy  of  the  nuclei  (and  hence  the  total  system)  would 
change  by  A.v/;  =  /r/;  A,, .  Since  resonance  occurs  only 

between  nearly  degenerate  states,  we  must  have  p-{). 

Thus,  unlike  an  ohmic  bath,  the  main  effect  of  nuclear 
.spins  is  not  to  renormalize  A,).  Instead,  the  amplitude  of  C(() 
is  reduced  from  its  non  dissipative  value  (which  we  shall 
calculate  below)  by  J\),  the  probability  for  having  /;  =  (): 

/,i  =  (27rA'„)  '^"1  cosh(/i!/iw„/2)j  (3.()) 


where  p-MkijT.  Since  /„  decreases  rapidly  with  increasing 
N„,  it  pays  to  work  with  an  element  with  almost  no  nuclear 
magnetism.  For  ferritin,  although  the  abundance  of  '^Fe  is 
2.25%,  giving  A(„=l()l,  we  get  /„=(). 034  at  20.5  mK  and 
tu„/y„  =  5()  T. 

To  include  relaxation  we  argue  that  coherence  will  per¬ 
sist  from  time  0  to  time  r  only  if  there  are  no  nuclear  7'| 
proecs.ses  in  this  interval.  If  the  7',  time  for  one  nuclear  spin 
is  T\„,  C'(l)  will  decay  as  the  probability  for  no  7j  pro- 
cc.s.se.s,  i.e.,  as  exp( - r/A/„'r|,|).  With  /V,|=l(l(),  7'|,|  must  be 
of  order  a  few  seconds  for  the  resonance  to  be  observable, 

[What  about  a  state  with  p^O?  .Such  a  stale  can  resonate 
only  if  at  least  p  nuclear  spins  flip  along  with  /.  The  fre¬ 
quency  for  this  can  be  shown''"”  to  be  of  order 

resonance  also  decays  as 
exp(-r//'/„7'i„),  so  most  of  the  .spectral  weight  in  x"  's 
.shifted  into  a  broad  background  near  w=().  l 

We  now  find  x"  t>"d  the  resonant  power  absorption.  As 
tlie  ac  field  |H,n.(0j'^//„ ,  the  anisotropy  field,  it  cuniK)l  cause 
direct  |  +  )‘-*|— )  transitions.  Instead  it  shifts  the  |;f;)  energies 
by  +  M(|/7fn(().  Adding  a  perturbation  term  -  JWf,/Yf,,.(i)i)\ 
to  Eq.  (3.5)  we  obtain  a  standard  NMR  Hamiltonian.  Intro¬ 
ducing  7'i  and  /  t  for  the  MQC  resonance  itself  (note  that 
7'|  A  /')„),  and  including  the  nuclear  polarization  reduction 
factor,  we  get 


A'"(  or) 


^A 

rr 


Mf,T: 

1  -I- (AT.)-’ 


(3.7) 


where  A  is  the  detuning. 

From  Kef.  18  (see  especially  the  erratum),  we  have  the 
actual  power  absorption  as  7rn,y"(  n,.)//.';^,=  1 . 1  X  10  W. 
On  the  other  hand,  Pkj.  (3.7)  predicts  a  peak  power  of 
7.1X10  W,  1500  times  loo  small.  In  fact,  we  have  over¬ 
estimated  the  expected  signal  size.  First,  there  is  randomness 
in  the  angle  between  11.,^,  and  M’s  of  different  ferritin  grains. 
Then,  there  are  A/ ^,=800(1  protons  per  ferritin.  If  wc  take  the 
local  field  at  the  protrrns  to  be  about  100  G,  which  is  not 
unreasonable,  the  Zeeman  splitting  is  0,43  Mllz,  not  .so  dif¬ 
ferent  from  I',..  Hence,  the  net  proton  spin  irolarization  must 
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also  be  quite  small  I'or  MQC  to  occur,  which  reduces  x 
further.  [The  reduction  factor  is  1  l(27rN^,)  if  wc 

assume  that  states  dilTeriiig  in  energy  by  less  Ilian  2A  can 
mi.\,  which  implies  that  the  proton  polarization  must  be  less 
than  5.]  There  are  simply  not  enough  two-level  .systems  in 
the  MOC  interpretation  of  the  data  ir  Ref.  Ui  to  give  the 
large  tibsorption  seen.  A  microscopic  interpretation  would 
not  suffer  from  this  problem,  and  seeir.s  less  remote  to  the 
author.''* 
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Evidence  for  quantum  mesoscopic  tunneling  In  rare-earth  layers 

M.  J.  O'Shea  and  P.  Perera 

Dcpurimcnt  of  Physics,  Conlwell  Hall,  Kansas  Slate  Uiiiversily,  Manhallan,  Kansas  6(>S0(>-26()I 

vVi;  report  on  finite  size  effects  a"'i  evidence  for  quiintum  mesoscopic  tunneling  (OMT)  in  thin 
isolated  rare-earth  layers  prepared  in  the  form  of  R/Mo  multilayers  where  R  represents  Th,  Dy,  or 
DysoCos,,.  The  magnetic  transition  temperature  T,.  decreases  with  decreasing  magnetic  layer 
thickness  and  is  discussed  within  a  finite  size  scaling  theory.  Evidence  for  QMT  is  found  in 
magnetic  relaxation  measurements  in  these  systems  with  a  sharp  crossover  to  a 
temperature-independent  magnetic  relaxation  regime  at  low  temperatures.  The  Tb  system  has  a 
crossover  temperature  7’,,  of  20  K,  the  largest  value  reported  so  far  for  this  crossover. 


When  magnetic  materials  are  prepared  with  one  or  more 
dimensions  close  to  atomic  dimensions,  their  properties  are 
significantly  modified  by  finite  size  effects  and  effects  asso¬ 
ciated  with  their  interface.  New  phenomena,  not  seen  in  the 
bulk,  may  also  appear.  In  this  work  we  discuss  the  properties 
of  ultrathin  rare-earth  based  layers  and  will  show  (i)  that  the 
transition  temperature  7’,.  is  depressed  in  thin  layers  due  to 
finite  size  effects''^  and  (iil  that  there  is  evidence  for  quan¬ 
tum  mesoscopic  tunneling'^  via  magnetic  relaxation  measure¬ 
ments.  This  latter  phenomenon  is  the  subject  of  much  current 
research^''*  and  we  find  a  crossover  temperature  T",),  below 
which  the  magnetic  viscosity  is  tempeiature  independent,  of 
20  K  for  the  Tb  system.  This  is  the  highest  crossover  tem¬ 
perature  reported  so  far. 

The  systems  we  rejtort  on  here  are  of  the  form  R{d 
nm)/Mo  (18  nm)  with  at  least  five  bilayers  and  are  prepared 
by  sputtering.  R  .represents  Dy,  Dy^nCo,,,,  or  Tb.  Ooih  Tlr 
and  Dy  arc  ferromagnetically  ordered  at  low  temperatures,'' 
while  DyjoCoso  is  ferrimagnetically  ordered.'’  The  Mo  layer 
is  thick  enough  that  no  interactions  can  occur  between  neigh¬ 
boring  rare-earth  layers  so  that  they  are  magnetically  iso¬ 
lated.  We  have  previously  reported  on  the  magnetic  ani.sot- 
ropy  associated  with  the  interface  in  some  of  these  systems.’ 
Examples  of  x-ray  diffractometers  using  Cu  Ka:  radiation  at 
small  angles  and  large  angles  are  shown  in  Fig.  1  for  selected 
L)y/Ivlo  multilayers.  A  thinner  Mo  layer  is  used  for  the  small  • 
angle  diffraction  measurement  so  that  the  small-angle 
maxima  associated  with  the  bilaycr  spacing  nitty  be  seen. 
The  Dy  layers  are  polycrysttilline  as  can  be  seen  from  the 
presence  of  all  the  significant  large  angle  peaks  associated 
with  the  Dy  hexagonal  structure  (peaks  in  the  range  28°- 
36°l.  The  peak  at  41°  is  associated  with  the  Mo  body  cen¬ 
tered  cubic  structure.  For  Dy  layer  thickness  below  about  .'^0 
mil  the  crystalline  peaks  associated  with  hexagonal  Dy  be- 
coiiie  broiid  indicating  structural  disorder  within  the  layer. 
The  x-ray  diffractograms  for  the  Tb  and  DysuCoso  systems 
confirm  that  they  are  also  layered.  While  the  inlralaycr  struc- 
iure  in  Th  is  nolycrvstai.lne  like  Dy,  the  intralayer  structure 
for  the  Dy,;,/ ’o-,||  ,  ,tem  is  amorphous  tor  all  layer  thick¬ 
nesses  v'illi  only  a  broad  maxiniuni  in  the  x  ray  diffracio 
gram  ■  'arge  angles. 

Figii.e  2  shows  field-cooled  (FC)  and  /.ero-tield-cooled 
(7.1  (  ')  magnetizations  for  selecteil  samples  from  the  Dy  se¬ 
ries  measured  with  increasing  temperatme.  The  applied  lield 
in  the  plane  ol  the  multilayer  so  tlnit  demagnetization  ef¬ 


fects  are  negligible.  The  value  of  7',.,  the  niiignetic  transition  i 

temperature,  is  estimated  from  the  initial  rise  in  magnetiza¬ 
tion.  A  Curie- Weiss  plot  is  shown  as  an  inset  in  Fig.  2  and 
the  Curie-Weiss  temperature  7\.,„  is  determined  by  extrapo¬ 
lating  the  high-temperature  linear  portion  of  the  plot  to  the  ; 

temperature  axis.  Both  7j.  and  7'^.^,,  agree  within  experimental  , 

error  with  the  bulk  values  for  Dy.  Figure  ?>  shows  a  plot  of  7',. 
versus  Dy  layer  thickness.  7,.  shows  a  gradual  decrease  with  i 

decreasing  layer  thickness  and  at  about  10  nm  decreases  j 

more  rapidly.  For  systems  with  no  anisotropy,  7',.  should  go  t 

to  zero  in  the  2-d  limit  since  it  has  been  shown  that  no 
magnetic  ordering  exists  for  a  2-d  Heisenberg  system  of 
spins.*'  Inclusion  of  ani.sotropy  modifies  this  result  and  allows 
magnetic  ordering  to  occur  in  2-d.‘*  It  is  expected  from  finite  ' 
size  scaling  argumeids  that  as  the  thiekne.ss  of  a  magnetic 
layer  is  reduced,  its  transition  temperature  7<.  should  show  a 
reduction.'  .Such  effects  httve  been  seen  in  some  transition 
metal  thin-film  systems.’  The  dependence  of  7’,,  on  film 
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FIG.  2.  Ficld-coolccl  (FC)  and  zcro-field-coolcd  (ZFC)  magnctiziition.s  in  an 
applied  field  of  2(K)  Oc  for  selected  samples  from  the  Dy  (</  nm)/Mo  (18 
nm)  multilayer  scries.  The  inset  shows  a  Curie-Weiss  plot.  The  solid  lines 
are  guides  to  the  eye. 


thickness  for  thin  films  is  expected  to  follow  the  finite  size 
scaling  relation^; 

[rc(o°)-7’,(«)]/7V«)-[(«-«')/«(,J-\  (1) 

where  Tcio°)  is  the  bulk  value  of  and  is  the  value  of 
Tc  for  a  film  of  thickness  it  monolayers,  /to  and  «'  are  ini- 
crotscopic  lengths  of  order  the  size  of  a  unit  cell,  and  X  is  an 
exponent  to  be  determined.  This  exponent  can  also  be  calcu¬ 
lated  and  is  —1.5  for  a  thin  film  assuming  Ising  spin.s,'*’  The 
measurement  of  \  serves  as  a  test  of  the  finite  size  model 
used  to  calculate  it.  The  solid  line  of  Fig.  3  represents  a  fit  to 
Eq.  (1)  using  data  with  r/>5  nm  (/i>17).  The  values  of 


Ilf,,  and  It'  are  1.5,  1.2,  and  0.3  nm,  respectively  (assuming  a 
monolayer  is  0.3  nm)  with  error  Irars  of  20%.  The  X  is  in 
agreement  with  the  approximaic  theoretical  prediction.  The 
data  deviate  from  the  fitted  curve  at  small  I  most  likely  be¬ 
cause  the  structure  of  the  layer  changes  from  crystalline  to 
highly  disordered  as  .seen  in  x-ray  diffractograms.  These  fit¬ 
ted  values  are  close  to  those  found  for  transition  metal  based 
thin  layers." 

At  low  enough  temperatures  quantum  tunneling  rather 
than  thermal  excitation  processes  are  predicted  to  dominate 
magnetic  leversal.  This  tunneling  process  is  often  referred  to 
as  quantum  mesoscopic  tunneling  (QMT)  because  tire  num¬ 
ber  of  atomic  moments  coherently  tunneling  is  inferred  to  be 
of  order  10^  in  systems  studied  so  far."*  Magnetic  reversal 
processes  involving  QMT  include  magnetic  reversal  within  a 
single  domain  and  tunneling  of  a  domain  wall  through  a 
pinning  site."  These  processes  are  of  fundamental  interest 
and  are  also  of  practical  interest  since  they  may  be  important 
in  devices  of  nanometer  dimensions. 

In  our  thin  films  we  exoect  that  magnetic  reversal  is 
dominated  by  domain  wall  movemenb  Under  these  circum¬ 
stances  the  measured  rate  of  magnetic  relaxation  when  the 
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FIG.  3.  Mayimtie  ordering  tcnipcralurc  v.s  inagnclic  layer  thickness  for 
the  Dy  Ul  nni)/Mo  (18  nin)  multilayer  series.  I'he  solid  line  rcpresenls  a 
curve  111  using  Liq.  ( 1). 
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F'lCl.  4,  .V(7'),  Ihe  inagnellc  viscosity,  as  a  Itinclion  ol  temperature  lor  (a)  Oy 
(01)  nm)/Mi)  (IK  nni)  and  (h)  Tl)  (77  nin)/lvlo  (IK  nni)  multilayers  lor  a 
nteastiring  Held  of  1(10  Oe.  Tlte  solid  lines  are  guides  to  the  eye.  The  inset 
In  lal  shows  an  example  of  a  logatilliniic  lime  (r)  dependence  ol  inagneli- 
zalion  IM)  at  8  K.  The  solid  line  lepreseiils  a  leasl-sqmires  lit  to  Ihe  diita. 
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applied  field  is  switched  from  one  value  to  another  should  be 
independent  of  temperature  if  domain  wall  motion  occurs  by 
quantum  tunneling.  We  find  that  the  time  dependence  of 
magnetization  can  be  parameterized  accurately  by  a  logarith¬ 
mic  decay  at  short  times  (<2X  lO’ s)  thus 

M(r)  =  Mo[l-5(r)  ln(t)].  (2) 

S{T),  the  magnetic  viscosity,  is  a  measure  of  the  rate  of 
change  of  magnetization.  Both  thermal  relaxation  .uid  tun¬ 
neling  will  contribute  to  S(7').  In  this  experiment  he  sample 
is  field  cooled  to  a  temperature  T  in  an  applied  field  of  lomi 
Oe.  The  applied  field  is  then  switched  to  a  new  value,  in  our 
case  —100  Oe,  and  the  magnetic  relaxation  M{l)  is  mea¬ 
sured. 

The  inset  of  Fig.  4(a)  shows  the  time  dependence  of 
;V/(7')  for  the  Dy  (90  nm)/Mo  (18  nm)  multilayer  at  r=8  K 
and  as  can  be  seen  it  conforms  to  a  logarithmic  dependence 
on  time.  S{T)-{\IM^)dMld  ln(0  is  determined  irom  the 
slope  and  the  solid  line  in  the  insert  of  Fig.  4(a)  is  a  least- 
squares  fit.  Figure  4  shows  the  calculated  S{T)  from  the 
relaxation  measurements  as  a  function  of  temperature  for  a 
Dy  and  a  Tb  multilaypr.  For  the  Dy  multilayer  there  is  a 
cro.ssover  at  6  K  to  a  regime  where  S{T)  is  independent  of 
temperature  within  our  experimental  error.  In  the  case  of  the 
Tb  multilayer  where  we  have  data  over  a  wide  range  of  tem¬ 
peratures  in  the  temperature-independent  regime,  it  can  be 
seen  that  the  croGsover  from  the  temperature  dependent  to 
temperature-independent  region  is  sharp  within  the  accuracy 
of  our  experiment.  This  sharpness,  expected  from  QMT  if 
dissipation  is  not  important,  together  with  the  temperature- 
independent  0’(7’)  is  strong  evidence  in  favor  of  a  QMT  in¬ 
terpretation  of  these  results  in  these  systems. 

There  is  a  large  difference  in  the  crossover  temperatures 
7’()  for  the  Tb  and  the  Dy  system  witli  lb,  at  20  K,  being 
considerably  larger  than  Dy  at  6  K.  We  note  that  while  we 


have  considered  a  QM'f  interpretation  of  these  results,  theo¬ 
retical  estimates  in  the  limit  of  large  anisotropy  predict  T,, 
should  be  proportional  to  the  atomic  moment  and  the  square 
root  of  the  product  of  the  planar  and  c-axis  anisotropy."  For 
Dy  and  lb  the  c-axis  anisotropies  arc  5X10^  and  5.5X10*^ 
ergs/cc,  respectively,  and  the  planar  ani.sotropics  arc  7.5X10'’ 
and  2.4X  lO'’  crg.s/cc,  respectively.'’  Since  the  magnetic  mo¬ 
ments  of  Tb  and  Dy  are  within  8%  of  each  other  this  simple 
model  suggests  that  Dy  should  have  a  higher  7’,|  and  Tb  and 
so  is  unable  to  explain  the  large  value  of  7’(,  for  Tb  compared 
to  Dy.  We  arc  currently  preparing  other  anisotropic  elemental 
rare  earths  in  layer  form  to  determine  if  any  correlation  exists 
between  the  microscopic  magnetic  anisotropy  and  the  mea¬ 
sured  T",,. 
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Bloch  states  of  a  Bloch  wall 


Hans-Benjamin  Braun  and  Daniel  Loss 

Department  of  Physics,  Simon  Fraser  University,  Burnaby,  British  Columbia  VSA  ISO,  Canada 

Bloch  walls  in  mesoscopic  fcrroiriagiicis  can  tunnel  between  periodically  arranged  pinning  sites 
leading  to  a  Bloch  band.  The  quantum  spin  pliasc  gives  rise  to  a  spin  parity  dependent  shift  in  the 
dispersion.  Static  external  magnetic  lields  induce  magnetization  oscillations  and  provide  a  magnetic 
analogue  of  the  Josephson  effect. 


The  possibility  of  macroscopic  quantum  tunneling  in 
small  magnetic  particle  has  attracted  much  interest  both 
theoretically'’^  and  experimentally.  Susceptibility 
measurements''  on  small  antiferiomagnetic  gr:  ins  of  diam¬ 
eter  --70  A  have  shown  coherent  quantum  tunneling  of  the 
sublattice  magnetization  through  an  anisotropy  barrier.  On 
the  other  hand,  ferromagnetic  domain  walls  exhibit  a  high 
mobility  and  low  coercivities,  facts  that  renders  them  suit¬ 
able  candidates  for  di.splaying  macroscopic  quantum  phe¬ 
nomena  (MQP).  It  has  been  proposed'^  that  domain  walls  can 
collectively  tunnel  out  of  a  single  pinning  potential  by  apply¬ 
ing  an  external  magnetic  field. 

In  this  paper  we  focus  on  another  possible  manifestation 
of  MQP:  the  coherent  tunneling  of  a  Bloch  wall  between 
periodically  arranged  pinning  centers  in  an  insulating  ferro- 
inagnet.  Such  pinning  centers  fau  be  caused  by  the  discrete¬ 
ness  of  the  lattice  itself  or  by  i  magnetic  superlatticc  created, 
e.g,,  by  ion  substitution.  We  show  that  there  is  a  finite  tun¬ 
neling  probability  of  the  Bloch  wall  between  pinning  sites 
and  that,  as  a  result,  the  low-energy  states  will  form  a  Bloch 
band.  The  topological  term  gives  rise  to  a  shift  in  the  band 
structure  depending  on  spin  quantum  number  and  pinning 
separation.  We  determine  the  bandwidth  and  show  that  the 
decohering  effect  of  the  spin  waves  is  negligible  below  100 
niK  for  typical  material  parameters.  In  addition  we  demon¬ 
strate  that  a  constant  magnetic  field  induces  magnetization 
oscillations  in  analogy  to  Bloch  oscillations  of  a  Bloch  elec¬ 
tron  in  a  uniform  electric  field.  This  “magnetic  Josephson 
effect”  does  not  have  a  classical  counterpart  and  thus  pro¬ 
vides  a  unique  signature  of  macroscopic  quantum  coherence. 
To  observe  domain  wall  tunneling,  the  wall  area  has  to  be 
small.  Thus  we  consider  elongated  particles  (or  ferromag¬ 
netic  “wires”)  of  length  L  with  a  cross-sectional  area  of 
about  100  nm^.  For  these  lateral  dimensions  and  at  tempera¬ 
tures  of  interest,  transverse  spin  waves  are  completely  frozen 
out  and  the  system  behaves  effectively  onc-dimen.sional. 

Consider  a  Heisenberg  Hamiltonian  with  anisotropies  on 
a  simple  cubic  lattice  with  lattice  constant  a 

(S>;y^+k,^  isjf,  (i) 

('.;■>  I  i 

where  S,  is  the  spin  operator  at  the  ;th  lattice  site.  The  lirst 
term  describes  nearest-neighbor  interaction  with  exchange 
constant  the  next  terms  rcincsents  easy-  and  hard-axis 
anisotropies  with  constants  /C.> /s' ,.>().  For  thin  long  slabs 
of  materials  like  YIG,  originates  from  shape  imisolropy. 
For  the  ID  approximation  to  hold,  the  sample  should  have 
lateral  dimensions  smaller  than  the  minimal  length  sertie 


(/[.//A.) Next,  we  introduce  coherent  spin  states  defined 
by  where  S  is  the  spin  quantum  number 

(units  such  that  ti=\)  and  fl  =  (sin //cos  </),  sin //sin  (/>, 
cos  //)  is  a  vector  on  the  unit  sphere. 

To  find  the  tunneling  rate  it  is  appropriate  to  constder  the 
intaginary  time  transition  amplitude  between  two  coherent 
state  configurations  exprer.sed  as  a  path  integral, 

'ytP'y(cos  o]c  (2) 

The  Euclidean  action  is  given  by 


rp  rui 

.S’ 

r/r  dx 

(A/j  —  dr4>(.^  -  COS 

J  (1  J  Z./2 

<1 

and  contains  the  energy  density 

.>'=/V^{/[siir  9(d,tl>)-+{rl,0)-] 

-/<ly[sin'’  6  sin*  4?-  I  jT/Vj  cos"  9},  (4) 

where  J=Js^a,  Ky  ;.  =  Ky  ^S^^/a,  The  first  term  in  the  inte¬ 
grand  of  Eq.  (3)  arises  from  the  overlap  of  the  coherent  spin 
states  at  adjacent  imaginary  time  steps.  For  a  single  spin  and 
for  closed  trajectories  it  has  the  form  of  a  Berry  pha.se.  Tb.e 
term  «  cos  (?(7//>  together  vzith  the  energy  density  repro¬ 
duces  in  saddle  point  approximation  SS/.  —i)  the  micromag- 
nctic  Landau-Lifsnitz  equations.  According  to  our  micro¬ 
scopic  derivation,  there  is  an  additional  term  5Cf/^(/^  which,  as 
a  total  derivative,  does  not  affect  ttic  classical  equations  of 
motion.  However,  in  quantum  mechanics  all  paths  contribute 
to  the  tran.sition  amplitude  Eq.  (2)  and  therefore  this  term  can 
lead  lo  interference  effects." 

■I'hc  Bloch  wall 

r/>,,(-v)=-7r/2-f2  tan  '(c'-/'''),  (5) 

is  confined  to  the  easy-plane  0=v/2  and  is  a  solution  of 
AS' /.;•=()  which  connects  two  different  easy-axis  anisotropy 
minima  within  the  wall  width  A  =  \il/Ky.  It  is  degenerate 
with  all  Bloch  walls  —  that  arise  by  a  rigid  transla¬ 
tion  by  A"  which  have  the  energy  F,,  =  4iV,,i 

We  now  focus  on  the  decohering  influence  of  the  spin 
waves  on  the  motion  of  the  domain  wall.  A  moving  Bloch 
wall  induces  scattering  between  the  spin  wave  states  and  thus 
al'feels  the  quantum  coherence  of  the  system.  To  investigate 
this  effect  quantitatively,  we  can  introduce  small  fluctuations 
around  the  moving  Bloch  wall  and  construct  an  effective 
action  for  the  Bloch  wall  position  X.  i'or  simplicity  and  since 
the  hard-axi.s  anisotropy  is  large  in  high-purity  mateiial.s  such 
as  YKi,  we  first  eliminate  the  out  of  easy-plane  degree  of 
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freedom.  Expanding  Eq.  (3)  to  second  order  in  p 
r^cos  (?-Tr/2  and  performing  the  resulting  Gaussian  inte¬ 
grals,  the  transition  amplitude  Eq.  (2)  takes  the  form 
/t/</iexp{“SsQ}  with  the  sine-Gordon  [SG)  action 


drdx 

+  Ky  cos^  <p 


i  —  d  K{d 


(6) 


including  a  topological  term  v-d^d).  The  elimination  of  the  out 
of  easy-plane  fluctuations  gives  rise  to  the  kinetic  term 
with  K—-S^/{AK,a").  The  action  of  Eq.  (6)  correctly 
reproduces  the  long-wavelength  excitations  of  (3)  to  or¬ 
der  t^(KylK^).  The  “velocity  of  light”  c  =  \[j/k  in  the  SG 
model  is  the  asymptotic  spin  wave  velocity. 

Spin  wave  fluctuations  around  the  Bloch  wall  Eq.  {5) 
(which  al.so  satisfies  are  described  by 


0(x,  x)  0,|(.v  -  A')  +  (p{.\  -  AT,  x). 


(7) 


ing  kernel.  In  this  case  damping  leads  to  a  small  renormal¬ 
ization  of  the  During  mass  of  the  order  ()( 1//V,^.S')  and  shall 
therefore  be  neglected  henceforth. 

We  now  turn  to  the  tunneling  of  a  Bloch  wall  in  a  peri¬ 
odic  array  of  pinning  sites  with  distance  d  that  is  assumed  to 
be  an  integral  multiple  of «.  Such  pinning  sites  can  be  incor¬ 
porated  into  the  action  (6)  by  substituting  Ky  with  the  term 
Ky  — Ki,'£„S(x  -  ltd).  If  the  domain  wall  center  (at  which  the 
easy-axis  anisotropy  is  maximally  frustrated)  coincides  with 
one  of  these  pinning  sites,  the  energy  will  be  lowered  and  the 
domain  wall  becomes  pinned.  I'hen  inserting  Eq.  (7)  with 
Eq.  (5)  into  this  new  action  and  assuming  that  d<S,  we 
recognize  that  pinning  can  be  described  by  adding  the  poten¬ 
tial  2V„/</x  sin"{xrA'/c/)  to  Eq.  (8).  The  resulting  action  is 
now  equivalent  to  the  action  of  a  single  particle  in  a  periodic 
potential,  e.g.,  like  an  electron  in  it  crystal  potential.  The 
topological  term  then  plays  the  role  of  the  electromagnetic 
gauge  potential.  Performing  an  instanton  calculation'*  we  can 
then  extract  the  dispersion  relation  for  Bloch  wall  states 

c(^)=-A/2  coii(kd+  TrSN^^d/a),  (9) 


iilere  A  (x)  represents  the  instantaneous  position  of  the  Bloch 
wall.  Since  a  rigid  translation  of  the  Bloch  wall  is  already 
described  by  the  coordinate  X  in  the  first  term  on  the  rhs  of 
Eq.  (7),  the  spin  waves  tp  do  not  contain  the  zero  energy 
“Goldstone  mode”  ddijdx.  Maintaining  this  constraint,  Eq. 
(7)  can  be  inserted  into  5^0  ai'd  the  transition  amplitude 
exp{-,S'so}  can  be  brought  to  a  form  with  X  and  tp  as 
independent  variables.  Note  that  this  constraint  gives  rise  to 
a  nontrivial  Eaddeev-Popov  determinant,  which,  however, 
leads  to  a  correction  of  order  0(1/A'^,V),"  In  contrast  to  the 
standard  Caldeira-Leggclt  model  which  contains  a  coupling 
which  is  lineal  in  both  the  system  and  environment  variables, 
the  coupling  occurs  here  to  second  order  in  the  spin  wave 
amplitudes  Nevertheless,  we  can  eliminate  the  spin  waves’* 
and  obtatn  the  following  effective  action  for  the  Bloch  wall 
coordiratc 

+  -  f  r/rf  r/(x/f(x-(x)[A(x)-A((r)|“.  (8) 

2  J  0  J II 

The  first  term  is  the  topological  term  while  the  second  term 
is  the  kinetic  energy  of  the  Bloch  wall  where  M  =  4^/y^K/S  is 
the  Dciring  ma.ss.  The  third  teini  is  the  damping  tcuii  due  to 
the  .scattering  of  spin  waves.  Eor  low  temperatures,  the 
damping  kernel  takes  the  Caldeira-Leggclt  form 
K(T)  =  (l/7^)f|’^da)J((D)DJr)  with  D,„(x)  =  c  The 
spectral  function  is  given  by  J(a))  -  ( cu/2(5c)(")((o 

-  2c/ S)  {2c/ S)^'  and  reflects  the  anisotropy  gap  of  the 
spin  wave  excitations.  Thii.i  the  damping  effect  of  the  spin 
waves  can  indeed  be  treated  within  a  Galdeira-lxggett 
model  although  the  underlying  microscopic  couirling  in¬ 
volves  term  which  is  second  order  in  the  magnons  (see  also 
Aitpcndix  C  of  Ref.  7). 

As  we  shall  see  below,  the  characteristic  time  scale  of  A 
is  much  larger  than  the  decay  time  x,.--  (5/(2c)  of  Ihc  damp- 


Sy---- 

0 


drl 


■ 

■tTrS  —  .V 
a 


M 


where  the  bandwidth  is  given  by  A  =  4ai/ \/S7/27x 
X  cxp(— A’o)  with  instanton  action  .S'„  =  (4/-rr)i'/\/^i,Af  and 
frequency  m,  =  (2ir/r/) .  The  topological  phase  thus 
induces  a  shift  in  the  dispersion  by  ■nSN^^d/u. 

To  give  some  quantitative  estimates  of  this  effect  we 
consider  material  parameters  (at  7'=())  of  YIG; 
7  =  1.65x10  erg  cm,  A,, =9. 61X10  "  erg/cm,  where  a 
cell  with  lattice  constant  ci  =6.2  A  contains  one  S=5/2  spin 
implying  a  .saturation  magnetization  of  Af|,=  194  Oe  (i.e., 
A,=  27rM(VG  =  9.lX10  erg/cm),  wall  width  (7=414  A, 
and  spin  wave  velocity  c  =  6X  K)'  cm/s. 

An  external  field  in  the  direction  of  the  easy  axis  induces 
a  Zeeman  coupling  term  - ''M»I/y^^X  which  has  to  be 
added  to  the  action  Eq.  (8).  The  potential  strength  is  related 
to  the  coercivity  ,  at  whiiT  the  hairier  vanishes,  via 
12,/.  /=A/„//,.(//7r.  If  we  choose  d  3«  and  /7,.  =  2  Oc,  we 
have  w,=  l.43X  It)"’ s  ',  and  \X/c\-  :’.m,x,r//Tr/)=2x  10  -. 
For  /7 260,  Ihc  domain  wall  contains  A/,,  =■  1 .7X  10'* 

tunneling  spins,  and  the  bandwitllh  is  A//i  .5X10“’  s  '.  For 
d  —  a.  the  bandw'idth  becomes  A//i  -  lO'*  s  '. 

Next,  we  address  some  striking  experimental  conse¬ 
quences  resulting  from  this  Bloch  band  structure:  Bloch  o.s- 
cillations  and  tne  magnetic  equivalent  of  the  Jo.sephson  effect 
where  a  constant  external  magnetic  field  II  along  the  easy 
axis  induces  an  o.scillatory  magnetization. 

Let  us  recall  that  the  effective  behavior  of  the  domain 
wall  in  the  presence  of  a  periodic  pinning  array  corresponds 
to  the  behavior  of  a  single  Bloch  parlicic  in  the  presence  of  a 
periodic  potential  and  can  be  described  liy  an  elfcetive 
Hamiltonian,  P~/lId  siir(  ttA'/J),  where  P  is  the  mo¬ 

mentum  operator  conjugate  to  the  wall  position  A.  and  Vh  is 
given  above.  We  choose  d  -  3ii  and  for  simplicity  we  assume 
SNy^d/u  to  be  an  even  integer  and  thus  lirop  the  topological 
term.  The  corresponding  kinetic  energy  of  Ihc  impeituiiH’d 
(Fii  (1)  Bloch  particle  at  the  /.one  boundaries,  k  '  v/d.  Is 
given  by  {If^/IM  {(Tr/d)"  H)  mKA/j,  loi  the  pailicular 
jrarameter  values  chosen  above  for  YIG.  Thus  wc  lind  that 
f-,i/V'|i-  11,1)6,  and  hence  wc  are  in  Ihc  light  binding  limit  (as 
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opposed  lo  the  nearly  free  limit)  wliere  the  Bloeh  particle  is 
strongly  localized  around  the  potential  niiniina,  and  with 
band  structure  Eq.  (d).  The  lowest  band  gap  E(;  is  of  the 
order  of  \J2e^)V^t  -  0.35^0,  and  thus  much  larger  than  the 
band  width  A,  since  A/K„=2.5xi()  Next  we  consider  a 
dynamic  situation  and  apply  to  the  sample  an  external  mag¬ 
netic  field  with  H  the  component  along  the  easy  axis.  This 
lield  drives  the  domain  wall  via  the  Zeeman  term, 
FX=  ?..  From  the  standard  scmiclassical  equation 

of  motions  for  a  Bloch  particle,’^  '"  given  by 

1  de 

y  fiin[k{t)d], 

I  if  K 

where  Ar//(2/l).  t>'itl  fik  —  F,  we  then  find  that  for  con¬ 
stant  H  the  domain  wall  position  X{i)  performs  Bloch  o.scil- 
lations  of  amplitude  SX --  A//’  and  Bloch  frequency 
wii^-Fdih.  These  Bloch  oscillations  result  then  in  oscilla¬ 
tions  of  the  magnetization  along  the  easy  axis,  with  ampli¬ 
tude  dM ~2N,^g/j,i){Slu)SX,  and  with  the  same  Bloch  fre¬ 
quency  (Dll  ■  Let  us  now  give  some  illustrative  numbers  for 
the  set  of  values  (H,(Dii,SX,SM)\  A  =(2X  10  Oc,  5x K)'' 
s“'.  a-  6.2  A,  2600  S  =  (10  ’  Oe,  SxlO’’  s  ',  r/  =  3« 
=  18.6  A,  7800  /x,i),  C  =  (7X  10  ’  Oc,  2X  10*'  s  r5=414  A, 
ZXIO'^  /xii),  and  Z)=(10  Oe,  8  s  ',  0.2  mm,  lO"  /Z;,).  Thus 
we  see  that  the  smaller  the  applied  field,  the  larger  is  the 
oscillatory  response,  clearly  a  striking  and  unique  quantum 
signature  without  classical  counterpart.  Note  that  these  Bloch 
oscillations  are  the  magnetic  analogue  of  the  Joscph.son  ef¬ 
fect:  a  driving  constant  field  (//)  results  in  an  oscillatory 
response  (magnetization).  Moreover,  if  the  external  field  is 
oscillatory  in  time  we  expect  to  see  resonance  effects  in  the 
magnetization. 

Very  similar  to  recent  experiments  on  magnetic  grains,"' 
observations  could  be  performed  on  ensembles  consisting  of 
.many  identical  particles  (say  10-100  for  case  B),  by  using 
superconducting  quantum  interference  device  (SQUID)  mag¬ 
netometers.  if  the  particles  are  well  separated,  tiie  Bloch  os¬ 


cillations  are  independent  and  in  phase.  Thus  the  magnetiza¬ 
tion  oscillations  add  up  coherently  irre.spective  of  the 
individual  easy-axis  orientations.  To  minimize  a  broadening 
of  the  Bloch  period  the  spread  of  the  particle  size  distribution 
should  be  small. 

We  emphasize  that  for  the  above  field  values  Zener  in- 
terband  transitions  can  be  safely  ignored  even  for  astronomi¬ 
cally  long  observation  times.  Indeed,  the  Zener  tunneling 
probability  is  given  by  P-c  with  WKB  exponent 
A--iT-Fl/(4e„Fd)>iiXl{)\  if  //<4X10  Oc,  and  thus 
iOi,P  is  virtually  zero  for  the  above  values.  Zener  transitions 
occur  when  P  becomes  of  order  one,  i.c.,  H^H^  —  2  Oe;  in 
this  case  the  Bloch  oscillations  vanish  and  the  domain  wall 
runs  down  the  pinning  “washboard  potential.” 

Finally,  preliminary  theoretical  results"  suggest  that  the 
pre.scnce  of  di.ssipative  effects  due  to  magnons  and  phonons 
is  negligible  also  for  the  dynamics  of  Bloch  oscillations.  The 
fact  that  damping  can  be  expected  to  be  weak  is  also  sup¬ 
ported  by  the  recent  observation  of  macroscopic  quantum 
coherence  in  small  magnetic  grains  over  very  long  times."' 
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A  short  review  is  made  of  the  key  magnetic  properties  of  dilute  cubic  /^,.Y|  ,.Alj  (/J=Tb,  Dy) 
intermctallics,  in  order  to  show  their  main  magnetic  features.  Dilution  by  Y  introduces  a  weak 
random  magnetic  anisotropy  (RMA).  The  rich  magnetic  phase  diagram  is  described,  including 
paramagnetic  (P),  spin  glass  (SG),  correlated  spin  glass  (CSG),  random  ferromagnetic  (RFM),  and 
ferromagnetic  (F)  phases,  with  a  triple  point  and  two  muliicritical  ones.  The  paper  deals  with  the 
induced  macroscopic  magnetic  anisotropy  cooling  in  a  magnetic  field  below  or  transition 
temperatures,  which  can  be  either  unidirectional  or  uniaxial  or  both.  High-ficld  (3  T) 
magnetostriction  in  Tli  series  shows,  for  jc={).48,  0.59,  0.87,  a  decrease  of  the  Callen  a  exponent 
m=reduced  magnetization)  below  3.  The  Sompolinsky  irreversibility  parameter  A  has 
been  determined  for  the  I’d  series  in  the  SG  regime,  and  a  replica  model  is  presented  to  explain  the 
A(T)  dependence.  The  character  of  the  P  ->80  or  P— ^CSG  transitions  is  addressed,  through  the 
scaling  of  nonlinear  susceptibility  (SG  regime)  or  a  tcrromagnctic-like  scaling  of  magnetization, 
respectively.  From  quasielastic  neutron  scattering  around  Q=[l,l,lj  we  determine  the  temperature 
dependence  of  the  magnetic  correlation  length  in  DyoKYniAF,  which  peaks,  but  does  not  diverge 
at  T,. .  A  magnon  excitation  at  3.5  meV  is  reported  for  a- =  0.8. 


I.  INTRODUCTION 

/<.tYi .. ,.Al2  (R~Dy,  Tl))  are  crysiallitte  cubic  Laves 
phase  compounds,  We  have  extensively  studied  their  mag¬ 
netic  properties  using  as  probes:  low-  and  high-held  magne¬ 
tization,  ac  magnetic  susceptibility,  ferromagnetic-like  scal¬ 
ings,  law  of  approach  to  saturation,'  Arrott  plots,  observation 
of  transition  lines,  existence  of  Edwards-Anderson  (EA) 
paiameler,*  hysteresis,’  magnetic  anisotropy  measurements,"' 
Bragg  and  small-angle  neutron  scattering  (SANS),’  and 
magnetostriction.^’  These  measurements  have  revealed  the 
compounds  as  weak  random  magnetic  anisotropy  (RMA) 
systems,  exhibiting  a  very  rich  variety  of  magnetic  phases 
and  transitions,^  likely  never  observed  together  in  a  RMA 
system.  Of  the  possible  origins  for  the  RMA,  the  most  likely 
is  the  strong  magnetoelastic  coupling,  because  of  the  local 
strains  introduced  by  the  Y’’'  substitutions.'  In  Fig.  1  we 
show  the  magnetic  phase  diagrams  (MPD)  for  the  Dy  and  Tb 
series.  The  Dy  system  exhibits  paramagnetic  (P),  spin  glass 
(SG),  and  correlated  spin  glass  (CSG)  phases,  with  a  triple 
point  (TP)  at  a„=().3().'  At  (’;  K  a  lirst-ordcr  transition  from 
CSG  to  ferromagnet  (FM),  driven  by  coherent  cubic  anisot¬ 
ropy,  is  observed  at  a,  =0.62,  remaining  up  to  a'  =  (1.87, 
where  the  FM  phase  extends  up  to  the  line  boundary  FM-P, 
with  a  tricritical  point  at  7  '  =  45.4  K.’ At  a,=().62,  a  bouml- 
ary  between  CSG  and  a  quasiferiomagnetic  or  random  ferro¬ 
magnetic  phase  (RFM)  appears,  with  an  ending  tricritical 
point  at  7",  =  29.5  K.  For  a>a,  the  line  of  transitions  RFM-P 
shows  a  crossover  exponent  =0.80 ±0.08.^  Law  v)f  ap¬ 
proach  to  saturation  allows  an  estimation  of  D/./„,  e.g., 
=^0.04  for  A  =0.83,  between  the  strength  of  the  random  crys¬ 
tal  field  (CLIO  I),  and  the  positive  exchange  interaction  ./„ 
according  to  positive  paramagnetic  C’urie  temperature  0.  An 
increase  of  such  ratio  with  decreasing  a  is  likely,''^  I’he  MPD 


ofTbj.Y,.  ,.Al2  has  not  been  yet  explored  in  such  detail,  only 
up  toA=().50,  showing  P,  SG,  CSG  phases  (see  Fig.  1),  with 
a  TP  at  a„=0.27,  7V--=8.6  K." 

The  aim  of  this  paper  is  to  present  the  magnetic  proper¬ 
ties  of  the  RMA  sy.stcm  /f  ,.Y  |  j  AL  (Dy,  Tb),  showing  some 
previous  work  and  adding  new  results  recently  obtained.  In 
particular:  the  field-induced  macroscopic  anisotropy  in 
Dy,,Y|..^.Al2,  together  with  rotational  hysteresis  found  (Sec. 
11);  CF.F  origin  magnetostriction,  showing  that  in  Callen’s'' 
mp  law  in  Tbj.Y|  (Sec.  Ill);  the  Sompolinsky"’ 

irreversibility  order  parameter  A  in  Tb  series  (Sec.  IV);  as¬ 
pects  of  the  critical  behavior  at  the  P-SG  and  P-CSG  transi¬ 
tions  in  Tb  series,  from  magnetization  measurements,  to¬ 
gether  with  nculron  scattering  around  'l\-  (P-'CSG  or  RFM) 
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in  the  Dy  series,  and  the  magnetic  correlation  length  tem¬ 
perature  dependence.  The  amount  of  work  reported  is  large, 
and  the  presentation  is  succinct. 

II.  RELLMNDUCED  MACROSCOPIC  ANISOTROPY 
AND  ROTATIONAL  HYSTERESIS 

We  will  address  three  points:  the  symmetry  of  the  field- 
induced  macroscopic  anisotropy  (FIMA),  the  rotational  hys¬ 
teresis  of  anisotropy  torque,  and  the  differences  in  the  torque 
curve  .symmetries,  when  cooling  above  or  below  the  coercive 
field.  The  samples  were  single  crystals  of  Dy,.Y|_fAl2  {x 
=0.3,  0.4.  0.6),  i.c.,  at  the  CSG  phase.  The  anisotropy  torque 
Lf.  was  measured  from  the  magnetization  perpendicular  to 
the  rotating  magnetic  field  B  on  plane  (110),  because 
A  complication  is  the  coherent  cubic  anisotropy 
(CA),  which  was  averaged  out  by  measuring  in  fields  so 
weak  .as  to  have  the  crystals  divided  in  six  (100)  domains,  so 
that  (M,)=0,  for  the  sample  average  .spontaneous  magneti¬ 
zation.  V/e  developed**  a  model,  based  on  Henley  et  al.  and 
vSasiow*'  ones,  which  predicts  the  appearance  of  FIMA  an¬ 
isotropy  both  unidirectional  (UD)  and  uniaxial  (UA).  Start¬ 
ing  with  the  Hamiltonian, 

//=7o2  (2.1) 

i,a 

h'j 

where  are  the  local  RMA  easy  axes  (EA),  i  .stands  for 
sites,  and  a  for  spin  components.  It  is  possible  to  show"*  front 
Eq.  (2.1)  that  the  FIMA  energy  becomes, 

-/fRMA  cos  9-  2fCRMA  cos^  0,  (2.2) 

with  /fKMy,,=(4/15)N(DV./o)  ‘cn  number  per  unit  vol¬ 
ume).  To  this  energy  me  must  add  the  CA,  so  the  total  an¬ 
isotropy  torque  becomes 

r(<?)=-/^RMA(sin  e+2  sin  26')-(/C|/4  +  A:2/64) 

Xsin  26i-(3/i:|/8  +  /t:2/16)sin  46t+ ,  (2.3) 

where  .Aj  are  CA  constants,  about  10'^  higher  than  Arma  • 

We  did  two  experiments:  cooling  in  the  low  measuring 
field,  H,„  and  cooling  in  a  larger  field  kOe  and  mea¬ 

suring  in  the  lower  one  (II|.ell(i00),  easy  axis).  In  addition 
Hfc  can  be  larger  or  smaller  than  the  coercive  field 
which  makes  two  different  situations.  The  magnetization  will 
be  M=;^'H+Mr ,  where  x  is  the  isotropic  cubic  susceptibility 
and  Mr,  the  remanent  magnetization  after  FC,  which  can  be 
a  complicated  object,  (i)  We  first  address  the  case  when  both 
UD  and  UA  FIMA’s  have  been  produced.  In  Fig.  2(a)  we 
show  tne  torque  cuiwes  for  a=0.30,  0.40  below  for  FC 
and  H„,=0.25  kOe,  above  .  At  this  field,  K;  and  Ki  are 
very  small.  Fourier  analysis  of  F  shows  sin  0  and  sin  20 
components,  indicating  the  presence  of  both  anisotropies,  al¬ 
though  for  a=0,4  the  the  UD  character  is  stronger.  Extrapo¬ 
lation  to  H,„=Q  of obtained  from  the  r(f;^)sin  0 
component  amounts  to  127  and  225  J/m'^,  respectively,  al  3.8 
K.  We  notice  that  the  F2  coefficient  (of  sin  20)  is  not  2F|  (of 
sin  ff),  because  of  the  CA  contamination,  which  practically 
disappears  below  s(J,70  kOe.  In  fact  a  combined  plot  of 
r2"2r,  and  (A|/4 -t- ^2/64)  gives  a  linear  relation,  extrapo- 
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FIG.  2.  (a)  Magnetic  anisotropy  torque  vs  Wangle  oiirves  for  Dy,Y|  ,Ali: 
.v~0..3l),  (•);a'=().4()  (O).  The  full  lines  are  the  llieorclical  tils,  aoeorUing  to 
Eq.  (2.3).  (b)  Torque  curves  vs  ip  angle  for  Dyi|  ,,„Y||4i,Al2,  for  applied  fields; 
(O)  0.23  kOc,  (•)  l.l)  kOe.  The  cooling  licid  was  3  kOc  (see  meaning  of  ip 
in  text),  (c)  Torque  curves  vs  ip  angle  for  Dyii,4iiY||4,|,Al2  for  applied  Held  80 
Oe.  The  arrows  show  the  sense  of  siieecssivc  rotations.  The  cooling  (ield 
was  I  kOc. 


lating  to  zero.  Model  Eq,  (2,2)  has  thus  been  established. 
Notice  the  existence  of  a  constant  torque  Fq  whose  origin 
should  be  a  component,  rotating  in  phase  with  H,  limited 
by  the  shortest  spin  relaxation  times,  (ii)  A  second  point  is 
that  there  is  a  crossover  from  7/„, <7/,.  to  7/„,>/7,. ,  i.c.,  from 
unidirectional  plus  uniaxial  FIMA’s  to  unidirectional  alone 
[it  and  27r  periods  in  r(<p)  curves,  respectively,  where  ip  in 
the  rotating  field  angle  ).  These  experiments  were  done  with 
.  This  is  shown  in  Fig.  2(b)  for  a  =0.6,  where 

77..  =0.39  kOc  at  7’=3.8  K  and  //|,c=3  kOc,  in  going  from 

77. . ,=0.23  to  t.O  kOe.  The  same  behavior  is  observed  for  the 
other  concentrations.  In  the  first  situation  (77,„  <//,.),  re¬ 
mains  fixed  along  (100)  cooling  direction,  whereas  in  (he 
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second  one  splits  in  three  components:  one  fixed  to  (100) 
(Fi  torque),  a  rotating  one  out  of  phase  with  H  {r2  torque), 
and  one  at  a  constant  angle  with  H  (F,)  torque),  due  to  the 
mechanism  suggested. 

From  /Crma  one  obtains  D'/Jy  (=0.007  and  0.01  K  for 
x=0.3  and  0.4,  respectively),  which  allows  a  separate  esti¬ 
mation  of  D  and  Jq.  Since  we  found  above  that  D/J, ,=0.04, 
we  now  have  D  =Q.2  K  and  Jn=5  K.  (iii)  We  now  consider 
the  rotational  hysteresis,  which  suggests  metastable  states  in 
these  RMA  .systems.  In  Fig.  2(c)  we  notice,  for  jc=0.4, 
//p(;  =  l  kOe  and  //,„ =0.080  kOe,  at  3.8  K,  a  strong  hyster¬ 
esis  (<p=0  to  tt)  between  the  finst  clockwise  rotation  and  the 
second  counterclockwise  rotation,  the  hysteresis  disappear¬ 
ing  afterwards.  An  explanation  for  the  transient  in  the  initial 
L*(<p)  curve  is  that  the  spins  with  the  shortest  relaxation 
times  easily  follow  the  field,  the  slowest  ones  following  it 
later  on  (curves  II  and  UI).  The  hysteresis  increases  strongly 
when  as  expected.  Similar  behavior  is  found  for 

the  other  concentrations. 

111.  MAGNETOSTRICTION:  VIOLATION  OF  LAW 

It  has  been  predicted'^  that  when  the  local  RMA  field 
satisfies  but  {H  and  are  the  applied 

and  exchange  fields,  respectively),  so  one  is  in  the  ferromag- 
net  with  wandering  axis  regime  (FWA),’'^  that  noticeable  de¬ 
viations  from  the  Callen  and  Callen'^  law  for  CEF-origin 
shape.  magneto.striction  are  expected:  with  /;<3, 

m  =  M{T)/M(0)  being  the  reduced  magnetization.  It  can  be 
shown  that‘^ 

_  ((02(J)))..  Md)  _  ((O?)), 

MiQ)  'WIJT'  ^  ^ 

where  O”  and  0‘t  are  Stevens  operators,  functions  of  the 
angular  momentum  J,  (••■)  is  the  thermal  average  and  (•••)<■ 
is  the  average  over  the  local  easy  axis  di.sorder.  For  large  J, 
we  express  O”  in  terms  of  site  spin  wave  (sw)  deviation 
operators,  a, a'*',  but  introducing  c  and  c'  numbers  repre¬ 
senting  the  static  spin  deviations,  writing 
a  =  (l  +  M)a'-l-ua'^ -t-c,  where  the  (u,l>)  numbers  account 
for  sw  scattering  by  the  RMA  disorder,  and  a  arc  Bose  op¬ 
erators.  Then  it  can  be  shown  that  in  the  FWA  regime,  where 
sw  are  proper: 

M(T)_  l-i~'((n '  u)), 

M(0)"  l-j"T{(,:d),+7^' 

and 

«r^2(.('n))e  =  3,/'-y(J+l)-3(2y-l)((a'a)), 

with  m{T)  =  {{.J ^))JJ .  Combining  the  above  four  equations 
gives'^ 

\,(0) 

where 

3[7(2y-  l)-6,5/  +  ,5(l+4(5)l 


M{T) 


M(i)) 


(3.2) 
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FIG.  3.  Double  logiirithmic  plots  of  magnetostriction  \,{T)  vs  M(T),  at 
/7=.3  T,  and  for  7'<2()  K,  for  Tt),'/,  .Al.,  for  x={)A')  (.v),  0,60  (O),  0.87 
(•),  and  l(At  compounds.  The  slopes  give  the  exponent  p  [see  Kr].  (3.2)]. 


with  ^=y[l  -wi(0)],  proportional  to  the  RMA  disorder  0  K 
magnetization  quantum  defect  A(0)  =  l-m(0).  The  important 
result  is  that  p<2. 

We  have  searched  for  this  ni^  violation  in  Tb,.Yi_^.Al2 
(x=0.49,  0.60,  and  0.87)  compounds,  measuring  K,(T)  and 
M(T)  up  to  12  T,  from  1.5  K.  In  Fig.  3(a)  we  show  low- 
temperature  {T <20  K)  plots  of  vs  Af  at  //=3  T,  where  we 
can  assume  From  them  we  obtain  the  p  values: 

2.3  (jc=0.49);  2.7  (x=0.60);  2,65  (0.87),  smaller  than  for  the 
good  ferromagnet  TI1AI2,  p= 3.0 ±0.1.  As  expected,  p  in¬ 
creases  with  H,  becoming  quite  close  to  3  for  =  12  T.  Also, 
from  p  expression  we  can  evaluate  A(0):0.24  (3:=0.49);  0.16 
(x=0.60);  0.18  (x-O.Sl).  These  values  are  slightly  higher 
than  those  obtained  from  the  ratio  M(0,//)/Ng//i;,  :0.19, 
0.16,  and  0.12  respectively,  this  reduction  likely  being  due  to 
the  magnetization  induced  by  the  strong  cubic  anisotropy. 
Notice  that  the  extrapolated  0  K  magnetic  moment  in 
Tb,Y,_,Al2  is  unquenched,''*  (9.0±().3)  allowing  us  to 
take  M(0)=Ng/yu.2j,  i.c.,  excluding  RMA  effects. 


IV.  FC  AND  ZFC  MAGNETIZATION  IRREVERSIBILITY: 
ASSOCIATED  ORDER  PARAMETER  A 

Our  best  studied  system  demonstrating  the  irreversibility 
between  FC  and  ZFC  magnetizations  is  Tb,  for 
0.15^x^0.50,  The  behavior  is  quite  different  in  the  SG  and 
CSG  regimes.  At  CSG  regime  one  observes  [Fig.  4(a)J  a 
branching  point  between  FC  and  ZFC  magnetizations  at  'l\- , 
followed  by  a  broad  maximum  for  the  ZFC  isoficld,  both 
magnetizations  rapidly  decreasing  when  approaching  T^q. 
For  SG  regime,  only  a  branching  point  is  observed  coinci¬ 
dent  with  the  cusp  [Fig.  4(b)].  The  diffeicnee 

decreases  with  increasing  field,  finally  merging.  Strong  re¬ 
laxation  was  found  for  7/s=/7^, ,  at  the  ZFC  branch,  for  both 
SG  and  CSG  regimes. 

The  usual  order  parameter  considered  for  SG  systems  is 
that  of  Edwards-Anderson  (EA),  q,  conveniently  redefined'"’ 
for  RMA  systems.  Although  useful,  there  are  difficulties  with 
</:  it  has  nonzero  value  for  7'>7'.Rj  even  at  zero  applied  field, 
and  there  are  subtle  theoretical  difficulties  with  the  replica 
method.  Therefore  it  seems  worthwhile  to  use  the  FC-ZFC 
irreversibility  to  define  an  additional  order  parameter,  in  the 
way  proposed  by  Sompolir.sky"'  using  a  dynamical  model 
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FIG.  4.  (a)  Ficlcl-cool  (FC)  and  zcro-licld-cool  (ZFC)  isolicld  curves  for  n),i.„Y„ 55AI2  compounds  at  increasing  Helds,  (h)  The  same  as  (a)  for  11),  Y,  ,Ali: 
(•),  x=0.25  at  H=2b  Oc;  (  +  ),  x'=0.15  at  //  =  3.0  Oe.  The  full  lines  arc  the  theoretical  calculations  for  the  ;t'|.c  susceptibility,  (c)  Reduced  magnetization 
M(T, 12  T)/A'/(0,12  T)  for  Tb^Y  .  .j,Al2:  (•),  A'=0.15;  (O),  .v=().25.  The  full  lines  are  the  theoretical  Hts  (.see  text  for  details),  (d)  Irreversibility  order  parameter 
A  vs  temperature  for  Tb_,Y|..j.Al2;  x=0,l.‘i  (•),  Ff  =  3.h  Oe;  a.=0.25  (O),  /7=26  Oc  (see  text  for  details).  The  full  line  is  the  theoretical  calculation. 


where  time-variable  spin  noise  and  time-persistent  noise  due 
to  RMA  are  combined  with  TAP'*^’  tlicory.  The  resulting  irre¬ 
versibility  parameter  A  becomes 

r 

A  --^^  (ATfc—A'zfc),  (4.1) 


where  and  are  low  field  susceptibilities  and  C  is  the 
Curie  constant.  The  equilibrium  ;^'|;c  susceptibility  is  ame¬ 
nable  to  calculation  as  (MIH)  for  very  small  W(few  Oc).  We 
developed  a  replica-MF  model  for  RMA  systems'*’  where 
M(7’,//)  =  Ng/i/,((y;)),.  has  the  form 


J 


,2/2  Tr(i2  cxp{a./;  T  [  yx■^■  /36t(g  -  1  f  m/g  + 
Tr  cxp[  -  •  ■  ] 


(4.2) 


with  /S^MK/jT  and  m  —  M{N ,  The  parameters  cr  and 
y  depend''^  on  the  CEF  parameter  D,  on  the  quadrupolar 
moment  p  =  {{Jl))c ,  and  on  q  =  {{-t z)~)c  ■ 
magnetic  Curie  temperature,  and  2  is  the  R’^  '  NN  number. 
Then,  to  evaluate  M,  p,  and  q,  we  need  a  knowledge  of  Ihe 
parameters  and  D.  We  obtain  D  from  the  condition 
17 ('/'so  ,())  =  ()  by  extrapolation,  and  we  obtain  ./„,  together 
with  a  refinement  of /2,  from  a  self-consistent  calculation  of 
M,  q,  and  p,  and  fitting  M{T,H)  to  the  experiment.  In  Fig. 
4(c)  we  show  the  high-field  (12  T)  measurements  of  A7('/’) 
for  jr  =  (),]5  and  0.25,  togetlicr  with  the  best  theoretical  fits. 
The  resulting  values  were  for  a  -O.  15,  D  =-0.5  K,  and  ./„==  16 
K  (2  =  0,6),  and  for  a  =0.25,  =0.7  K,  and  ./()=!  8  K  (2=!). 


In  Fig.  4(d)  we  present  A(r)  for  both  a,  at  // =3,6  and  26 
Oc,  respectively;  note  that  A('/’so,//)=0.  Figure  4(b)  shows 
calculated  from  Eq.  (4.2)  for  those  fields.  From  Eq. 
(4.1)  we  have  calculated  A(7')  for  both  compounds,  the 
agreement  with  experiment  is  reasonably  good  [Fig.  4(d)J, 

V.  CRITICAL  BEHAVIOR,  PHASE  TRANSITIONS,  AND 
NEUTRON  SCATTERING 

A  still  open  question  is  if  a  RMA  spin  glass  undergoes  at 
7's(i  a  phase  transition.  The  answer  cuii  be  obtained  by  a 
scaling  analysis  of  the  nonlinear  su.sccptibility  ,  which  is 
proportional  to  the  singular  comironent  of  Similarly  for 
the  CSC  01  Rl'M  phases  one  is  tempted  to  sec  if  the  magneli- 
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FIG.  5.  (al)  Nonlinear  susceptibilily  A-n,.  vs  temperature  for  rb,,.,,Y,,„Al,  al  increasing  magnetic  (a2)  double  logarithmic 
(a3)  tlic  same  as  (a2),  plot.  //,  is  the  internal  field,  (bl)  Double  logarithmic  l■.•rrolnagnetlc-llke  {fi.y)  scaling  plot  lor  h„,,,Y,,,„A  ..  I.k  '  Pv 

is  for  T<r  II  is  the  internal  field.  (b2)  fhe  same  as  (bl)  scaling  plot  (&</>)  lor  Tb,, miYmsi Al ; ■  Iv)  Sciillered  iieution  iiiknsity,  (‘Jf  cn  I  '■  - 

different  momeiUum  transfer  q=(27r/a)  («a*  values  are  shown  wilhin  the  graph),  around  0-(2u/«)  l  1,1,1 1.  lor  Dy„„„Y„.,,„d:  («,  the  lallice  Loastai 

(d)  Magnetic  correlation  length  temperature  depcndeiiee  for  Dyi,K|,Y,iaAl2  (“e  text  for  details).  Ihe  line  is  .in  lyc  gui  t. 


zation  satisfies  a  critical  scaling  similar  to  ferromagnets  anti 
a  ferromagnetic-like  neutron  scattering  around  r,. .  Wc  will 


a  terromagnetic-iiKe  neutron  scaueiing  muouu  a,.,  tts,  «...  . . -v  -  . 

address  these  points  in  Tb,Y,.,Al2  compounds,  together  Tlr  .series  at  SO  regime.  The  nonlinear  susceptibility  was 

,  ,  .  IT  r  ...  Ti»,  V  Al  i  ...',1  ns  v...  =  vt//)  —  V,  1 .  wlicrc  lire  litteat  one  Xn  was 

with  neutron  scattering  around  7,,  lot  uy(i.sY,)2Al2. 
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(i)  Critical  scaling  of  a'ni.  l^y.v''''i  .i^*2 
tensively  studied  elsewhere^  and  w'c  will  focus  here  on  tlie 
Til  .scries  at  SO  regime.  The  nonlinear  susceptibili 
obtained  as  where  the  linetir  one  a(ii  whs 
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TABLE  I.  Nofiliiicar  snsccptibilily  scaling  cx|)oncnLs  for  the  series  Tt),Y|.  ,AL  at  the  SG  rcgiinc  (.v  label). 
I'erroinagnctie-like  expor.cnls  at  the  CSC  regime  (no  label).  The  transition  tempciatuies  and  fractal  dimension¬ 
ality  f/y -(/</>,/( are  included.  Tor  ,y„i  exponents;  (*)  are  from  (p,  ,  y,)  scaling,  (  +  )  from  (<5,  ($) 

from  scaling  at  Tsci ,  and  (//)  from  scaling  laws.  Error  bars  are  ±0.1  in  /},  and  ±0.5  in  y,  ,  o, ,  and  i/),  . 
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5.0($) 

2.;. 

0.25 

8.5 

l.2(*) 
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6.()(//) 

7.2(«) 
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6.()(  + ) 
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Compound 

7'..  (K) 
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»■  d> 

31)Ab 

97 

0.40  ±0.05 

1.25  ±0.05 

4.1+0.01 

1,65  0.01 

0.50 

34 

0.5  ±0.5 

1.3  ±0.1 

3.6+0. 1 

1.801:0.1 

accurately  measured  at  a  few  Oe.  In  Fig.  5(al)  we  show 
A'ni.(^)  ^or  a'=0.25,  tlie  variation  being  similar  for  a'— 0.15, 
0.20.  No  shift  with  //  is  found,  signaling  as  a  fixed 
point.  Two  kinds  of  scalings:*^  - 
=  and  -  were  per¬ 

formed  [sec  Figs,  5(a2)  and  5(a3),  with  the  best  data  “col- 
lapses”j',  in  order  to  determine  the  pairs  of  exponents 
( (5, , and  and  to  verify  the  scaling  laws;  also  the 

first  .scaling  was  performed  at  T^q,  where  ■= 

[f  =  (7  -  TsoV'^so  ’S  reduced  temperature].  All  exponents 
are  in  Table  I,  scaling  laws  being  reasonably  well  obeyed,  as 
well  as  universality,  although  exponents  markedly  differ 
from  MF  theory.'^  Wc  conclude  that  the  /*— *80  transition  is 
a  true  phase  transition  for  RMATb^.Yi -,j.Al2  compounds,  as 
was  shown  for  the  Dy  ones.^ 

In  the  CSG  regime  we  performed  a  ferromagnetic-iike 
scaling  for  a  ^0.40,  akin  to  such  a  character  according  to 
Arrott  plots,  where  the  demagnetizing  limit  is  almost  reached 
at  a=0,35.  The  relations  were  A7/|f|^''=/'(/7/l/|^ '  0  and 
in  order  to  check  for  the  scaling  laws. 
For  TbAN,  a  good  .3J-Heisenberg  ferromagnet,''*  we  obtain 
the  exponents  in  Table  I.  In  Figs.  5(bl)  and  5(b2)  we  show 
the  {y,/3)  and  (<5,c/>)  best  data  “collapses,”  with  the  exponents 
quoted  in  Table  I,  for  a  =  0.5.  It  is  clearly  not  a  ferromagnet, 
because  of  the  nonlevcling-olf  of  the  T<'1\.  branch.  Those 
cxponcnt.s  are  related  to  those  for  a  .3d-Meisenberg  ferroniag- 
net  (/ ),  using  the  Arrott-Noakes'  equation  of  .state: 
<5=(c-  +  2))3/(l+2yy),  l3=[{€+2V2]f3f,  with  e=4-d. 
These  relations  are  well  followed  in  the  Dy  series  but  not  in 
the  Tb  one,  likely  due  to  the  stronger  cubic  anisotropy  and 
weaker  RMA  f)f  the  Tb  compounds. 

(ii)  Zero  energy  transfer  neutron  scattering  at  /±,=  I4  7 
nieV  was  performed  at  the  triple-axis  HAM  spectrometer  at 
BNL  for  A  =0.8  compound,  around  C?  =  «*[lllj  for 
cr--a*[^,^X\  momentum  transfer  with  =0.03-0.058 
A  in  the  range  8.7-66  K.  In  Fig.  5(c)  we  see  that  the 
acattered  intensity  peaks  around  7, =38  K,  in  agreement  with 
magnetization  and  ;^,n.  measurements.  Wc  tried  a  l.urciitzian 
(L)'**  fit  to  the  magnetic  intensity  /,„  (after  subtracting  /  at  60 
K),  i.e.,  /„,(r/,7')  =A/(r/"+ ^),  in  order  to  measure  the 
magnetic  correlation  length  Below  36  K  it  was  necessary 
to  fit  by  This  indicates  that  above  and  just  beU)w 

7\. ,  the  “critical”  lluctiiations  are  spin  waves  (sw).  and  that 


below  36  K  static  I  \  disorder  becomes  important.  In  I  'ig. 
5(d)  we  show  diverging  at  7',. ,  an  indication  of  the 

absence  of  long-ra,.^e  ferromagnetic  order.  This  develops, 
for  the  longitudinal  magnetization,"^  at  finite  T  only  above 
A  =0.87.'  We  should  mention  that  we  have  very  recci'tly  ob- 
.served  a  .sw  excitation  at  Q  =  a*[2,2.-0.4]  of  3.5  meV  for 
a=0.8  at  10  K,  a  confirmation  of  the  predicted  existence  of 
spin  waves  in  weak  RMA  qnasifenomagnets."' 
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Correlation  decay  in  low-dimensional  spin  glasses 
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A  new  method  to  investigate  the  two-point  correlation  function  decay  in  a  finite  size  random  spin 
system  and  at  finite  temperatures  is  proposed.  It  is  applicable  to  systems  with  cyclic  boundary 
conditions  and  in  any  local  or  uniform  magnetic  field.  The  efficiency  of  this  method  is  presented  in 
the  case  of  an  i.sotropic  XY  spin  glass  model  with  Gaussian  bond  distribution  in  external  field.  Using 
unitary  U(l)  gauge  transformation  and  operator  inequalities  we  have  obtained  explicit  upper  hounds 
for  generalized  spin-glass  susceptibility  k{'I\R)  that  describes  off-diagonal  tran.sverse 
magnetization  in  two  dimensional  random  XY  .spin  lattices  at  finite  temperatures.  It  is  found  that  the 
slowest  possible  decay  for  susceptibility  in  random  XY  spin  glass  is  of  the  Kosterlitz-Tlioule.ss-typc 
with  power-law  decay  in  2D,  and  the  exponential  type  in  ID,  at  low  temperatures.  These  upper 
bounds  rule  out  the  possibility  of  the  corresponding  magnetic  ordering  in  ID  and  2D  isotropic  AT 
spin  glasses  at  finite  temperatures. 


INTRODUCTION 

During  the  last  two  decades,  the  problem  of  random  spin 
systems  have  attracted  the  interest  of  many  physicists.  This  is 
because  among  the  systems  considered  there  are  simplest 
examples  of  the  random  models  such  as  Ising  spin  glasses  or 
random  XY  model  with  nearest  neighbor  or  long-range 
interactions.''^  These  systems  arc  characterized  by  a  compe¬ 
tition  between  ferromagnetic  and  antiferromagnetic  interac¬ 
tions  and  a  huge  number  of  their  experimental  examples 
have  been  studied.  As  a  result,  conventional  magnetic  long- 
range  order  is  impossible.  In  the  mean  field  approach  we  can 
obtain  numerous  thermodynamic  states  and  suggest  the  ex¬ 
istence  of  the  line  of  phase  transitions  at  finite  temperatures 
in  the  presence  of  a  magnetic  field,'  On  the  other  side,  there 
is  evidence  that  the  nature  of  the  random  spin  system  (planar 
XY  model  with  spin  dimensionality  n  equals  2)  at  finite  tem¬ 
peratures  and  in  low  dimensions  may  be  close  to  the  classical 
XY  model  in  the  2D  case  and  correspr)ndingly  quite  different 
from  the  simple  mean  field  picture,  The  essential  difference 
is  in  the  properties  of  the  low  temperature  phase. 

There  aie  many  doubts  about  the  possibilities  of  obtain¬ 
ing  real  phase  transitions  in  such  systems  at  sufficiently  low 
temperatures.  Tor  all  these  models,  one  believes,  an  upper 
critical  dimc.ision  exists,  and  the  critical  properiies  associ¬ 
ated  with  the  transition  are  modified  due  to  fluctuations  be¬ 
low  this  critical  dimension.  In  other  worris,  the  main  problem 
is  whether  or  not  phase  transitions  are  possible  in  real  three 
dimensional  space  at  finite  temperatures  for  random  spin  sys¬ 
tems.  This  circumstance  depends  on  lowest  critical  dimen 
sionality  r/,. ;  and  if  (l^.>?>,  then  phase  transitions  are  ruled 
out.  and  if  (/,ss3,  then  there  is  a  possibility  of  obtaining  a 
real  finite  temperature  transition.  Unfortunately,  there  are  no 
exact  results  corresponding  to  the  value  of  parameter  d,.  in 
spin  gla.sses.  I’he  same  question  can  be  stated  also  in  two 
dimensional  spin  glasses,  where  it  would  be  possible  to  ob- 
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tain  the  finite  temperature  transition,  in  the  case  when  spins 
are  frozen  randomly  and  we  have  neither  feiiomagnetic  nor 
antiferromagnetic  states,  but  more  of  the  spin  liquid  type. 

In  this  paper,  we  propose  a  new  method  for  investigation 
of  the  upper  bound  behavior  of  two-pioint  correlation  func¬ 
tions  of  such  random  systems  as  the  isotropic  XY  spin  glass 
model  with  long-range  interactions  with  the  Gaussian  bond 
distribution  at  sufficiently  low  temperatures  and  in  an  arbi¬ 
trary  magnetic  field  in  one  and  two  dimensional  lattices,  Be¬ 
low,  we  show  that  the  upper  bound  for  generalized  siiin  sus¬ 
ceptibility  at  low  temperatures  in  2D  lattices  is  power-law 
like.  These  results  rigorously  rule  out  any  possibility  of  the 
corresponding  long-range  ordering  in  ID  and  2D  random  XY 
models  at  nonzero  temperaiures.  The  suggested  approach  has 
been  used  before  tt)  obtain  upper  bounds  for  correlation  func¬ 
tion  decay  in  low  dimensional  Uubbtud  model  as  well  as  for 
cmrelation  functions  in  anisotropic  Ilcisenberg“lsing  like 
models  with  arbitrary  spin.''"’ 

SPIN-GLASS  MODEL 

■As  is  known,  the  Hamiltonian  of  the  random  XY  model 
with  long  range  interactions  in  the  presence  of  local  longitu¬ 
dinal  magnetic  held  is  represented  in  the  form 

Hs.ar-Y  (1) 

'■!  i 

riie  main  tlistinction  from  the  usual  AT  model  is  that  the 
value  of  the  exchange  integral  in  ( 1 )  is  random  and  given 
by  a  Gaussian  bond  distribution  function  <I)U^„),  where  each 
./,iv  is  statistically  independent  of  all  others. 


where  o',,,, -  is  the  dispersion  of  the  system. 

Tm'  the  random  sirin  lattices  ail  physical  and  thermody¬ 
namical  expectation  values  for  correlation  functions  (....); 
must  be  averagerl  also  by  inuameter  with  di:;tribution 
function: 
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(3) 


The  thermal  expectation  in  (3)  is  defined  by 
(...)j  =lim  l/A' Tr(...exp[--/3W])/Tr(cxp[-/?W]),  where  we 
replace  the  infinite  lattice  with  a  finite  one  of  linear  dimen¬ 
sion  N  with  periodic  boundary  conditions  and  take  the  limit 
At— .00. 

To  prove  the  restrictions  on  the  correlation  functions 
we  use  unitary  (7(1)  gauge  transformation 
r(0)  =  n  exp[  where  O  is  an  arbitrary  function  on  the 

hypercubic  lattice,  and  the  identity  Trl/t  exp(  -/3//)| 
=Tr[T(e)AT^'(e)]c\p[-/3TiO)HT  '(Wj  with  /3-1/7'.  In 
the  following'*  we  also  let  0=i(p  be  pure  imaginary,  and  in 
this  case  the  transformation  is  no  longer  unitary.  To  get  upper 
bound  for  different  correlation  functions  we  also  use  some 
operator  inequalities.'*"*’ 

The  transverse  .susceptibility  in  the  regular  XY  model, 
which  is  defined  from  the  two-point  correlation  function,  can 
be  represented  in  the  form 

Ajy- Urn  (4) 

^  --.x 


where  upper  bound  B(R)  for  two-point  correlation  function 
A{R)  at  sufficiently  large  distances  R  =  i-j  in  regular  lat¬ 
tices  is  defined  by 


B  =  exp 

-2  ln7(-f27'-‘  E 

7„u[cosh(yu-y„)-l] 

■ 

\  IW 

1 

. 

(5) 


This  expression  depends  on  the  exchange  parameter  and 
variables  %  and  ipy ,  which  are  unique  solution  of  Poisson 
equation  -A<p„  =  g((5,..„- on  the  hypercubic  lattices 
and  they  satisfy  the  same  conditions  as  in  Ref.  4.  The  posi¬ 
tive  charge  q  is  defined  later  from  optimization  condition  and 
constants  S  and  L  exist  depending  on  parameters  of  the  sys¬ 
tem  and  lattice  dimensionality,  so  when  for  arbitrary  u  and  v 
with  |<p„-(p„|!S<7(5.*’ 

Correspondingly,  for  the  XY  spin  glass  model,  the  gen¬ 
eralized  susceptibility  is  defined  by 

—  2  [{S! S~  +S-S-)l]j  ,  when  A/-.00, 

u 

(ft) 

and  interesting  two-point  correlation  function  mu.st  be  aver¬ 
aged  by  parametery„^, .  Then,  using  integral  inequalities  after 
a  Gaussian  integration  with  (2),  we  obtain  the  upper  bound 
for  correlation  function  for  2D  random  .spin  glass  system: 

[(A''(/0-V  (())  +  /!. c.)7b 

exp(  -4  In  /(  f4  7'  (r„,  |  cosht  yr„  yr,  )  1  1'  I 

(7l 

Using  the  properties  ol  the  parameters  .md  ,  ;se  get  .1 
restriction  on  the  expression  o  eoshty,,  y,  )  I  and  obtain 
the  final  upper  bound  relation  tor  21)  spin  glass  loiielation 
function,  whett  and  y^  •<;  In  R  In.l 
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[<.S‘(/().S'  (())-)-/;.c.>5.|;--sD  expl -/(7',C7)ln /?!,  (8) 
where 

fCr,Q)  -  ^(q- 1)1. 

The  parameter  I)  in  (7)  and  (8)  weakly  depends  on  the  tem¬ 
perature,  which  appears  to  be  due  to  a  (iaussian  integration: 

1)  (2770-)  '  I  (/./,„  expl  2(7,„/(jo)-’':<7,„  |. 

The  expression  f{  I  .(J)  depeiieis  on  the  elfective  dimension¬ 
less  parameter  Q-  4qi.l.  The  ojitimi/ation  of  the  hound  re¬ 
lation  |7|  by  the  ixirameter  gives  ihe  coiuliiion 

J- 

1  sinh  (7  ( cosh  (7  I)  ft  l*ft 

The  same  type  of  caleuhilioris  gives  the  upper  bound  lor  the 
ID  case,  where  y,  '<///./: 

l(.S"(r),S'  (Ol  F/t.c. )}l/--/7  expl  /|( )'' I-  '!()) 
where 

4-7’ 

/i ( 'I\Q )  -  4(7  -  ( cosh  (.7  “  1 )‘  • 

The  main  result  contained  in  Eqs.  (8)  and  (ft)  does  not  de¬ 
pend  on  magnetic  field  and  shows  that  when  the  parameter  R 
goes  to  infinity  the  two-point  correlation  function  for  off- 
diagonal  transverse  magnetization  goes  to  zero.  This  meuns 
that  it  is  impossible  to  obtain  a  phase  transition  in  2D  ran¬ 
dom  lattices  at  any  finite  temperature  and  for  an  arbitrary 
value  of  magnetic  field  (local  or  uniform).  On  the  other  hand, 
the  investigation  of  the  upper  bound  in  Eqs.  (8)  and  (ft) 
shows  that  the  slowest  possible  decay  at  low  temperatures  is 
power-law  like,  which  in  principle  does  not  exclude  the  pos¬ 
sibility  of  a  Kosterlitz-Thouless-like  phase  transition  in  2D 
spin  glass,^  But  in  contrast  to  Rt-f.  7,  the  critical  exponent 
f{T)  in  (8)  at  low  temperatures  is  proportional  to  7'."**  This 
means  that  in  random  lattices  Iran.sverse  magnetization  of  the 
correlation  function  decays  faster  than  in  regular  spin 
lattices.'*"”*  The  indication  about  Kosterlitz-Thouless-like  be¬ 
havior  ean  also  be  obtained  from  the  comparison  of  changing 
characters  for  correlation  functions  under  the  temperature  for 
upper  bound  correlation  length  of  our  system  with  those 
known  for  the  classiciil  A'T  model,  indeed,  in  both  cases  we 
have  similar  logarithmic  behavior  for  correlation  lengths  til 
high  temperatures.  The  correlation  length,  which  is  a  power 
function  at  low  temperatures  tiiui  becomes  logarithmic  at 
h!:',h  temperatures,  apparently  rellecis  a  nonmonotonic  varia- 
iion  of  the  thermodynamic  sitile  with  the  temperature. 

On  the  othei  hand,  fiom  l.q.  i8l  one  can  obtain  that  m 
the  zero  tielil  the  upper  bound  lor  susceptibility  diverges  .it 
low  lenipei.ilures,  when  the  correspoiiiling  critical  ex|ionenl 
becomes  less  then  2  Such  a  behas  loi  iinlic.iles  the  possibil 
ii\  ol  I  I'ertain  phase  transition  smiilai  to  the  Kosteiliiz 
riiouless-is pe.  even  in  the  r.iiiilom  two  dimension. d  spin 
svsiein  at  noii/  '.'io  tempeialiite 

(  otresponvi  ng  iiivestig.itions  in  Ibe  ID  c.ise  Iroin  I  r| 

'  nil  show  III. It  the  iippei  boiiiul  dee.ivs  expoiieiiti.dlv  wilh 

A  N  Kocliatian  at'.ti  A  S'.  Soqoo'.ooian  6!H' 


the  distance,  in  spite  of  the  fact  that  the  high  tempcralure 
behavior  remains  as  in  the  2D  case  with  large  spin.  The 
obtained  upper  hounds  do  not  exclude  the  possibility  of  some 
kind  of  long  range  ordering  for  a  two  dimensional  random 
spin  .system  at  zero  tr  mperalure.  Corresponding  losvcr  bound 
relations  until  now  have  been  obtained  only  for  the  regular 
Heiseberg-Ising-like  2U  systems  in  the  grouiul  state.''  (i  is 
believed  that  vector  Heisenberg  spin  glasses  with  n  f  do 
not  have  an  equilibrium  phase  transition  m  tlie  .'D  case,  but 
that  the  observed  ex|H'rimental  transitions  lesult  Irom  small 
anisolropicity,  which  causes  a  crossover  to  an  Ising  like  trail 
sition.  I'he  approach  suggested  hete  is  appbc/.ble  lot  both 
randontiU'ss  and  long-range  interaction  simullaiicouslv  ami 
can  be  used  lor  investigations  ot  critical  i'eliav  tor  in  the  pus 
ciicc  ol  the  magnetic  tield  tor  a  large  cl.iss  ol  i.indom  spin 
quantum  systems,  winch  arc  invariant  utulei  the  glob.ii  loi.i 
lion  around  ih':  r  axis 


Thus,  the  method  rievelopeii  for  finding  upper  bouiuls 
gives  results  sharpening  the  Mermiit  Wagner  theorem  tor 
regular  lattices  as  well  as  lor  a  raiulom  system  with  long- 
rtiiige  inleraeiions. 

One  ol  us  lA.N.K  )  ackiiowleilges  su|i|nut  ul  the  Hmon 
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Relaxation  and  spin  correlations  in  ^^®Sn-doped  a-FegoScio 

D.  Wiarda  and  D.  H.  Ryan 

Cfitlrt'  far  ilie  I’hwirs  of  Miilrniils  iiiul  Ihf  Dcpurlmnil  of  I’hwu  s.  .\h(  ill  I  I  iiiui  sil\.  Hiohi'iloul  lliohlini;. 
WUM)  liiii\i'r\il\  Siri'i'l.  Monlrrol,  (Jiiohi  i .  (  uiuiihi  //'.A  'IS 

('(imliiiii'd  "'\ii  and  '  i  c  Mosshaiicr  iiK'a'.urcmciits  liavc  been  madf  on  a  Sn  ilopcd  'Nanipk  ol 
bolh  around  I  117  *  J  Kl  to  cxainini-  Ihi'  oiim'I  ot  oulct,  and  at  17  k  to  in\i'siij;ali'  '.pin 
correlations  Hie  dillerent  time  scales  probeil  In  the  Sn  and  I  e  Mossb.iuer  It.msiiions  allon  iis  lo 
conlirni  that  clustei  relaxation  elk'cts  do  not  coninlnite  to  the  ordering  at  /  .,,  nliilc  the  large 
tianslcried  lu|Hrli  c  Held  at  the  Sn  sues,  in  an  allox  knoxxn  lo  exhibit  isotropic  spin  tiee/iin;. 

IS  inconsistent  xeith  the  simple  \  lexx  ot  the  tiansleired  field  arising  as  a  xeeloi  sum  oxei  the 
neaiesi  neighlxoi  moments 


1.  INTRODUCTION 

Amoiphoiis  non  Mill  I  e  Sx  alloxs  ale  iinnpie  .iinong  the 
iion-rieh  eailx  tiansiiion  mei.,1  non  glasses  m  that  tliex  do 
not  exhibit  ,i  stiong  de|K'ndeuee  ol  the  magnelie  oideiiiig 

leni|K'(alure  on  eom(x>siiion  In  lonliasi  to  ,i  le,/i . 

xiheie  tile  ordellilg  tem(>eialiiie  drops  liom  7(>n  K  .it  i  S's 
to  IMI  k  at  I  'r'.  the  oideiing  tempeialuie  in 
n  le.Se,.,,,  ,  is  esseiitiallx  eoiisiant  at  libs  k  in  the  laiige 
K'J-  I  •  1  accessible  bx  melt  spniiinig  I  xaminalion  ol  the 

sealing  K'liaxioi  of  the  susceplihihtx  aioiiiKl  /  iiulieales 
that  the  iiuteiial  is  a  Uudeiline  spin  glass,  just  sullleieiillx 
liustialed  to  destiox  the  leriomagiietie  onlei.‘  a  result  that  is 
conliinied  bx  ns  lielil  Mosshaiici  nieasureinciits'  xxhieh  shoxx 
that  the  sxsteni  diiectlx  enteis  a  noncollineai  stale  at  /  and 
elocx  not  pass  through  the  inletmediiiie  lerrointigneiic  plitise 
seen  in  less  Iriistiated  materials. '  More  leeeni  nuigiieli/ulioii 
incasutcmenls  have  deinunsitaled  that  the  sysieni  docs  not 
exhibit  a  s|iontiineous  moment  at  any  teni|icralure.''  An  iiltcr- 
nalixe  xiexx  o(  the  ordering  proposes  the  existence  of  super- 
pariimagnciic  clusters,  xchiclt  block  in  random  orientations  at 
lliis  seems  extremely  unlikely  in  viexv  of  the  close 
agreement  betxeeen  \ and  Mosshauer'  determinations  of 
the  orileriiig  temperature,  measurements  with  easily  different 
e'luuacleiisiic  lime  stales.' 

We  present  here  a  combined  'Y'e  and  "'’Sn  Miissbauer 
study  111  a  "  Sn-dopeel  u-l  c-Sc  alloy.  The  txvo  Mosshauer 
measutemenis  tire  made  in  the  stimc  way.  and  on  the  same 
eejuipment.  thus  elimiiialing  instrumental  and  culihration  dif- 
lerences;  however,  the  lifetime  of  the  "'’Sn  excited  state  is  a 
factor  ol  .‘s  .S  limes  shorter  than  that  of  '’Fc,  so  that  the  two 
measurements  |iiobe  very  different  time  scales,  allowing  us 
to  examine  the  |iossi!ile  role  that  cluster  freezing  may  play  in 
the  otiletmg  at  I  l■UI•lhL•rnlore.  as  Sn  has  no  local  moment, 
the  tt.inslerted  hxi>erline  held  at  the  "''Sn  nuclei  contains 
inlorm.itioii  .iboui  the  magnelie  correlations  among  the 
neighlKiting  be  moments. 

II.  EXPERIMENTAL  METHODS 

Ingots  lot  melt  spinning  xsere  prepared  in  an  are  lurnaee 
undei  lil.iniuni  ■eelieied  .iigon  Hie  Sc  (‘hi  O';  |  xvas  first  pre- 
melted  ,ind  iheii  .illoxed  x'llh  the  '‘Sn.  I  iineiieil  "  *Sii  I  'so- 
lojiie  puiilx  S.’ o',  1  xe.is  iis.'d  ill  order  In  gel  H  mg  " ’Sn 
(HI  I  g  e.iin(ilc  xeeighi  .nut  ensme  a  cniixeiiieni  absor|ition  in 
Ihi  Sn  s(Helii  1  he  Sr  ‘sn  .dlox  xe.is  llieii  .uhled  lo  <iii 


,i(i(iio|ii i.ile  ijii.inlitx  111  li  lOUOK',  I  .iiiil  milled  sexei.il 
liiiu's  in  eiisuii  hnmngi  iieiix  Meh  spinning  xx.is  ilniie  undei 
.1  helium  .ilmnspheie  nnlo  .i  en()(H'i  xeheel.  .ind  xicliled  iih 
fmiis  I  mm  xe  Ilk'  .mil  III  /rill  title  k  I  he  .iiniii|ihnus 
slnictiite  nl  ihe  s,ini|ik'  xe.is  xeiitied  bx  x  i.ix  ilitli.ii  linn  .mil 
liHinilem|>e'l.lluie  Mnssli.iuei  soeelroseni'X  I  )|lleienll.il 
'Hanning  c.dnimieiix  shnxxed  lli.il  the  cixsi.dli/alinn  tern- 
jie'Mlure  till  this  m.iteiial  xx.n  .Sill  k,  I'lnsc  in  the  x.ihie  ol 
h77  k  tejxiiled  loi  w  1  e,,|SC|,„  ‘  conliimiiig  ih.ii  Ihe  addition 
ol  1'.  Sn  does  not  signilicaiillx  ailed  the  gl.iss  I  lie  aiilot- 
pilous  ribbons  xxere  mounted  on  la|ie  m  otdei  to  make  a 
Mossliauei  absorbet.  A  single  iliickness  xvas  used  lor  Ihe  '  be 
s|H’dta  xvhile  six  layers  xvere  iiseil  lot  Ihe  "  'Sii  measuie- 
menls  Ihe  Mossbauer  s(>edra  were  taken  using  a  eonven- 
tional  eonslaiil  ..cceleralion  s|)eclrontelei  with  a  '’('okli 
source  for  the  '^be  spectra  and  a  C'a"''Sn(),  source  for  the 
"‘’Sii  spectra.  'I'he  lemiieraturc  xvas  varied  by  means  of  a 
vibration-isolated  elosed-eyele  lie  cryostat. 

I'lie  '^I'e  spectra  were  fitted  using  txvo  (laussian  distri¬ 
butions  to  describe  the  hypcriine  held  distribution,  b'or  the 
"''Sn  spectra  a  single  (laussian  distribution  with  different 
widths  on  the  low-  and  liigh-lield  side  of  the  peak  held  was 
used.  As  Ihe  sample  is  an  amoriihous  ribbon,  the  relative 
intensity  of  lines  2  and  5  cannot  be  lixcd  u  priori  to  its 
(Xiwder  average  value.  Therefore  il  was  htlcxi  in  the  '^be 
spectra  and  then  set  lo  2  (the  value  found  in  the  lits  lo  the 
'^Fe  spectra)  for  the  '"'Sn  spectra,  A  linear  correlation  be¬ 
tween  the  isomer  shift  and  the  hyperline  field  was  assumed 
in  order  to  fit  the  slight  asymmetry  in  the  spectra. 


III.  RESULTS  AND  DISCUSSION 

A  conventional  method  for  determining  magnetic  order¬ 
ing  temperatures  is  to  record  tlie  transmitted  intensity  of 
Mosshauer  radiation  at  zero  velocity  as  a  function  of  leni- 
peraturc.  As  the  spectrum  broadens  at  the  peak  absorp¬ 
tion  falls,  and  the  zero-velocity  count  raie  increases.  The  data 
for  the  ''’be  thermal  scan  arc  shown  in  Fig.  1.  is  identified 
xviih  Ihe  marked  change  in  slope  at  1  1  K.  The  proeedure 

has  lo  be  modified  for  '  '''Sn  as  the  isomer  shift  displaces  the 
(leak  aosorplion  above  to  I  l.X  mm/s  relative  lo  the 
source  at  rest.  The  spe'Clromeler  is  therefore  run  at  a  constant 
velocilx  iho^eii  to  ma.ximize  the  absuriilion  at  room  tempera¬ 
ture.  aiul  the  observed  drift  in  count  rale  on  cooling  above 
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n»(i  1 10  'VO  i:ui 

I  iKi 

lUi  I  Mossluucf  iKi'tnul  Htins  hw  <j  |  c'^,.V.,Sn,  .u  /i-io  vrl(K.ii\  ^  I  v 
{  I  4mi  )  H  mm  V  (of  ''Sn  i#).  vhouiov:  ihc  ihs^oiuiuuiiv  ai  I  ^ 

M;cn  in  I  ij:.  1.  is  due  lo  the  s|>eetrum  center  inovinn  as  a 
result  III  the  secninJ-iiider  Doppler  shilt  A  clear  break  in 
sio(X‘  IS  observed  at  1  U  ‘  2  K. 

(liven  that  "'Sn  saiii|iles  on  a  shorter  iiiiie  scale  than 
^'I'e.  we  would  ex|X'Ct  the  Sn  data  to  ^ive  a  sigiiilicaiitly 
higher  ordering  teni|X'ralure  it  blix'king  ot  su|Krpuiamag- 
iietic  clusters  were  the  origin  ol  the  niagnetic  order.  Such 
clusters  would  ap|x-ar  tro/eii  at  higher  teni|H;ratures  when 
observed  at  higher  Irequcncies.  However,  the  two  Mossbauer 
measurements  yield  the  same  ordering  temperature  within 
error  (it  is  interesliiig  to  note  that  the  Sii  value  is  actually 
slightly  lower,  rather  than  signilicantly  higher)  A.ssuming 
that  dtres  reflect  a  blinking  of  superparamagnetic  clus¬ 
ters,  we  can  calculate  the  eiieigy  baiiiei  for  luagneti/.ation 
ruversar^  and  thus  the  change  in  bUK'king  temperature  on 
going  from  ^’Fe  to  "%n.  This  calculation  indicates  that  the 
'"“Sn  transition  would  be  at  -  150  K  if  such  a  model  were 
appropriate,  rather  than  114  K  as  observed.  We  can  therefore 
rule  out  relaxation  effects  or  cluster  blocking  as  contributing 
to  the  ordering  ot  u-Fe-Sc. 

Unlike  earlier  work  on  Sn-doped  a-Fe-Zr  which  showed 
no  effect  of  the  Sn  additions  on  the  magnetic  ordering 
temperature,"*  the  Sn-dnped  sample  does  exhibit  a  slightly 
higher  ordering  tempera,  are  than  that  of  earlier  materials; 
however,  we  do  not  believe  that  the  ~  1 4  K  increase  reflects 
a  significant  modification  of  the  magnetic  structure.  The 
most  convenient  way  to  modify  the  magnetic  properties  of 
a-Fe-Sc  is  to  add  hydrogen.  This  leads  to  profound  changes 
in  both  Tf.  (rises  to  ~310  K)  and  the  iron  moment  (increases 
to  ~2.2/Xfl,  the  average  hyperfine  field  rises  to  31.3  T),’  but 
the  material  still  lacks  the  critical  behavior  characteristic  of  a 
ferroraagnet.'*  Therefore  it  seems  reasonable  to  conclude  that 
if  a  200  K  increase  in  T^.  leaves  the  system  still  in  a  strongly 
spin-glass  like  state,  a  14  K  increase  will  have  negligible 
effects  on  the  magnetic  structure. 

The  Mossbauer  spectra  obtained  at  12  K  for  the  two 
transitions  are  shown  in  Fig.  2.  Both  are  clearly  magnetically 
split,  reflecting  the  ordering  of  the  iron  moments.  The  fit  to 
the  •"’^Fc  spectrum  yields  an  average  hyperfine  field  of  22.8  T, 
indistinguishable  from  previous  values  obtained  on  Sn-free 
materials,’'^  and  further  reinforcing  the  view  that  the  addition 
of  Sn  has  not  significantly  affected  the  magnetic  ordering. 
Curiously,  the  *'‘*Sn  spectrum  also  yields  a  large  average 


Vh|(|(  It y  I  imn/'i  | 


I  U  t  1  s|K‘ctr.i  iiic'iiMifiii  .it  I  '  k  a  i  c.a,Sc.,Si)i  tiM  f  i  ttopi  iiiui 

"  'Sii  ll>.i|liiiill 

field:  5.1  •  0.2  1.  It  the  lix'al  inagnelie  order  were  essen¬ 
tially  istdropic.  as  would  be  exiK'Cted  in  a  spin  glass,  the 
coiitiil'ulioiis  from  the  neighboring  F'e  moments  would  lie 
random  and  therefore  largely  caned  at  a  Sn  site.  Sucli  u 
situation  would  then  yield  a  small  ratio  between  the  observed 
transferred  Sn  field  and  the  Fe  field  (assumed  pro|)ortionul  to 
the  Fc  moments).  The  value  obtained  liere  is  0.22 +  ().()  1 , 
essentially  the  same  as  that  found  in  the  less  frustrated 
u-Fev2Zr7Sr|  (Ref.  10)  and  the  almost  ferromagnetic 
rt-Fc.,(i  ,Ni,Zr,,Sn|."  Assuming  that  the  transferred  field  at 
the  "'’Sn  results  from  a  vector  sum  over  the  moments  on  the 
Fc  nearest  neighbors,  and  that  the  coordination  number  in  the 
glass  is  '-12,  then  going  from  fully  collinear  to  isotropic 
order  should  lead  to  u  factor  of  4  drop  in  the  Sn/Fc  hyperfine 
field  ratio,  a  prediclion  that  is  completely  inconsistent  with 
our  ob.scrvations.  Similar  measurements  on  Mn-containing 
spin  glasses'"*'  have  also  reported  large  transferred  fields, 
leading  to  tlie  rather  unlikely  speculation  that  the  spin  glass 
is  dominated  by  significant  ferromagnetic  short-ranged 
correlations.*'  Since  it  is  highly  unlikely  that  the  addition  of 
1  at  %  Sn  makes  the  «-Fc-Se  alloy  essentially  ferromagnetic, 
without  increasing  either  7',,  or  the  iron  mornetrt,  we  are 
forced  to  conclude  that  even  in  an  isotropically  ordered  ma¬ 
terial  (i.e.,  a  spin  glass),  the  ’'’*Sn  nuclei  measure  the  mag¬ 
nitude  of  the  average  iron  moment,  rather  than  the  vector 
sum  of  the  randomly  oriented  ncighborin«  moments. 
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Field-dependent  susceptibility  aging  in  CuMn  spin  glasses 

P.  W.  Fenimore  and  M.  B.  Weissman 

Department  of  Physics,  University  of  Illinois  at  Urbonu-Champaign.  1110  Wev/  Green  Street,  Urbuna, 
Illinois  61801-3080 

A  “hole”  is  found  to  develop  in  the  dc  field-dependent  ac  susceptibility  ot  CuMn  spin  glasses  when 
the  material  is  cooled  or  aged  in  a  field.  Comparisons  are  made  with  analogous  experiments  on 
structural  glasses  at  low  temperature.  The  hole  is  not  compatible  with  independent  two-level 
systems.  The  significance  of  the  width  (in  H)  of  this  hole  is  disc  j.ssed. 


Recent  work  on  aging  of  the  ac  dielectric  suseeirtibiliiy 
e(  /)  in  several  dissimilar  insulating  glasses  found  that  a 
“hole”  can  form  in  6(  /)  versus  applied  dc  electric  field  E 
when  the  dielectric  is  aged  in  an  electric  field  at  low  tem¬ 
peratures  for  times  in  the  range  1()'-1()'  s.'  The  detailed  time 
and  frequency  dependence  of  this  hole  has  been  shown  to  be 
inconsistent  with  a  model  consisting  of  a  simple  superposi¬ 
tion  of  quantum  two-level  systems  ( TLS).’  The  most  plau¬ 
sible  source  of  suclt  aging  effects  lies  m  multistate  relax¬ 
ations,  such  as  those  resprtnsible  for  the  w^ii  Kiiown  (hut  not 
well  understood)  large  aging  effects  in  spin  glasses.'  In  this 
paper  we  describe  experiments,  analogous  to  the  dielectric 
experiments,  on  the  time  and  magnetic  tick!  dependence  of 
the  magnetic  susceptibility,  ;y(  f)  t-  iy'i  /),  in  metal¬ 

lic  .spin  glasses. 

Spin  glasses  are  good  candidates  for  these  experiments 
for  several  reasons,  (i)  Previous  work  has  clearly  establi.shed 
that  there  are  large  aging  effects  below  the  spin-glass 
leinperaluie.'  (ii)  In  metallic  spin  gla.sses  there  is  almo.sl  cer¬ 
tainly  a  continuous  phase  transition  at  the  spiu-gla.ss  free/.ing 
temperature  If;,*  which  provides  a  well-defined  energy  scale 
for  interactions  in  spin  glasses.  Since  the  low-temperature 
excitations  of  the  structural  glasses  do  not  have  a  known 
pha.se  transition,  an  appropriate  energy  scale  for  interactions 
in  glasses  is  unclear,  (iii)  Spin-glass  experiments  may  be 
conducted  in  the  classical  (high-leiuperalure)  regime.  Dielec¬ 
tric  aging  has  been  studied  in  the  tunneling  regime  and  com¬ 
parison  with  spin  glasses  should  shed  light  on  the  importance 
of  quantum  mechanical  effects. 

We  have  examined  CuMn  with  4  at.  Mn  and  12  at. 

Mn  and  CuMnAu  with  4  at.  '-r  Mn  and  1  at. '!  An.  We  have 
also  measured  a  CuSiMn  (4.2  at.  'i  Si,  l)..^  at.  '■(  Mi\l  sample 
as  a  control.  The  spin-glass  temperature  of  the  control 
sample  is  lower  than  the  temperature  range  in  which  we  took 
data  K).  The  4',';.  samples  are  cylindrical  and  have 

two  overlapping  cuts  along  tlieir  length  to  reeluce  the  contri¬ 
bution  to  x'  if"'"  eddy  currents.'’  The  12'’v  sample  is  a  small 
segment  of  an  annulus  about  2  cm  in  radiu.s.  The  overall 
dimensions  of  this  sample  are  cu!n|iarable  to  the  4*1 
samples.  The  control  sample  is  a  1-cm-long  section  of  the 
body  of  a  silicon-bronze  screw.  All  the  sam|iles  have  masses 
near  1  g,  The  measurements  were  made  in  a  1  T  commercial 
(Ouantum  Design)  ac  susceptometer.  The  measurements 
were  made  at  3  llz.,  about  the  highest  frequency  (allowing 
fastest  data  collection)  for  which  the  eddy  current  back¬ 
ground  could  be  accurately  subtracted. 

The  spin  glass  is  initially  field  cooled  (usually  at  3(10  Oe) 
from  27', ;  to  a  working  temperature  beh'w  .  A  non-zero 


cooling  field  is  used  to  make  sure  that  the  effects  of  equili¬ 
brating  at  a  particular  field  are  not  confused  with  any  special 
prrrperties  of  //=().  The  fields  used  were  always  small 
enough  to  stay  the  strongly  irreversible  spin-glass  regime  at 
the  measurement  temperature.'  The  sample  is  then  aged  at 
that  field  for  about  .SOOO  s.  The  field  is  then  changed  to  a  new 
(second)  field  for  a  few  minutes,  during  which  time  the  ini  ¬ 
tial  values  of  x'  H^)  and  x"  (-^  Hz)  are  measured.  The 
applied  field  is  then  changed  back  to  its  initial  value  and  the 
sample  is  allowed  to  age  before  the  next  measurement  is 
performed.  By  repeating  this  H-cycling  procedure,  all  at 
fixed  7'.  we  make  :i  map  of  initial  ,v  vs  H.  Since,  empirically, 
(his  map  docs  not  depend  substantially  on  the  order  in  which 
we  cycle  to  the  measurement  fields,  long-term  distortion  of 
the  curve  caused  by  the  field  history  at  the  measuring  tem¬ 
perature  does  not  seem  to  be  a  problem. 

All  three  of  these  spin  glasses  show  a  substantial  hole  in 
y-t  /,//)  versus  magnetic  field  (//)  (see  Fig.  1).  To  a  first 
approximation,  the  center  of  the  hole  is  simply  shifted  by 
cooling  in  different  fields.  I'he  hole  in  x(  /  ,//)  for  these  SCis 
is  short  lived,  compared  with  the  lifetime  of  the  hole  in 
t(  f,i  »f  structural  glasses  (except  SiOd.'  (Because  of  this 
effect  slow  scans  of  the  applieil  field  are  not  feasible.) 

The  hole  depth  for  ,v”  is  .3()'7  of  the  initial  value  of  x" 
and  for  it  is  3'''<  of  the  initial  value.  These  numbers 
contrast  with  the  structural  glas.ses  where  the  hole  depth  in  <•' 
is  only  0.  Moniloring  \"  allows  us  to  separate  slow, 
relaxational  spin  dynamics  from  fast  spin  dynamics  Ic.g., 
spin  dynamics  near  (he  altemiu  rate)  that  contribute  to  . 
This  is  important  because  there  is  no  guarantee  that  the 
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riG.  2.  The  hole  in  V  vs  field  for  four  (emperalurcs  in  CuMii  4  al.  %  Mn.  HG.  Time  dependence  of  the  relaxalion  of  in  C'uMn  4  at.  %  Mn  at  10 
The  data  were  taken  at  Hz.  K.  The  data  were  taken  at  .3  Hz. 


“fast”  spin  dynamics  have  the  same  aging  properties  as 
those  near  1  Hz. 

The  width  of  the  hole  in  y'  is  ~  3()()  Oe  at  10  K  and  is 
slightly  narrower  at  higher  temperatures  (see  Tig.  2).  The 
weak  T  dependence  of  this  width,  from  0.3  to  con- 

tra.sts  with  the  strong  temperature  dependence  of  the  e(  /,E) 
hole  between  .50  and  500  niK.' 

For  sufficiently  large  A//  (  -300  Oe),  the  increase  in  x 
saturates,  indicating  that  nearly  all  the  spiti  configurations 
who.se  fluctuations  give  x'  Hz'  dfd  sufficiently  changed  by 
fields  of  ~3(K)  Oe  to  cease  to  contribute  to  y  (3  Hz).  That  is, 
by  changing  //  by  3(K)  Oe,  one  sees  a  different  set  of  fluc- 
tualors,  ones  which  have  not  had  a  chance  to  relax  to  the 
smaller  values  of  x  (3  Hz).  Further  change  of  //  simply 
gives  a  different  set  of  new  fluctuaturs,  which  are  still  not 
aged. 

One  expects  that  //  has  little  effect  on  the  dynamics  of 
active  spin  clusters  until  /uA/f  becomes  greater  than  kn'i, 
where  /u  is  the  net  magnetic  moment  of  the  rearratiging  spin 
cluster.  (When,  however,  a  new  set  of  fluctuat¬ 

ing  objects  will  be  responsible  for  y.)  .Since  the  net  moment 
of  a  spin  cluster  in  a  spin-glass  scales  as  the  square  root  of 
the  number  of  spins,  and  since  a  Mn  ion  in  C'u  has  a  moment 
about  Ijii, ,  the  characteristic  number  of  spins  involved  in  the 
clusters  us  H  is  ch.mged  is  about  Id''  al  10  K.  T'his  number  of 
spins  is  fairly  constam  in  the  samples  we  have  examined. 
However,  the  relations  among  this  number,  the  number  of 
spins  involved  in  individual  coherent  thermal  flips  at  fixed 
//,■’  and  the  number  of  spins  which  are  within  a  Volume 
throughout  which  such  coherent  groups  interact*’  are  not  yet 
clear  to  us. 

If  instead  of  t)ricfly  visiting  other  fields  and  building  up 
a  map  of  initial,  unaged  x  H.  we  field  cool  in  -t-ii,.  age 
'.he  sample,  change  to  -H,  and  allow  the  sample  to  age 
further,  we  can  see  the  long  lime  behavior  of  the  hole.  The 
relaxations  are  roughly  logarithmic  in  time  (Fug.  3).  Observ¬ 
ing  this  second  relaxation  (and  also  a  third  relaxation,  this 
time  back  at  -fH])  allows  us  to  compare  the  field-cooled 
behavior  -with  field-jump  behavior. 

ITir  ecjual  aging  times  the  second  aging  does  not  reach  as 
low  a  y  value  as  the  first.  Even  a  brief  excurMon  from  the 
field  cooled  -t-H,  to  -H|  mostly  re.rets  the  (third)  aging  of 


y  on  return  to  -t-H,.  Nonetheless,  at  long  times  the  third 
aging  (at  -t-H,)  is  intermediate  to  the  first  and  .second,  indi¬ 
cating  that  some  small  part  of  the  -t-H,  hole  survives  to  long 
times  at  -H, . 

In  contrast,  the  aging  of  x'  td  +H|  is  not  mostly  re¬ 
started  by  brief  excursion, s  to  -H,  (see  Fig.  4).  For  times 
shorter  than  about  lOOD  s  al  -H, ,  the  initial  .v'  “n  return  to 
-l-H|  is  still  lower  than  any  value  of  x'  recorded  at  -H,  .  We 
as.sume  that  this  behavior  indicates  that  the  very  fast  relax¬ 
ations  which  contribute  substantially  to  x’  4  very  dif¬ 

ferent  way  than  the  clusters  responsible  for  y. 

In  conclusion,  conventionai  spin  gla.sses  in  a  classical 
temperature  regime  show  field-dependent  aging  effects  simi¬ 
lar  to  those  of  structural  glasses  in  the  quantum  regime.  I'he 
spin-glass  susceptibility  holes,  however,  are  deeper  than 
tho.se  of  the  structural  glas.ses,  and  generally  show  more 
rapid  relaxation.  Our  results  strongly  reinforce  the  theoretical 
conclusion"  that  the  main  explanation  of  dielectric  aging  will 
be  found  in  multisite  cooperative  effects,  such  as  arc  known 
to  be  piesent  in  spin  glasses,  rather  than  in  the  simple  TLS 
picture. 

.Several  prior  pieces  of  evidence  strongly  support  this 
view.  The  decay  in  e'(  /)  is  very  strongly  depeiulent  on 
Thus  the  frequency  dependence  of  e'  strongly  ages.  Since. 
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by  Kramers-Kronig,  the  frequency  dependence  of  e'  is  es¬ 
sentially  e",  e"  must  also  show  very  strong  aging  effects  (as 
does  y'  in  spin  glasses).  At  frequencies  much  less  than  the 
attempt  rate,  it  is  very  unlikely  that  or  e"  comes  from 
anything  other  than  relaxational  effects  (i.e.,  tunneling  pro¬ 
cesses  at  low  temperature  and  activated  processes  at  higher 
temperatures).  Since  a  simple  noninteracting  two-state  sys¬ 
tem  with  a  charaeieristic  rate  comparable  to  the  measurement 
frequency  does  not  have  some  othc(  longer  time  associated 
with  it,  it  cannot  produce  a  slowly  aging  V'  or  e". 

It  is  known  from  fluctuation  experiments  in  mesoscopic 
samples  of  metallic  glasses  that  their  low-temperature  struc¬ 
tural  fluctuations  (in  both  the  tunneling  and  activated  re¬ 
gimes)  are  not  strictly  two-state  systems.’  Interactions  lead  to 
slow  fluctuations  in  the  characteristic  rate  and  duty  cycle  of 
the  individual  (configurational)  fluctuations.  These  fluctua¬ 
tions  are  probably  the  equilibrium  analog  of  the  dielectric 
aging.  Since  the  detailed  properties  of  the  fluctuators  vary 
over  long  times,  one  expects  long  time  relaxations  into  con¬ 
figurations  with  minimal  free  energy.  Unless  some  unex¬ 
pected  symmetry  precludes  average  differences  in  suscepti¬ 
bility  between  the  high  free-energy  configurations  and  the 
minimum,  the  susceptibilities  will  slowly  relax.  The  sign  of 
the  relaxation  (toward  lower  susceptibilities)  is  consistent 
with  a  simple  correlation:  the  barrier  heights  seen  from  a  low 
frec-cnergy  configuration  tend  to  be  higher  than  those  seen 
from  a  high  free-energy  configuration,  as  would  be  expected 
if  energies  of  the  transition  states  did  not  differ  from  each 
other.  It  is  probably  no  coincidence  that  similar  meso.scopic 
experiments  on  CuMn  show  extremely  strong  interactions,  to 
the  point  that  nothing  like  two-state  systems  exi.sts,'’  and  that 
CuMn  shows  much  stronger  aging  effects.' 


In  the  mesoscopic  noise  experiments  on  amorphous  met¬ 
als,  a  whole  new  set  of  fluctuating  objects  could  be  obtained 
by  thermal  cycling  to  ~50  K  and  back,’  just  as  a  whole  tiew 
fluctuation  pattern  can  be  obtained  by  cycling  a  mesoscopic 
spin  glass  to  7'^; If  the  analogy  between  interacting  TLS  in 
amorphous  materials  and  interacting  spins  in  .spin  glasses 
turns  out  to  be  meaningful,  then  the  —100  mK  temperature 
scale  of  the  dielectric  hole  measurements  probably  corre¬ 
sponds  to  a  similar  low  temperature  in  the  spin-glass  experi¬ 
ments.  It  will  be  interesting  to  investigate  whether  the  quan¬ 
titative  differences  between  the  aging  in  the  two  types  of 
systems  are  primarily  the  result  of  this  different  experimental 
temperature  scale  or  of  some  more  fundamental  factor,  such 
as  the  strength  of  the  interactions  versus  the  local  energy 
asymmetries.  At  any  rate,  the  quantum  mechanical  nature  of 
the  TLS  does  not  seem  to  be  an  essential  a.spect  of  the  aging. 

This  work  was  supported  by  NSF  DMR-93-()5763,  using 
facilities  of  the  MRL  (NSF  DMR-89-2()538).  We  thank 
M.  B.  Salamon  and  L.  J.  P.  Kctelson  for  two  of  the  samples. 
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Quantum  tunneling  in  magnetic  particles  (invited)  (abstract) 

D,  P.  DiVincenzo 
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Recent  advances  both  in  materials  preparation  techniques  for  ultraline  magnetic  particles,  and  in 
low-temperature  magnclometry,  have  made  possible  the  observation  of  a  new  kind  of  collective 
quantum-mechanical  phenomenon.  In  our  studies'  of  horse-spleen  ferritin  particles  (naturally 
occurring  75  A  iron-oxide  crystallites),  a  resonance  in  the  magnetic  susceptibility  is  observed  at  low 
temperature  (<200  niK)  and  exceedingly  low  ambient  magnetic  fields  (of  order  10  '  Gauss  and 
below).  1  will  discuss  the  accumulation  of  evidence  which  indicates  that  this  resonance  arises  from 
the  quantum  tunneling  of  the  magnetization  between  the  ferritin  particlcs's  two  easy-axis  states.  This 
involves  a  unique  collective  effect:  the  orientation  of  the  thousands  of  spins  in  the  particle  flip  over 
as  a  unit,  passing  through  an  energy  barrier.  1  will  discu.ss  various  new  theoretical  results  which  have 
been  stimulated  by  these  recent  experiments.  For  example,  quantum  mechanics  predicts  that  the 
tunneling  behavior  is  radically  different  for  particles  with  even  and  odd  number  of  iron  atoms," — in 
particular,  tunneling  is  predicted  to  be  forbidden  in  the  odd  ca.se.  Finally,  1  will  discuss  the 
possibilities  for  quantum  effects  in  a  new  class  of  nanoscopic  Fe  particles,  produced  by  a  novel  STM 
deposition  technique  by  A.  Kent.  It  is  clear  that  new  materials  preparation  techniques  will  continue 
to  provide  novel  testing  grounds  for  quantum  theory. 


Work  done  in  collnhoriition  with  D.  D.  Awsclialoni,  J.  F.  Sniytli.  (i.  Orin- 
stciii,  D.  Loss,  and  li.  Chudnovsky. 

'  D.  D.  Awselialom,  J,  F.  Snryttl,  0.  Oriiistciii,  D.  P.  DiVincenzo,  and  D. 
Lo.ss,  Phys.  Rev.  Ia;tt,  68,  .tl)92  (1992);  71.  427()(E)  (19931. 
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Remanent  magnetization  of  AgMn  spin  giasses  (abstract) 

Emily  Engle  and  E.  Dan  Dahiberg 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  Minneapolis,  Minnesota  SSdSS 

Plots  of  the  dc  demagnetization  remanence,  Ij,  versus  the  isothermal  remanent  magnetization,  I,, 
have  been  used  to  determine  the  presence  of  interactions  in  concentrated  magnetic  systems.'  In 
terms  of  interacting  entities  within  me  system,  the  standard  interpretation  of  these  plots  is  that 
positive  (negative)  curvature  indicates  the  presence  of  demagnetizing  (magnetizing)  interactions 
between  the  magnetic  entities,’”^  Wc  will  report  the  first  such  analysis  made  on  a  spin  glass  (the 
archetypal  spin  glass  system,  AgMn,  with  three  Mn  concentrations).  As  prcsc''hed,  /,/  and  were 
normalized  and  plotted  against  each  other.  All  of  the  plots  of  zero-field  quenched  specimens  have 
positive  curvature,  indicating  the  presence  of  demagnetizing  interactions.  In  these  measurements  the 
sample  shape  dependent  demagnetizing  field  was  not  a  factor  because  the  magnetizing  field  was 
applied  parallel  to  the  long  axis  of  the  foils  (0.50  in.  X  0.15  in.  X~0.0()5  in.).  These  results  arc 
consistent  with  a  recent  model  for  slow  relaxation  ’  wherein  interactions,  not  disorder,  determine  the 
quasilogarithmic  time  dependence  of  relaxation  processes  in  thc.se  systems. 


't  his  work  is  supported  liy  the  Air  Force  Ol'liee  of  Scicntilic  Kc.searctl.  Grunt 
No.  AF/I'A%2()-92-J-()18.S. 
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Calculated  field  cooled  and  zero  field  cooled  magnetizations 
of  the  three-dimensional  Ising  spin  glass  using  Monte  Carlo 
hard-spin  mean-field  theory  (abstract) 

Edwin  A.  Ames  and  Susan  R.  McKay 

Department  of  I’hpsies  and  A  stronomy,  University  of  Maine,  Urono,  Maine 

We  have  studied  the  ±J  Ising  spin  glass  in  a  uniform  magnetic  field  by  using  Monte  Carlo  hard-spin 
mean-field  theory.'  implemented  on  a  24X24X24  lattice  with  periodic  boundary  conditions.  This 
method  modifies  the  conventional  mean-field  approach  to  retain  frustration  by  placing  a  spin  of  unit 
magnitude  at  each  nearest  neighbor.  Each  spin's  direction  is  chosen  using  the  hard  spin  condition, 
which  preserves  the  site’s  average  magnetization.  The  method  yields  an  average  magnetization  at 
each  site  and  permits  the  exploration  of  stable  and  metastablc  states  within  the  spin-glass  phase  and 
their  overlaps.  By  direct  calculation  of  the  free  energy  of  each  final  state,  stability  and  metastability 
can  he  distinguished.  The  resulting  average  magnetizations  display  realistic  history  dependence.  For 
example,  the  calculated  field  cooled  magnetization  remains  roughly  constant  below  the  freezing 
temperature,  whereas  the  zero  field  cooled  magnetization  rises  to  a  cusp  as  temperature  i.s 
increased  below  as  is  observed  experimentally.  Aging  phenomena  are  also  reproduced  within 
this  method,  since  varying  the  number  of  Monte  Carlo  steps  at  each  temperature  and  field 
correspotids  to  altering  the  waiting  time. 


'll.  It.  Netz  iimt  A.  N.  licrkcr,  I’tiys.  Ilcv.  l.ctl.  66,  ,t77  lt‘)yi);  J.  Appl. 
I’liys.  70,  6074  (IWl). 


,J,  Appl.  Phys.  76  (10),  15  November  1994 


0021 -8979/94/76(1 0)/6197/1/$6,00 


cl  1994  American  Institute  of  Physics  6197 


Symposium  on  Magneto-Impedance 


1.  K.  Schuller,  Chairman 


Giant  magneto-impedance  and  magneto-inductive  effects  in  amorphous 
alloys  (invited) 

L.  V.  Panina,  K.  Mohri,  K.  Bushida,®*  and  M.  Noda 

Department  of  Electrical  Engineering,  Nagoya  University,  Nagoya  464,  Japan 

Recent  experiments  have  discovered  giant  and  sensitive  magneto-impedance  and  magneto-inductive 
effects  in  FeCoSiB  amorphous  v/ires.  These  effects  include  a  sensitive  change  in  an  ac  wire  voltage 
with  the  application  of  a  small  dc  longitudinal  magnetic  field.  At  low  frequencies  (1-10  kHz)  the 
inductive  voltage  drops  by  50%  for  a  field  of  2  Oe  {25%/Oe)  reflecting  a  strong  field  dependence  of 
the  circumferential  permeability.  At  higher  frequencies  (0.1-10  MHz)  when  the  skin  effect  is 
essential,  the  amplitude  of  the  total  wire  voltage  decreases  by  40%-60%  for  fields  of  3-10  Oe 
(about  10%/Oe).  These  effects  exhibit  no  hysteresis  for  the  variation  of  an  applied  field  and  can  be 
obtained  even  in  wires  of  1  mm  length  and  a  few  micrometer  diameter.  These  characteristics  are 
very  useful  to  constitute  a  highly  sensitive  microsensor  head  to  detect  local  fields  of  the  order  of 
10  Oe.  In  this  paper,  we  review  recently  obtained  experimental  results  on  magneto-inductive  and 
magneto-impedance  effects  and  present  a  detailed  discussion  for  their  mechanism,  developing  a 
general  approach  in  terms  of  ac  complex  impedance  in  a  magnetic  conductor.  In  the  case  of  a  strong 
skin  effect  the  total  wire  impedance  depends  on  the  circumferential  permeability  through  the 
penetration  depth,  resulting  in  the  giant  magneto-impedance  effect. 


I.  INTRODUCTION 

Recently,  much  work  has  been  done  on  giant  magnetore- 
sistance  because  of  its  importance  for  applications  in  various 
magnetic  sensors  and  especially  in  magnetic  heads  for  re¬ 
cording.  The  problem,  however,  is  not  well  understood,  and 
experimental  results  are  far  from  practical  applications,  as 
the  effect  is  observed  at  rather  high  magnetic  fields  and  suf¬ 
fers  strong  hysteresis.  On  the  other  hand,  giant  and  sensitive 
magneto-inductive  (Ml)  and  magneto-impedance  (MI)  ef¬ 
fects  have  been  found  in  .soft  magnetic  FeCoSiB  amorphous 
wires'-^’  and  ribbons.’'**  These  effects  include  a  sensitive 
change  in  an  ac  voltage  in  tht.-.e  materials  with  the  applica¬ 
tion  of  a  small  dc  magnetic  field,  and  are  thus  an  ac  analog  of 
giant  magnetoresistance.  The  effects  have  been  reported  to 
be  the  strongest  for  an  amorphous  wire  of  a  composition 
Fe4  3COf,s.2Sii2..sBi.‘i.  In  a  low  frequency  range  of  1-10  kHz, 
which  is  typical  of  the  Ml  effect,  the  inductive  component  of 
an  ac  wire  voltage  decreases  by  50%  for  a  longitudinal  field 
of  2-5  Oe.  At  higher  frequencies  (0.1-10  MHz)  where  the 
skin  effect  is  essential  the  giant  Ml  effect  occurs;  the  ampli¬ 
tude  of  the  total  wire  voltage  decreases  by  40%-60%  under 
the  influence  of  a  longitudinal  field  of  3-10  Oe.  No  hy.sler- 
esij  has  been  observed.  The  giant  Ml  and  MI  effects  can  be 
observed  in  wires  with  a  few  micrometer  diameter  and  1  mm 
length.  These  results  suggest  establishing  a  new  microsized 
sensitive  magnetic  head  and  a  sensor  head  for  information 
storage  devices. 

In  this  work  we  present  a  comprehensive  study  of  the  Ml 
and  MI  effects  in  FeCoSiB  amorphous  wires  including  both 
a  brief  review  of  the  recently  obtained  experimental  results 


‘'Unitika  Lui.  R  &  D.  Uji  611,  Japan. 


and  their  analysis  on  the  basis  of  the  ac  complex  impedance 
of  a  magnetic  wire  with  a  domain  structure.  Some  new  re¬ 
sults  for  FeCoMoSiB  amorphous  ribbons  are  presented  as 
well.  We  demonstrate  that  both  effects  have  a  classical  elec¬ 
tromagnetic  origin  and,  hence,  are  not  connected  with  the 
conventional  magnetoresistance.  All  the  experimental  data 
can  be  explained  in  terms  of  a  field  dependence  of  imped¬ 
ance  as  a  result  of  the  transver.se  magnetization  (with  respect 
to  current  direction)  and  the  skin  effect.^’'"*"''  In  general,  large 
and  giant  magneto-impedance  effects  are  possible  in  many 
other  soft  magnetic  materials  of  various  geometries. 

Because  of  the  skin  effect,  an  ac  current, 
/  =  /„  exp(  — /a)/),  tends  to  be  concentrated  near  the  surface 
of  a  conductor,  changing  its  impedance  Z.  The  current  distri¬ 
bution  depends  not  only  on  the  shape  of  the  conductor  and 
frequency  but  also  on  the  transverse  permeability  /i..  If  /x  is  a 
sensitive  function  of  an  external  field  in  a  high  frequency 
region  this  dependence  reveals  itself  in  the  impedance  be¬ 
havior  through  the  penetration  depth,  resulting  in  a  sensitive 
voltage  re,sponse;  \''(a;,W„,)=Z[aj,/x(w,//„)J/.  At  low  fre¬ 
quencies,  when  the  skin  effect  is  negligible,  the  first  order 
term  in  an  expansion  of  Z(w)  in  powers  of  frequency  is 
responsible  for  the  voltage  field  dependence.  This  term  is 
represented  by  the  internal  inductance,  which  is  proportional 
to  the  static  transverse  permeability.  The  general  approach  of 
impedance  is  thus  helpful  to  explain  both  the  low  and  high 
frequency  field  effects  on  ac  voltage. 

An  FeCoSiB  amorphous  wire  can  be  considered  as  one 
of  the  most  suitable  material  to  observe  the  magneto- 
impedance  effects.  It  has  fine  .soft  magnetic  properties  be¬ 
cause  of  its  nearly  zero  magnetostriction  constant  k=  -  1() 
The  negative  magnetostriction  results  in  a  circumferential 
anisotropy  and,  consequently,  a  domain  structure  with  circu- 
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outer  shell 


(a)  domain  model  for  amorphous  wire  (Xs  <  0  ) 


(b)  ai-casi  wire  (cl  30  iim  dia.  Icnsion  innealcd  wire 


FIG.  1.  Magnetic  structure  (.t)  and  circular  hystercsif  loops  (b),  (c)  of 
FeCoSiB  amorphous  wires  in  the  presence  of  a  longitudinal  field. 


!ar  domains  situated  along  the  wire.  The  current  flowing 
through  the  wire  generates  an  easy  axis  driving  held  whicli 
causes  a  circular  magnetization  by  the  domain  wall  move¬ 
ment.  The  external  longitudinal  field  ,  being  a  hard  axis 
field  with  respect  to  the  circular  magnetization,  suppresses 
the  circular  flux  change.  As  a  result,  the  circumferential  per¬ 
meability  having  a  high  value  of  the  order  of  10'*  for  H^^=0, 
decreases  rapidly  with  the  application  of  the  field.  This  sen¬ 
sitive  field  dependence  of  the  circumferential  permeability, 
which  maintains  till  high  frequencies  at  which  the  skin  effect 
is  essential  (but  the  domain  wall  motion  is  not  completely 
damped  by  eddy  currents),  is  responsible  for  the  magneto- 
impedance  effects  in  wires. 

This  paper  is  organized  as  follows:  In  Sec.  II  we  review 
the  existing  experimental  and  theoretical  results  on  the  static 
magnetic  properties  of  negative  magnetostrictive  amorphous 
wires  since  they  eventually  determine  the  field  dependence 
of  the  impedance.  In  Sec.  Ill  the  experimental  m.'igneto- 
inductive  and  magneto-impedance  characteristics  recently 
obtained  by  the  present  authors  are  summarized.  For  com¬ 
parison,  new  data  for  FeCoMoSiB  amorphous  ribbons  are 
presented.  In  Sec.  I'V  the  concept  of  the  magneto-impedance 
effect  is  put  forward.  In  Sec.  V  the  calculated  magneto¬ 
impedance  characteristics  for  wires  are  presented,  and  the 
analysis  of  the  experimental  results  is  given,  showing  a  rea¬ 
sonable  agreement. 

II.  STATIC  MAGNETIC  PROPERTIES  OF  FeCoSlB 
AMORPHOUS  WIRES 

The  magnetic  structure  of  amorphous  wires  made  by 
rapid  quenching  process  is  dominated  by  stress  induced 
anisotropy.*^  '"*  in  the  case  of  negative  magnetostrictive 
wires  (X.<0),  the  stress  distribution  results  in  a  core  and 
sheath  magnetic  structure  with  magnetization  parallel  to  the 
wire  axis  in  the  inner  core  and  circular  in  the  outer  shell.  The 
corresponding  magnetic  structuie  with  ring  domains  spaced 
along  the  wire  is  shown  in  Fig.  1(a).  This  structure  is  re¬ 
tained  even  for  slightly  negative  (\=  — 10~^)  magnetostric¬ 
tive  wires  of  a  composition  Fe4  3C068  2Sii2,5Bi5  w.bich  are 
used  in  the  present  investigation  without  loss  of  generality. 
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FIG.  2.  Theoretical  (Icpcndencics  (oblained  on  the  ba.sis  of  hysteresis  loop 
calculations.  Ref.  9)  of  the  maximal  circumferential  permeability  on  a  re¬ 
duced  longitudinal  field  =  The  anisotropy  axis  deviations  2Art 

arc:  1—45°,  2—10°,  3—20°. 


An  as-cast  wire  has  a  diameter  of  120  /xm.  Smaller  di¬ 
ameter  wires  (down  to  30  /xm)  can  be  obtained  by  cold  draw¬ 
ing  an  as-cast  one  and  then  tension  annealing.  During  tension 
annealing  a  higher  circumferential  anisotropy  is  induced.  For 
a  relatively  high  annealing  tension  (>2  kg/mm^)  the  circum¬ 
ferential  magnetization  i«  considered  to  exist  in  the  entire 
wire.  However,  the  effective  anisotropy  field  Hf^  is  still  very 
small  (~1  Oe).  If  the  wire  is  shortened  down  to  1-3  mm, 
increases  due  to  the  demagnetizing  effect  and  is  about  sev¬ 
eral  Oe.  The  length  effect  on  the  anisotropy  is  much  stronger 
for  as-cast  wires. 

The  circumferential  anisotropy  allows  the  wire  to  be 
magnetized  by  flowing  through  it  a  current  whicli  creates  a 
circular  easy  axis  driving  field  H^.  The  circular  magnetiza¬ 
tion  proceeds  mainly  by  the  movement  of  circular  (or  ring) 
domains  along  the  wire,  resulting  in  a  sharp  hysteresis  with 
the  maximum  of  the  differential  permeability  of  the  order  of 
10“*  for  a  1  kHz  current  (see  Fig,  1).  Then  a  sensitive  circum¬ 
ferential  magnetic  flux  change  can  be  made  to  occur  due  to  a 
small  ac  wire  eurrent.  The  magnetic  field  applied  along 
the  wire  axis  suppresses  the  circular  magnetization  by  wall 
movement,  since  //^x  is  a  hard  axis  field  with  respect  to  the 
circumferential  anisotropy.  As  is  increased  and  the  rota¬ 
tional  portion  of  the  remagnetization  grows,  there  is  a 
gradual  transition  from  almost  a  square  loop  to  a  linear 
one*'^  as  can  be  seen  in  Fig.  1.  This  process  is  accompanied 
by  rapid  reduction  in  the  circumferential  permeability  .  In 
Ref.  9  the  change  in  hysteresis  loops  under  the  influence  of 
was  considered  for  a  practical  case  of  a  nonuniform 
circumferential  anisotropy.  The  result  for  the  maximal  differ¬ 
ential  permeability  as  a  function  of  for  different  aver¬ 
aged  anisotropy  axis  inclinations,  Acr,  relative  to  the  circular 
direction,  is  presented  in  Fig.  2,  For  some  optimum  values  of 
Aa,  the  permeability  sensitively  decreases  with  increasing  h 
for  <  1 .  For  higher  fields  (/;>!)  corresponding 

to  the  longitudinal  saturation,  the  permeability  slowly  de¬ 
creases,  being  consistent  with  the  pure  rotational  magnetiza¬ 
tion.  The  proper  anisotropy  can  be  established  by  corre¬ 
sponding  tension  annealing.^ 
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FIG.  4.  Rxpcrimcntal  circuit  (a)  and  measured  frequency  dependencies  ot 
the  voltage  amplitude  with  as  a  parameter  for  a  124  /im  diameter  as-cast 
wire  and  a  30  /xm  diameter  tension  annealed  wire  (b). 


FIG.  3,  Experimental  circuit  for  measurement  of  V/  (a),  and  reduced  am¬ 
plitude  of  that  voltage  plotted  as  a  funetion  of  fur  as-cast  and  tension 
annealed  amorphous  wires  (b). 


ill.  EXPERIMENTAL  RESULTS 

The  unique  circumferential  magnetic  properties  of 
FeCoSiB  amorphous  wires  are  attractive  for  the  application 
of  those  wires  as  a  sensitive  flux  detection  clement,  since  the 
change  in  the  circular  magnetization  due  to  an  ac  wire  cur¬ 
rent  affects  the  voltage  across  the  wire  ends.  In  the  case  of  a 
relatively  low  frequency  current,  when  the  skin  effect  is  neg¬ 
ligible,  the  change  in  the  circular  magnetic  flux  is  considered 
to  generate  an  additional  inductive  voltage,'^  ,  which  is 
determined  by  the  internal  part  of  the  self  inductance  of  a 
wire,  Lj  —  lfxjl,  where  /m^  corresponds  to  the  averaged  dif¬ 
ferential  permeability  and  /  is  the  wire  length.  The  magneto- 
inductive  effect  can  be  measured  by  utilizing  a  resistor 
bridge  circuit  as  shown  in  Fig.  3(a).  A  series  of  narrow  peaks 
periodically  spaced  on  the  time  axis  then  can  be  observed.’"^ 
The  peak  height  sharply  decreases  with  the  application 
of  a  longitudinal  magnetic  field  by  50%  at  relatively  lov/ 
fields  of  2-10  Oe  as  can  be  seen  in  Fig.  3(b).  The  sharp  form 
of  Vi  is  consistent  with  the  near'v  rectangular  hysteresis  loop 
for  There  is  also  a  consistency  between  the  experi¬ 

mental  dependencies  V^cC^cx)  ^nd  calculated  dependencies 
for  the  maximum  permeability  shown  in  Fig.  2. 

Theoretical  curves  2,3  characterized  by  a  smaller  anisotropy 
axis  distribution  Aa  correspond  to  those  seen  in  the  case  of 
tension  annealed  wires  with  a  stronger  circumferential  an¬ 
isotropy.  Cur/e  1  is  typical  for  as-cast  wires  with  much 
broader  anisotropy  axis  distribution. 

It  v/as  proposed  in  Refs.  5  and  6  to  utilize  a  high  fre¬ 
quency  current  for  which  the  total  wire  voltage  is  sensitive  to 
the  magnetic  field.  As  the  frequency  is  increased  above  some 
chara..t-iistic  value  w*,  the  amplitude  Fq  of  the  total  wire 
voltage  increases  as  seen  in  Fig.  4.  The  value  of  to*  in-'reases 
with  the  application  of  the  field  as  well  as  for  a  smaller 


diameter  wire  is  about  20  and  200  kHz  for  120  and 

30  /im  diameters,  respectively,  at  Such  behavior 

shows  that  the  skin  effect  is  of  predominant  importance.  At 
frequencies  above  oi*  (//,,, =0)  there  is  a  big  difference  be¬ 
tween  the  behaviors  of  V'o(a))  for  and  in  the  presence 

of  the  field.  As  a  result,  for  a  given  frequency  above  this 
critical  value  the  voltage  amplitude  decreases  sensitively 
with  the  application  of  the  field.  For  example,  a  drop  ir 
voltage  by  50%  can  be  reached  by  applying  a  field  of  about 
10  Oe  for  a  30  /im  diameter  amorphous  wire  as  seen  in  Fig. 
5.  The  cut-off  frequency  of  is  1/10  that  of  the  ac  wire 
current. 

Figure  6(a)  compares  the  wave  forms  for  a  magnetizing 
current  at  1  MHz  and  the  voltage  at  zero  external  field  and  a 
field  of  10  Oc.  The  wave  form  of  the  voltage  at  zero  field 
clearly  exhibits  a  nonlinear  behavior,  supporting  the  idea  that 
at  high  frequencies  the  magnetization  processes  such  as  do¬ 
main  wall  displacement  affect  the  total  wire  voltage.  The 
voltage  form,  however,  is  not  so  far  from  the  sinusoidal  one 
(especially  at  higher  frequencies),  probably  because  the  do¬ 
main  walls  are  already  quite  damped  by  eddy  currents. 
Therefore  the  concept  of  a  complex  impedance  Z  —  Z'+  jZ" , 
as  the  ratio  betwt  .a  the  harmonic  complex  voltage  and  cur- 
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FIG.  5.  Voltage  amplitude  as  a  function  of  at  various  eurrent  frequen¬ 
cies  for  30  pm  diameter  tension  annealed  wires. 
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rent.  c;in  he  employeit  ti>  ileserihe  the  dhsersed  ellecis  ;ii 
higher  rrequeiieies.  riius.  the  ileerease  in  the  wire  Mtliagc  In 
applying  the  longitudinal  lielii  means  the  eorrespoiuling 
change  in  /.  In  this  sense  the  elTect  was  named  as  a 
magneto-impedance  e fleet. 

A  giant  MI  effect  can  be  found  in  various  soft  magnetic 
materials.  However,  in  the  case  of  a  longitudiiiid  (along  the 
current  and  field  direction)  magnetic  structure  the  MI  effect 
is  less  sensitive  and  observed  for  higher  fields,  as  in  the  case 
of  FeCoSiB  amorphous  ribbons.*^  We  measured  the  MI  effect 
in  ribbons  of  a  composition  Fe4CO(,,Mo2Si|5B|i,  as  show'ii  in 
Fig.  7.  The  voltage  drop  by  l5%-2()%  is  observed  for  fields 
of  20-30  Oe. 

IV.  IMPEDANCE  OF  A  MAGNETIC  WIRE 

In  this  section  wc  consider  the  held  dependence  of  the 
complex  impedance  of  a  magnetic  conductor.  All  the  results 
arc  given  for  a  wire  with  a  circular  domain  structure  since  at 
present  the  main  experimental  data  have  been  obtained  in 
such  materials.  We  employ  Gaussian  units. 

A.  Low  frequency  case 

Let  us  consider  a  wire  in  which  an  ac  current 
/  =  /„  exp(  -;w/)  is  flowing.  The  current  getierates  a  circular 
magnetic  field  Hip  which  magnetizes  the  wire  in  the  circular 
direction.  This  circular  magitetization  affects  the  voltage 
across  the  wire  ends.  At  low  frequencies,  when  the  skin  ef¬ 
fect  is  negligible,  it  is  simply  written  as 

V  =  Rl  +  {E,)l.  (1) 


FlCi.  7.  Magucto-iinpcdancc  clTcct  in  l'L',}C'u„;MujSi|sB|ii  uniorphoiis  rib¬ 
bons  of  10  /am  tliickiic.ss. 


HO  •  ^  •  fAs 


A\ 

I  K  «  s  (  Mcul.it  dtuM.iin  ihikIlI  Um  idih  Luitciii  <iisltibiiiioH  c .iluil.itions 

Here  R  is  the  ordinary  lesisianee,  and  f/  )  is  the  averaged 
electric  lieki  due  to  cliange  in  the  circular  magneti/.ation 
caused  In  H ^  Hr  cii  : 

I  ill  [■’  Ir'  ill  ' 

I  A  r)  '  /  -  1  n  ,(  r ' /  •  </.  ( 2 ) 

(•  .In  II  ■ 

wheie  It  IS  the  wire  radius,  has  to  lie  defined  as  a  differ¬ 
ential  permeability  -  dli  JdH ^  .  Averaging  Lq.  (2)  over 
the  wire  cross  section  allows  u>  to  represent  Lq.  (I)  in  a 
standard  form  V  7.{io)l  using  the  wire  impedance 

Z-W-ytw/r-)/.,,  /.,-?.// r/r'/o-j.  (3) 

It  follows  from  Eq.  (3)  that  at  a  low  frequency  the  field 
dependence  of  Ihe  impedance  is  attribuled  to  its  inductive 
term  which  is  proportional  to  the  differential  circumferential 
permeability. 

B.  High  frequency  case 

We  can  expect  that  with  increasing  frequc.’icy  the  depen¬ 
dence  of  Z  on  the  fi’.ld  becomes  more  essential.  In  the  case  of 
thin  wires  with  homogeneous  magnetization  changing  lin¬ 
early  with  an  ac  magnetizing  field,  the  impedance  can  be 
calculated  exactly  for  any  frequency,  i.e.,  without  neglecting 
the  skin  effect:'^’ 

Z=-{jiolc-)L,  +  RkaJn{ka]/2J^{ka), 

I - - -  (4) 

^  =  ( I  +  ;' )/  S„, ,  S,„  -  cl  V2 

where  L,.~2I  ln(//«)  is  ihe  external  part  of  the  .self  induc¬ 
tance  of  the  wire,  d,„  is  the  penetration  depth  in  a  magnetic 
media  with  the  linear  permeability  rr  is  the  conductivity, 
andJ,),./)  are  Bessel  functions.  In  the  case  of  a  strong  skin 
effect  «/fS,„?>l,  the  high  frequency  expansion  of  Eq.  (4) 
gives 

Z  =  R(a!2  S„,  )-joj[L,  +  l.,aS,Ja)]/c".  ( 5 ) 

It  follows  from  Eq.  (5)  that  at  high  frequencies  (but  L,.  can 
be  still  neglected)  since  the  penetration  depth 

in  magnetic  materials  depends  on  permeability  as 
Si„=  S/ [5=c7(27rto<7)''"  is  a  nonmagnetic  penetration 
depth]  and  the  internal  inductance  is  proportional  to  /j.^. 
Thus,  in  the  high  frequency  region,  when  the  skin  effect  can 
not  be  ignored,  the  total  impedance  of  a  magnetic  wire  is 
proportional  to  the  root  of  the  circumferential  permeability. 

This  simple  consideration  already  gives  the  idea  of  the 
MI  effect  and  is  helpful  for  the  understanding  of  the  experi¬ 
mental  data  described  in  Sec.  111.  However,  for  a  quantitative 
comparison  we  have  to  consider  the  dynamic  character  of  the 
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magnetization  process.  In  the  case  of  a  wire  with  circular 
domains,  while  ,  the  main  coniribution  to  the  circu¬ 

lar  magnetization  arises  from  the  domaiti  wall  motioti  which 
generates  local  eddy  currents.  In  Hq.  (4)  we  ignored  these 
microscopic  currents.  However,  they  are  known  to  result  in 
the  excess  losses''  and  damped  domain  wall  movement.  The 
exact  calculation  of  the  total  current  distribution  inside  the 
wire  (due  to  the  outer  shape  and  domain  wall  displacements) 
cannot  be  done  analytically.  This  problem  cun  be  considered 
in  the  effective  medium  approximation"*  '''  in  which  the  mi¬ 
croscopic  eddy  currents  /„,i  are  averaged  on  the  domain  wall 
scale.  Then  classical  expression  (4)  for  the  impedance  can  be 
still  used  but  with  the  effective  permeability  incorprrrat- 
ing  j'mi  and  substituting  for 

The  effective  magnetic  permeability  depends  on  a  con¬ 
crete  type  of  the  domain  structure.  The  calculation  of  jj,^  can 
be  done  by  considering  that  the  wall  motion  generating  the 
eddy  current  field  occurs  under  the  influence  of  the  av¬ 
eraged  field  {H)  which  includes  some  external  field  W"  and 
the  field  .  Then,  if  the  eddy  current  field  is  known,  we 
have  the  self-consistent  condition  to  calculate 
=  +  The  analytical  solution  for  the 

eddy  current  field  distribution  is  known  for  some  simple  do¬ 
main  structures  as  in  the  case  of  a  sheath  with  periodical  bar 
domains.^"  Recently  an  analytical  result  has  been  obtained 
for  a  wire  with  circular  domains  around  it  with  a  periodic 
spacing  2d,  as  shown  in  Fig.  8.  In  this  case,  which  is  a  prime 
interest  here,  the  effective  permeability  can  be  written  in  the 
form"’ 


/i^=/i.^/(l-7w/w„i), 

(6) 

w^ji  =  c^/167r/x,p(T</d2  R.-,’ 

(7) 

n 


K  \  ^ 

xJ^ix)dx  co{h{'K„dla)/\^,Jl{\„), 
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where  (u,,,  is  .i  eh  .leletislie  lelaealiori  tiequeney,  K„  .iie 
such  that./ I (  X, I  (I  I  hc  series  in  I  q  1 7l  is  rapidly  eons etg 
mg  •nut  IS  ''qiial  u>  O.ll''  ''  tor  d  '  u  .3  i  rum  1  qs  Kil  ,iiul 
(■’1  It  liilldws  that  il  the  initi.il  [seinieabilily  is  .i  hinetion 
ol  the  magii.'lie  field,  the  parameter  n  ^  will  also  sensiiiveh 
dc|K’nd  on  the  lieki  w  hile  or  id,  , .  In  the  limit  (O'-di,,.,  the 
effective  [rermeabiiiiy  lends  to  l>e  '  {i)  '■>  mi d ot)  and 

IS  iiute|K'iuieiit  oi  and.  hence,  ol  the  liclil. 

Il  should  Ik-  noted  that  the  etldy  eurreiii  losses  m  the  case 
under  consideration  prove  to  be  alxiul  times  lower  than  lliat 
tor  a  bar  domain  sirucluie.  "  Due  to  this  the  |>ermeabilily 
mamlams  its  low  Irequeney  value  till  higher  frequencies  and 
the  condition  di*  (  ''Zmi  ir^^-  di^.i  is  easier  satisfied, 
in  the  ease  oi  a  wire  with  eireiilar  domains. 

V.  MAGNETO-IMPEDANCE  CHARACTERISTICS 

To  describe  quantitatively  the  magneto-impedance  effeet 
in  negative  nuignetostrietive  amorphous  wires  we  will  use 
expression  (4)  which  is  valid  for  any  frequency  together  with 
the  frequency  dependent  magnetic  permeability  defined  by 
Fqs.  (())  and  (7).  For  the  initial  permeability  entering  Eq.  (6) 
we  will  use  the  result  of  Ref.  d  shown  in  Fig.  2.  We  can 
assume  llial  those  field  dependencies  are  valid  for  the  linear¬ 
ized  permeability  as  well. 

Fir.st.  let  us  investigate  a  high  frequency  {a/S„,»>\)  ex¬ 
pansions  of  the  impedance,  substituting  the  complex  perme¬ 
ability  in  Eq.  (5). 

Z-R{al2S)(  sf^~j  \f/xi  )~jwL,,lc^, 

I  -  1  ,  - »  I  -  I  - (^) 

It  follows  from  Eq.  (8)  that  at  high  frequencies  such  that 
o>*<u><co,^.|  both  the  resistive  and  inductive  components  of 
/  depend  on  the  permeability  and  contribute  to  the  depen¬ 
dence  of  Z(//„).  At  io/ai,i.|^l  the  ratio  fxij 
and  tends  to  be  zero,  so  the  wire  behaves  as  a  resistive  ele¬ 
ment  (sec  experimental  wave  forms  in  Fig.  6),  However,  un¬ 
der  this  condition  the  dependence  of  Z  on  disappears 
since  the  permeability  becomes  independent  of  the  field. 

The  frequency  dependence  of  the  impedance  in  the  pres¬ 
ence  of  the  external  field  is  shown  in  Fig.  9.  We  use  the 
reduced  frequency  vt'  =  (o/<5)‘'.  The  reduced  external  field 
is  cho.sen  to  be  )!<!  since  we  arc  concerned 
with  the  permeability  associated  with  domain  wall  displace¬ 
ment.  Figure  9(a)  shows  the  module  of  the  impedance  |Z|  as 
a  function  of  w.  The  considerable  field  dependence  occurs  in 
.some  frequency  range  \  <w where  the  skin  ef¬ 
fect  is  suitable  but  the  magnetic  permeability  still  has 
relatively  high  values.  As  a  result,  the  relative  change  in  the 
impedance  AZ/Z=  1  - |Z(//,.j)/Z(0)|  by  the  external  field 
has  a  maximum  which  achieves  50%  at  /i  =  0.8  as  shown  in 
Fig.  9(b).  Such  impedance  behavior  is  consistent  with  the 
experimental  results.  In  Fig.  10  tire  Ml  ratio  AZ/Z  is  com¬ 
pared  with  the  experimental  data  obtained  on  amorphous 
wires  of  different  diameters,  showing  a  satisfactory  agree¬ 
ment.  In  accordance  with  the  skin  effect,  the  maximum  of 
AZ/Z  shifts  to  lower  frequencies  for  a  larger  diameter  wire. 

In  Fig.  1 1  the  field  dependence  of  AZ/Z  is  shown  for 
some  frequencies.  The  plot  is  shown  symmetrically  since  the 
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static  permeability  dues  not  exhibit  hysteresis  with  respect  to 
h.  Here  the  case  of'/i>  1  is  considered  as  well.  At  such  lields, 
a  wire  is  lungitudinal’y  magnetized  and  the  circumferential 
permeability  is  associated  with  only  the  magnetization  rota¬ 
tion.  In  the  frequency  range  under  consideration  it  can  be 
assumed  to  be  frequency  independent.  The  MI  ratio  rapidly 
increases  at  fields  lower  than  the  anisotropy  field  (It <\), 
and  it  increases  little  at  field.s  higher  than  (/i>  1).  Such 
behavior  reflects  the  field  dependence  of  the  static  permeabil¬ 
ity  that  was  used  for  the  impedance  calculation  (curve  3  in 
Fig.  2).  In  Fig.  12  the  experimental  and  calculated  curves  are 
shown  for  a  30  fim  diameter  tension  annealed  wire,  showing 
a  reasonable  agreement. 

It  should  be  noted,  that  with  increasing  frequency  the 
rotational  permeability  becomes  important  even  at  /i<l, 
since  the  wall  motion  becomes  more  and  more  damped.  The 
longitudinal  field  stimulates  the  rotational  process  while 
h<l,  and  the  corresponding  permeability  has  a  maximum  at 
h  =  l.  This  tendency  can  be  seen  in  Fig.  5  for  higher  frequen¬ 
cies. 

VI.  CONCLUSION 

We  can  conclude  that  the  magneto-impedance  effect  has 
a  classical  electromagnetic  origin  and  is  a  general  phenom¬ 
enon  in  soft  magnetic  conductors.  At  high  frequencies  when 


FIG.  11.  Field  dependencies  of  the  Ml  ratio  AZ/Z  for  various  frequency  iv. 
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the  skin  effect  is  strong,  the  impedance  is  subject  to  the 
current  distribution  which  sensitively  depends  on  the  trans¬ 
verse  magnetic  properties.  The  most  sensitive  magneto- 
impedance  effect  can  be  expected  in  soft  magnetic  materials 
v'ith  domain  walls  perpendicular  to  the  current  and  external 
field  direction.  In  this  case  the  change  in  Z  of  the  order  of 
50%  can  be  reached  with  fields  of  the  order  of  the  anisotropy 
field.  This  configuration  is  realized  in  negative  magnetostric- 
tivc  amorphous  wires  having  a  circular  domain  .structure. 
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Changes  in  the  impedance,  •“6()()%/Oc,  at  axial  fields  less  than  1  Oe  have  been  observed  in  the 
presence  of  a  90  kHz,  few  mA  current  through  a  soft,  nearly  zero  magnetostrictive  wire.  In  this  1 2? 
fj.m  diameter  CoFeSiB  amorphous  wire  we  observe  a  total  change  of  \(i()%  at  the  maxima  of  the 
impedance  in  dc  fields  less  than  2  Oe.  A  systematic  study  of  the  role  of  induced  anisotropy  in  the 
axial,  circumferential,  and  helical  directions  on  the  magneto-impedance  shows  that  the  largest  effect 
is  .seen  in  the  wire  annealed  to  obtain  circumferential  easy  axis  using  a  l.S  mA  ac  current  passing 
through  it.  Both  the  axial  hysteresis  loops  and  the  observed  l-V  characteristics  rellect  the  induced 
anisotropies.  The  observed  dependence  of  the  inductance  change  on  the  type  of  the  anisotropy 
induced  in  these  wires  can  he  modeled  in  terms  of  an  interplay  between  the  induced  anisotropy, 
reversing  ac  field,  and  the  axial  dc  field. 


I.  INTRODUCTION 

Recently,  there  has  been  considerable  interest  in  the 
giant-magneto-resistivc  (GMR),  phenomena  observed  in  a 
wide  variety  of  magnetic  materials  such  as  multilayers, 
granular,  and  other  heterogeneous  structures.  For  device  ap¬ 
plications  a  large  change  in  GMR  per  Oe  at  room  tempera¬ 
ture  and  low  external  fields  is  of  interest. 

In  this  paper  we  elucidate  the  role  of  induced  anisotrrt- 
pies  to  explain  the  large  changes  in  the  magneto-impedance 
observed’  in  a  nearly  zero  magnetostrictive  wire  at  external 
fields  as  low  as  1  Oe.  Amorphous  wires,  produced  by  inject¬ 
ing  a  melt  through  a  continuously  moving  tiuid,'develop  a 
unique  microstructure  because  of  the  axial  direction  in  which 
it  is  cast  and  the  homogeneous  radial  rapid  cooling  prtKcss 
during  solidification.'  Such  transition  metal  based  amor¬ 
phous  wires  are  found  to  po.ssess  unique  soft  magnetic  prop¬ 
erties  which  are  already  used  in  applications  as  sen.sors,'*  In  a 
Co-Fe-Si-B  amorphous  wire  with  the  absence  of  crystalline 
anisotropy  it  is  now  possible  to  tailor'  a  nearly  zero  magne¬ 
tostrictive  (A, <10  wire  in  which  we  can  induce  axial, 
circumferential,  or  helical  anisotropies  with  practically  no 
dispersion  and  study  the  response  of  such  a  system  to  exter¬ 
nal  fields.  The  magneto-inductive  properties  found  in  such 
tailored  wires  are  promising  for  developing  novel  low  field 
sensors. 

II.  EXPERIMENT 

In  order  to  study  i.i  depth  the  role  of  the  type  of  induced 
anisotropy  we  have  specially  prepared  the  amorphous  wires 
in  a  well  defined  magnetic  state  with  axial,  circumferential 
and  helical  anisotropies  using  the  following  procedure:  four 
45  cm  long,  125  /zm  diameter  wires  of  nominal  composition 
(Co94Fe(,)72,5Sii2,5Bi5,  were  used.  Three  of  these  were  an¬ 
nealed  in  air  using  a  current  of  350  mA  for  30  min.  During 
this  anneal,  the  field  direction  on  each  wire  was  carefully 
controlled  so  that  a  well  defined  induced  magnetic  anisot¬ 
ropy  would  develop.  One  wire  was  annealed  in  the  presence 
of  an  axial  dc  field  to  obtain  a.,  axial  anisotropy.  Another  was 
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annealed  with  only  the  ac  current  to  induce  a  circumferential 
anisotropy.  The  third,  was  annealed  using  a  dc  current  in  the 
presence  of  an  axial  dc  field  of  such  a  value  as  to  create  a  45° 
helix  at  the  wire  surface. 

The  axial  hy.sleresis  loops  of  the  wires  were  measured 
with  a  conventional  induction  technique  hysiciesis  loop 
tracer.  It  u.ses  a  primtiry  coil  27  cm  long,  3  cm  diameter,  with 
a  field  to  current  constant  of  22.9  Oe/A.  A  31  11/.  sinusoidal 
current  is  feil  tt)  the  primary,  the  voltage  ticross  a  resistor 
connected  in  series  with  the  primary  cttil  fed  to  the  X  channel 
of  an  oscilloscope.  The  voltage  induced  in  a  lOtM)  turn  O.S 
cm  long  secondary,  properly  compensated  tor  the  applied 
field,  is  integrated  and  displayed  iti  the  Y  channel  of  the 
o.scilloscope  where  the  longitudinal  hysteresis  loops  are 
monitored. 

The  l-V  characteristics  ol  the  wires  were  studied  passing 
an  ac  current  through  the  wire  and  a  resistor  connected  in 
series.  We  use  an  oscilloscope  to  visualize  the  voltage  across 
35  cm  of  the  amorphous  wire  against  the  voltage  across  the 
resistor.  The  current  through  the  wire  creates  a  circumferen¬ 
tial  field  of  at, out  0.1)31  Oe  per  mA  at  the  surface.  An  FF’f 
spectrum  analyzer,  model  SR7()0  from  Stanford  Research 
Systems,  was  used  to  measure  the  different  speclrul  compo¬ 
nents  of  the  magneli. -impedance.  In  this  work  we  present  the 
amplitude  of  the  first  harmonic  of  the  voltage  as  a  function  of 
the  axial  field  for  the  above  mentioned  wires. 

III.  RESULTS  AND  DISCUSSION 

In  Fig.  1  the  longitudinal  hysteresis  loops  for  the  amor¬ 
phous  wires  as-quenched,  and  annealed  under  different  con¬ 
ditions  are  displayed.  The  saturation  magnetization  value  for 
the  wire  is  found  to  be  about  5700  G.  The  as-quenched  wire 
[Fig.  1(A)]  reaches  magnetic  saturation  at  a  field  of  about  0.5 
Oe  with  A/ ,/M,  =  0.61  The  axial  anisotropy  wire  [Fig. 
1(B)]  clearly  displays  an  axial  easy  direction  of  the  magne¬ 
tization  (M,/M  v=^l)  with  //,,  of  about  0.035  Oe.  The  wire 
with  circumferential  anisotropy  [Fig,  1(0]  exhibits  a  hystcr- 
elic  loop  typical  when  a  magnetic  field  is  applied  along  a 
harl  axis  direction  (M,/M,  =  (')  with  of  about  1.3  Oe, 
The  wire  with  induced  helical  anisotropy  [Fig.  1(D)  ]  displays 
a  loop  with  an  intermediate  behavior  for  which 
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A/,/A/,  =  ().85  which  corrcstxinds  to  an  average  orientation 
of  the  magnetization  of  32“  with  lespect  to  the  axis,  If  we 
assume  u  43°  orientation  of  the  magneti/ation  at  the  surface, 
which  decreases  monotonicaily  as  we  proceed  radially  in- 


v/ards,  to  an  axial  orientation  at  the  center  of  the  wire,  we 
estimate  a  theoretical  average  angle  to  be  30,7°,  which  is 
quite  close  to  the  measured  value  of  32°,  This  wire  axially 
saturates  at  an  external  field  of  about  1..S  Oe, 

The  frequency  dependence  of  the  l-V  characteristics  at 
zero  applied  axial  magnetic  field  for  the  same  wire  is  shown 
in  Fig,  2.  On  the  vertical  axis  we  display  the  voltage  across 
35  cm  of  wire  and,  on  the  horizontal  axis,  the  voltage  across 
u  resistor  in  series  with  the  wire  which  is  proportional  to  the 
current  amplitude  value.  As  observed,  at  low  frequencies  in 
all  cases  the  resistive  (linear  and  reversible)  component  of 
the  impedance  dominates.  The  slope  of  this  linear  part  is 
related  to  the  dc  resistance  of  the  wire  (about  35  11).  As  the 
frequency  of  the  ac  current  is  increased,  the  inductive  com¬ 
ponent  of  the  impedance  develops.  Notice  that  the  I-V  loop 
closes  at  the  current  amplitude  which  saturates  the  sample 
along  the  circumferential  direction,  proportional  to  the  cir¬ 
cumferential  anisotropy  field.  Accordingly,  the  area  under  the 
inductive  peak  should  be  proportional  to  the  frequency  of  the 
excitation  and  the  amount  of  circumferential  ilux  which  is 
being  switched.  The  position  of  the  maximum  of  the  peak  in 
the  inductive  component  provides  us  with  the  circumferential 
coercive  field  at  which  the  maximum  flux  change  takes 
place. 

As  .seen  in  F'ig.  2(A),  the  as-quenched  wire  has  a  small 
inductive  component  of  the  impedance  even  for  100  llz  fre- 
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FIG.  2.  Frequency  dependence  of  the  J-V  charactcris'.ics  for  (Coi,4FCf,)-;2  5Si  wiri;  ill  (lie  (A)  as-qiiciiclicd,  and  current  tiniiealed  under  diliereul  condiliiui.s 
for  induced  (B)  axial  anisotropy,  (C)  circumferential  attiso'ropy,  and  (D)  helical  anisotropy. 
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quoncy.  On  increasing  the  t'requcticy  of  the  current,  the  in¬ 
ductive  component  grows  and  is  displaced  toward  higher 
current  values,  indicating  the  displacement  of  the  circumfer¬ 
ential  coercive  field  as  we  increase  the  frequency  of  the  ex¬ 
citation.  This  is  concomitant  with  a  decrease  of  the  circular 
susceptibility.  For  the  induced  axial  anisotropy  wire  [Fig. 
2(B)]  we  do  not  observe  a  significant  inductive  component  of 
the  impedance  at  KK)  Hz.  In  a  similar  fashion  to  the  as- 
quenched  wire,  the  inductive  component  increa.ses  as  the  cur¬ 
rent  frequency  is  increased.  The  wire  with  circumferential 
anisotropy  [Fig.  2(C)]  displays  the  inductive  bumps  sepa¬ 
rated  by  a  central  linear  and  reversible  part  up  to  50  kHz 
current  frequency.  This  suggests  the  existence  of  a  critical 
circumferential  switching  field  below  which  there  is  no  sig¬ 
nificant  circumferential  flux  change  and  accordingly  no  axial 
inductive  voltage.  At  a  threshold  the  circumferential  magne- 
tizalion  switches,  as  noticed  by  the  appearance  of  the  induc¬ 
tive  component  of  the  voltage.  Notice  also  that,  as  before,  the 
inductive  component  of  the  impedance  displaces  to  higher 
current  amplitude  values  on  increasing  the  current  frequency. 
For  the  wire  with  induced  helical  anisotropy  [Fig.  2(D)]  wc 
observe  a  mixice  of  the  previous  two  behaviors,  i.e.,  a  dis¬ 
placement  of  the  inductive  peaks  plus  a  broadening  of  the 
I-V  loop.  The  observed  behavior  could  be  viewed  as  a  mix¬ 
ture  of  the  axial  and  circumferential  I-V  characteristics. 

The  inductive  component  shown  in  the  various  wires  of 
Fig.  2  can  be  identified  by  using  an  axial  field.  In  all  the 


wires,  when  a  KM)  Oe  axial  field  is  applied,  each  of  the 
curves  collapse  to  a  diagonal  resistive  line.  The  inductive 
component  disappears,  leaving  pure  resistive  behavior.  Con- 
•scquently,  the  deviation  from  the  resistive  behavior  at  a  given 
frequency  and  amplitude  of  the  current,  provides  a  measure 
of  the  magnitude  of  the  impedance  change  from  zero  to  satu¬ 
ration. 

We  now  discuss  the  evolution  of  the  magneto-impedance 
in  the  wire  with  a  well  tailored  anisotropy.  Tlic  actual  field 
evolution  of  the  voltage  between  the  ends  of  the  wire  de¬ 
pends  both  on  the  amplitude  of  the  ac  current  and  on  the 
magnetic  ani.sotropy.  In.  Fig.  3  the  amplitude  of  the  funda¬ 
mental  of  the  impedance  as  a  function  of  the  axial  dc  field  is 
presented  at  three  different  frequencies  (10,  50,  and  OO  kHz) 
when  a  3  mA  ac  current  is  flowing  through  the  wires  with 
different  induced  anisotropies,  A  3  mA  current  flowing 
through  the  wi'^es  creates  a  maximum  circumferential  field  at 
the  surface  of  about  0.1  Oe,  This  field  will  try  to  oscillate  the 
magnetization  circumferentially.  The  amount  of  flux  change 
(and  accordingly  the  axial  inductive  voltage)  will  depend  on 
the  magnitude  and  relative  orientation  of  the  anisotropy  and 
the  applied  ac  field.  It  will  also  depend  on  the  magnetic 
softness  of  the  material  which  in  amorphous  materials  is  pri¬ 
marily  determined  by  the  magnitude  and  sign  of  the  magne¬ 
tostriction.  On  applying  an  axial  field,  wc  modify  the  zero 
field  domain  structure  tilting  the  average  magnetization  to¬ 
ward  the  axis,  and,  consequently,  change  the  relative  oricn- 
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tation  of  the  average  magnetization  to  the  applied  circumfer¬ 
ential  field,  resulting  in  the  magneto-inductive  voltage 
changes,  This  voltage  change  will  thus  reflect  the  change  of 
circular  susceptibility  at  the  frequency  of  the  excitation  as  we 
proceed  towards  axial  saturation,  in  the  external  field. 

For  the  as-quenched  wire  [Fig.  3(A)J  at  10  kHz  we  ob¬ 
serve  a  continuous  decrease  of  the  inductive  voltage  as  a 
function  of  the  axial  field,  demonstrating  partly  u  decrease  of 
the  circular  susceptibility  as  we  align  the  magnetization  axi¬ 
ally.  On  increasing  the  current  frequency  the  inductive  volt¬ 
age  first  increases  and  then  decreases.  This  may  be  caused  by 
an  increase  in  the  average  circular  susceptibility  at  that  fre¬ 
quency  values  as  we  align  the  magnetization  axially  At  high 
enough  axial  field  values  a  pure  resis'ivc  behavior  is  ex¬ 
pected,  the  magneto-impedance  is  then  saturated. 

The  axial  anisotropy  wire  [Fig.  3(B)J  displays  the 
magneto-impedance  at  the  three  selected  frequencies.  Below 
1  Oe  there  is  no  significant  change  of  the  magneto- 
impedance.  As  the  field  increases  further,  the  magneto- 
impedance  starts  to  decrease,  demonstrating  the  reduction  of 
the  amplitude  of  the  circumferential  flux  oscillations  created 
by  the  current’s  self-field. 

In  the  case  of  the  circumferential  anisotropy  wire,  the 
magnetizatioti  is  oriented  circumferentially  in  the  demagne¬ 
tized  state.  Below  the  circumferential  critical  switching  field 
there  is  no  circumferential  flux  change  [central  part  of  the  l-V 
characteristic,  Fig.  2(C)].  However,  the  situation  changes  on 
applying  an  axial  field.  When  the  applied  axial  field  over¬ 
comes  the  effect  of  she  circumferential  anisotropy,  the  mag¬ 
netization  will  rotate  toward  the  axial  direction.  The  circum¬ 
ferential  susceptibility  is  expected  to  increase.  The  magneto- 
impedance  data  for  this  wire  [Fig.  3(C)]  is  consistent  with 
this  picture.  A  sharp  rise  in  the  inductive  component  of  the 
impedance  at  about  0.8  Oe,  reaching  a  maximum  value  at 
about  1  Oe  is  observed.  On  increasing  the  axial  field  further, 
the  circular  susceptibility  decreases,  eventually  to  zero  re¬ 
sulting  in  no  inductive  voltage.  Notably,  the  maximum 
change  in  the  impedance  is  220%  at  90  kHz,  with  a  maxi¬ 
mum  slope  at  field  values  between  0.8  and  1.1  Oe  of  about 
300%/Oe! 

The  magneto-impedance  for  the  helical  anisotropy  wire 
[Fig.  3(D)]  displays  a  behavior  qualitatively  similar  to  the 
a.s-quenched  wire  with  a  lower  axial  saturation  field.  At  10 
kHz  current  frequency  a  continuous  decrease  of  the  \..,:agc 
is  observed  as  the  axial  dc  field  is  raised,  while  at  higher 
frequencies  the  initial  slope  tends  to  be  positive.  The  low 
axial  saturation  field  of  the  magneto-impedence  might  be 
explained  in  terms  of  a  smaller  circumferential  su.sceptibility, 
as  compared  with  the  as-quenched  wire  case  at  the  same 
current  value.  The  axial  field  required  to  stop  the  magnetiza¬ 
tion  oscillations  in  the  circumferential  direction  is  accord¬ 
ingly  smaller. 

The  remarkable  magneto-impedance  behavior  for  the 
wire  with  circumferential  anisotropy,  can  be  seen  in  more 
detail  in  Fig.  4.  The  relative  change  in  voltage  is  seen  as  a 
function  of  the  axial  field  for  different  ac  currents  through 
the  wire  at  a  constant  frequency  of  90  kHz  as  a  parameter. 

As  the  amplitude  of  the  ac  current  is  increased  [.sec  Fig. 
4(,,)],  the  impedance  threshold  is  displaced  to  lower  axial 
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fields.  This  can  be  understood  in  terms  of  the  balance  be¬ 
tween  the  circumferential  anisotropy,  the  applied  axial  dc 
and  circumferential  ae  fields.  As  the  amplitude  of  the  ac  cir¬ 
cumferential  field  is  increased,  the  dc  field  required  to  tilt  the 
magnetization  such  that  the  ac  circumferential  field  munuges 
to  set  the  magnetization  to  oscillate  in  the  circumferential 
direction  is  dccrca.sed.  On  increasing  the  current  amplitude 
further  [as  .scon  in  Fig.  4(B)],  a  value  is  reached  for  which  all 
the  circumferential  flux  is  o.scillating  ut  zero  axial  field. 
When  this  value  is  reached,  tltc  behavior  of  the  magneto- 
impedance  changes  to  a  continuous  decrease  in  amplitude  as 
the  axial  field  is  increased  as  shown  by  the  open  circles 
(60  mA). 


IV.  CONCLUSIONS 

Current  annealing  proves  to  be  a  powerful  method  to 
tailor  magnetic  responses,  particularly  the  magneto- 
impedance,  of  amorphous  soft  ferromagnetic  wires. 

The  magneto-impedance  effect  has  been  studied  in  low 
magiietostrictive  amorphous  wires  with  different  easy  mag¬ 
netization  axes.  The  observed  current,  frequency,  and  axial 
field  dependencies  of  the  magneto-impedance  support  the 
view  of  an  effect  related  to  the  soft  magnetic  properties  of 
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the  wire,  i.e.,  voltage  changes  caused  by  large  circular  mag¬ 
netic  flux  variations  driven  by  the  field  generated  by  the 
current. 

The  nature  of  the  magnetic  anisotropy  is  an  essential 
ingredient  in  the  description  of  the  effect.  The  field  and  cur¬ 
rent  dependencies  of  the  magneto-impedance  are  markedly 
different  for  axial  nd  circumferential  anisotropies,  i.e.,  do¬ 
main  orientations  parallel  and  perpendicular  to  the  applied  dc 
field.  As  expected,  tne  characteristics  of  the  changes  in  the 
impedance  arc  found  to  be  maximum  in  the  wire  with  in¬ 
duced  circumferential  magnetic  anisotropy.  A  maximum 
change  of  -f  220%  in  the  impedance  value  at  an  external  field 
of  about  1  Oc,  and  a  slope  of  6()()%/Oe  at  axial  field  values 
below  1  Oe  in  the  presence  of  a  15  niA,  ‘fO  kHz  current  are 
found  in  this  wire.  A  quantitative  analysis  of  the  magneto¬ 
impedance  and  its  dependence  on  the  applied  external  dc 
fields  in  the  presence  of  ac  currents  through  the  wires  will  be 
presented  elsewhere. 
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Sensitive  fieid-  and  frequency-dependent  impedance  spectra  of  amorphous 
FeCoSiB  wire  and  ribbon  (invited) 

R.  S.  Beach  and  A.  E.  Berkowitz®’ 

Ci'itlcr  for  Magnetic  Kccortliiif’  Research,  Universily  of  California,  San  Dieffo,  La  .lolla,  California  ^>2093 

Conflicting  reports  of  large  magnetoresistive  and  magnetoinductive  effects  in  amorphous  FeCoSiB 
wires  and  ribbons  prompted  the  impedance  measurements  reported  here.  The  spectra  (()«/=s3.2 
MHz)  were  obtained  at  room  temperature  using  a  commercial  impedance  analyzer  both  as  functions 
of  axial  magnetic  field  {-  14()</7,,  <  140  Oe)  and  sense  current  ( 1  =s/,|,|^^60  mA).  The  phase  shift 
due  to  the  test  leads  was  carefully  measured  and  subtracted  from  the  raw  data  to  resolve  the  spectra 
into  resistive  R(f  )  and  reactive  X{f  )  components.  We  find  for  the  Fe4  ,Co,,x  iSiiisB,^  wire  (120 
/iin  diameter)  and  ribbon  (20  /zm  thick)  that  both  R(f  )  and  X{f  )  depend  strongly  on  frequency 
and  magnetic  field.  For  each  component  increases  monotonically  with  frequency,  with 

/<(/=())=l  n/cm  and  A'(/=())-=().  In  high  fields  (//,,  =  14()  Oe),  /?(/ )  and  X(f  )  are  nearly 
frequency  independent.  The  field-dependent  response  is  sharply  peaked  about  =0;  the  full  width 
at  half  maximum  is  FWHMs^2()  Oe,  typically.  The  change  in  R{f  )  and  X(f  )  between  these  two 
extremes  is  extraordinarily  large;  4.5  ll/cm  at  /=  1  MHz  is  a  typical  value  for  the  wire.  The 
sensitivity  of  the  magnetoresistive  response  is  44%  of  the  dc  resistance  per  Oe  for  /=1  MHz. 

Qualitatively  similar  phenomena  were  observed  for  the  Fe7  5C0(,7  5Si|5B||)  ribbon,  although  the  field 
and  frequency  dependences  of  the  spectra  arc  less  pronounced  than  for  the  wire.  We  di.scuss  a  model 
which  describes  the  spectra  quantitatively,  using  classical  electrodynamics. 


I.  INTRODUCTION 

In  , spite  of  the  fact  that  amorphous  ferromagnetic  mate¬ 
rials  have  zero  magnetocrystalline  anisotropy,  magnetic  isot¬ 
ropy  has  not  been  attained  in  the  laboratory.  The  small,  yet 
finite  coercivities,  permeabilities  less  than  simple  theoretical 
predictions,  and  the  unusual  domain  structures  characteristie 
of  these  materials  demonstrate  the  presence  of  anisotropy 
despite  their  amorphous  microstructure.  It  is  generally  be¬ 
lieved  that  the  anisotropy  observed  in  amorphous  ferromag- 
nets  is  predominantly  due  to  magnetostriction.  Magnetostric¬ 
tion  anisotropy  is  governed  by  the  alloy  composition,  which 
determines  the  value  of  the  magnetostriction  coefficient  \, 
and  stress  fields  which  result  from  the  fabrication  process. 
Amorphous  ferromagnetic  wires  are  produced  by  quenching 
a  molten  stream  in  water.  This  process  results  in  wires  with  a 
radially  directed  stress  field  and,  consequently,  anisotropy 
fields  that  arc  either  radial  or  circumferential,  depending  on 
the  sign  of  X. 

Due  to  their  potential  uses  in  transformers  and  transduc¬ 
ers,  the  magnetic  properties  of  amorphous  ferromagiiets  in 
the  frequency  domain  have  been  studied  extensively.  These 
materials  typically  exhibit  high  permeabilities  and  low 
losses,  characteristics  desirable  for  many  high-frequency  ap¬ 
plications.  The  permeability,  in  particular,  is  dependent  upon 
the  ani.sotropy  field,  the  domain  structure,  and  the  magnitude 
and  topology  of  the  magnetic  field  acting  on  the  material, 

Recent  work  by  the  authors,’  by  Mohri  and  co-workers," 
and  several  others''"''  has  focu.sed  on  ac  electrical  transport 
phenomena  in  amorphous  FeCoSiB  alloys.  These  researchers 
have  demonstrated  firstly  that  the  impedanee  Z(/  )  =  R{f  ) 
+  iX(f  )  of  certain  amorphous  wire  and  ribbon  samples  is  a 


“’Also  ill  Dcpartiiicnl  of  I’liysits,  Universily  of  ('alifornia,  San  Diego,  Izi 
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very  strong  function  of  the  frequency  f  of  the  drive  current, 
and  .secondly,  that  this  strong  frequency  response  can  be  vir¬ 
tually  eliminated  by  the  application  of  a  magnetic  field  of 
the  order  of  10  Oe.  Such  amorphous  materials  have  the  po¬ 
tential  to  be  used  as  simple,  extremely  sensitive  magnetic 
field  defectors. 

In  our  research,  we  have  found  that  a  .sensitive  magne- 
toresistance  /?(/,//^)  accompanies  the  previously  observed" 
field-dependent  reactance  X{f  )  of  amorphous  FeCoSiB 
wires.  At  room  temperature  and  for  f^?i  MHz,  the  net  mag¬ 
netoresistance  exceeds  (M)%  of  the  dc  wire  resistance.  This 
large  response  enables  us  to  detect  changes  in  the  applied 
field  of  less  than  O.OOl  Oe.  The  impedance  spectra  of  as-cast 
FeC.’oSiB  ribbon  have  also  been  measured,  and  we  observe 
field-dependent  effects  that  arc  of  the  same  order  of  magni¬ 
tude,  but  somewhat  smaller  than  those  for  wires.  For  the  case 
of  wires,  we  are  able  to  fit  the  spectra  to  u  straightforward 
model  that  is  based  on  classical  electrodynamics. 


11.  EXPERIMENTAL 

All  of  the  data  presented  herein  were  obtainei'  using  a 
.Schlumbergi'r  1260  impedance  analyzer  running  in  constant 
current  amplitude  mode.  The  FeCoSiB  ribbon  and  wire 
samples  were  first  cut  to  lengths  of  .5  cm  and  cleaned  in  a 
solution  of  HCl  and  ZnCl.  1\vo  current  leads  were  attached 
to  the  ends  of  the  samples,  and  two  voltage  leads,  1.4  cm 
apart,  were  attached  between  these.  All  the  connections  were 
made  with  Ag  paint.  The  contact  resistances  were  less  than  1 
fl.  The  samples  were  mounted  inside  a  grounded  chassis  box 
which  was  connected  to  the  analyzer  with  four  coaxial 
cables.  The  cables  were  roughly  40  cm  long  and  permitted 
the  samples  to  sit  within  a  Helmholtz  coil  (diameter  30  cm), 
which  produced  a  dc  magnetic  field  —140  Oe<f/^<14()  Oe 
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FIG.  t,  The  impedance  of  an  amorplious  Fc,,Co„7,Si|,U|,|  ribbon  Z  =  lt 
■biA’  vs  magnetic  ficid  (- 14()<H^<  HO  Oc|  for  tlirce  .scn.se  current  fre¬ 
quencies,  /=!()  kHz,  100  kHz,  and  1  MHz.  The  peak  at  11/^=^)  grows 
drnntatically  with  increasing  /.  Note  also  tlie  frequency  dependence  of  the 
peak  widths. 

iilong  the  lengths  of  the  samples.  The  samples  were  aligned 
with  their  long  axes  (parallel  to  the  current)  normal  to  the 
earth’s  magnetic  field.  All  the  data  were  collected  at  room 
temperature. 

The  measured  impedance  spectra  were  re¬ 

solved  into  resistive  R  and  reactive  X  components  by  .sub¬ 
tracting  the  previously  determined  impedances  of  the  instru¬ 
mentation  and  test  leads  from  the  raw  data.  This  null 
correction  amounted  to  approximately  10%  of  the  measured 
wire  signal  for  /=  1  MHz.  Frequency  .sweeps  (100  Hz</<3 
MKz)  and  current  amplitude  sweeps  (0,5  mA</,||,x<60  mA) 
were  controlled  by  computer.  Field  sweeps  were  performed 
manually.  The  applied  field  had  no  direct  observable  effect 
on  the  experimental  apparatus. 

111.  IMPEDANCE  Z{f,HA)  OF  AMORPHOUS  FeCoSIB 
RIBBON  AND  WIRE 

A.  Ribbon 

In  this  paper  we  discuss  the  impedance  spectra 
obtained  from  FeCoSiB  ribbon  and  wire  samples  under  the 
influence  of  an  axially  applied  magnetic  field  .  We  expect 
that  these  materials  are  very  soft  ferromagnets,  with  dc  co- 
creivities  considerably  less  than  1  Oe,  although  this  was  con¬ 
firmed  only  for  the  ribbon  sample. 

The  0.9-mm-wide  by  20±3-/im-thick  Fc7  5CO(,7sSi|sB„| 
ribbon  was  prepared  by  melt  spinning  by  J.  L.  Walter  of  the 
General  Electric  Research  and  Development  Center.  The 
amorphous  structure  of  the  ribbon  was  verified  by  x-ray  dif¬ 
fraction.  The  as-cast  ribbon  has  a  resistivity  p=145  /xllcm. 
It  exhibits  only  a  small  anisotropic  magnetoresistance  of 
—().!%  at  room  temperature,  and  a  small  linear  decrease  of 
R{H^)  for  fields  kOe.  This  behavior  is  typical  of 

ferromagnetic  3d  metals  and  alloys.  In  Fig.  1  we  show  the 
response  of  the  ribbon  impedance  (in  units  of  Il/cm  ribbon) 
to  a  magnetic  field  applied  along  the  ribbon’s  length,  at  drive 
current  frequencies  of  10  kHz,  100  kHz,  and  1  MHz.  The 
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TABLIi  I.  The  relative  magiiiludes  and  widths  of  llie  peaks  in  U  and  X  for 
a  Fc7,CiVMSi,5l3|„  lihhon,  taken  from  I'ig.  I.  The  resistance  for  /--I)  is 
K.i,.=n.8  tl/cm.' 


l•requeney 

10  kHz 

ion  kHz 

1  MHz 

A«/K 

l)A7r 

.S..S% 

2,v;; 

AX/li 

1,1% 

10.1% 

4()'7,- 

A//„ 

1,0  Oe 

1.8  Oe 

.S.3  Oe 

A//.V 

.4,.S  Oe 

7,2  Oe 

2.S  Oe 

drive  curretit  amplitude  used  in  coMecting  these  data  was 
/„„„=1()  mA.  The  dc  impedance  (not  shown)  is  flat  on  this 
scale,  and  is  purely  real.  For  frequencies  /  other  than  zero, 
peaks  in  both  the  resistance  R  and  reactance  X  appear,  cen¬ 
tered  about  /fg~0.  Both  the  magnitudes  and  widths  of  the 
peaks  in  R  and  X  grow  motiotonically  with  frequency.  For 
/=  1  MHz,  the  magnctoresi.stance  ratio  is 
(/?,„.„— rts.„)//<sat= 23%.  The  dc  resi.stance  R^\^-().^  fl/cm  is 
apparently  equal  to  R^.,^,  the  ac  resistance  iti  the  limit  of  high 
///J .  The  relative  change  in  reactance  for  f~-\  MHz  is 
IXXIR  We  note  that  the  widths  of  the 

resistive  and  reactive  responses  are  different.  The  full  widths 
at  half  maximum  of  the  resistance  curves  FWHM=2A///; 
arc  less  than  those  for  the  reactance  2A/7^  for  each  value  of 
f  shown.  The  magnitudes  of  these  peaks  AW  and  AA',  and 
their  widths  Af//;  and  AW^-  arc  given  in  Table  I.  Farameters 
which  serve  to  quantify  the  sensitivities  of  the  resistive 
and  reactive  respon.ses  are  ( 1/A//«)(AW/W)  and 
( l/A//,y)(AA'/W).  For  /=  1  MHz,  these  are,  respectively, 
4.3%/dc  and  l.H%/Oc.  We  observe  relatively  little  response 
in  either  R  or  X  when  is  perpendicular  to  the  current. 

Impedance  spectra  (()</<3  MHz)  in  zero  field  and  for 

=  140  Oe  are  displayed  in  Fig.  2.  The  zero-field  reactance 
exhibits  negative  curvature  for  the  entire  frequency  range, 
and  linearly  approaches  a  value  AT^O  at  /=().  On  the  con¬ 
trary,  the  resistance  displays  positive  curvature  up  to  /'=1.5 
MHz;  for  /'  >1  5  MHz,  the  curvature  of  R{j  )  is  negative. 
Similar  zero-field  behavior,  very  much  smaller  in  magnitude, 
was  previously  observed"  for  FeCoSiMoB  ribbons. 

The  spectra  are  rendered  nearly  cfunpleiely  fiat  by  a  140 
Oe  magnetic  field,  as  shown  in  the  Fig.  2.  The  resistance 
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FIG.  2.  Iinpcdiuicv  sptcirii  far  iIil'  riniarphaUN  I'c,  sCa,,;  ,Si|sH|ii  ribbon  for 
zero  applied  lielil,  and  for  an  a.siallv  applied  Held  of  140  Oe.  Close  inspec¬ 
tion  of  the  tigiire  reveals  an  inlleclion  point  at  /  1,.S  Mil/..  The  141)  Oe  liekl 
suppresses  the  freipiency  responses  alrnosl  coniplelely, 
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FIG.  3.  Impedance  .spectra  of  a  Fcj  wire  for  axially  applied 

magnelie  fields  /-/^  =0,  .3.3.  14,  .3.\  and  140  Oe.  Solid  lines  connect  points  at 
fixed  . 

R{f  )  lia.s  no  visible  slope  for  this  field.  One  will  note  a 
small  positive  slope  in  =  140  Oc),  whieh  is  consistent 

with  the  different  widths  of  W(//^)  and  XiH^)  found  in  the 
field  scans  of  Fig.  1.  Note  that  Af?  is  less  than  AA"  for  all 
frequencies  /<3  MHz.  At  a  frequency  of  / =3.2  MHz,  AT?/ 
R=59%  and  LXIR=H9%. 

B.  Wire 

The  nominally  amorphous  Fea  aSiijjB,,  wire 
sample  was  fabricated  by  the  technique  of  quenching  in  ro¬ 
tating  water’  by  the  Unitika  Corp.  of  Japan.  We  are  grateful 
to  R.  Hasegawa  for  making  it  available  to  us.  The  wire  has  a 
120  fim  diameter,  and  a  re.sistivity  p==13.5  /ili  cm.  Imped¬ 
ance  spectra  obtained  from  this  sample  in  various  axially 
applied  magnetic  fieids  arc  displayed  in  Fig.  3.  These  share 
many  characteristics  with  the  ribbon  spectra,  shown  in  Fig. 
2.  Both  R(f )  and  X{f  )  increase  monotonicaiiy  with  fre¬ 
quency,  and  are  driven  to  lower  values  by  the  axial  field,  but 
the  magnitudes  of  the  responses  are  A/?/R=370%  and  AA"/ 
R=350?f)  for  a  frequency  /=  1  MHz,  an  order  of  magnitude 
larger  than  for  the  ribbon.  Like  the  ribbon,  X{f  )  also  exhib¬ 
its  negative  curvature  and  vanishes  for  /=(),  but  the  curva¬ 
ture  in  R(f  )  is  predominantly  negative  for  0</<l  MHz 
(where  that  for  the  ribbon  is  positive).  However,  as  /  ap¬ 
proaches  zero,  the  second  derivative  of  R{f  )  becomes  posi- 


FIG.  4.  Tlic  impedance  .spectrum  /<(/  )  and  X(f  ]  I'ur  tlic 
Fc^  ,Q),,,(iSi|2sB|,  wire  subjected  to  an  axial  magnetic  Held  //,,“l.4  Oe 
(the  amplitude  of  the  scn.se  current  is  It)  mA  rms).  Ni.tc  the  intleclion  point 
in  fi(/  )  for  kHz.  The  solid  lines  shown  are  a  lit  to  Fq.  (2)  using  two 

parameters. 


o  1=  ‘  muj 


H(Oe) 

I'lG.  .S.  Data  from  Fig.  .3  plotted  vs  the  applied  Held  W<H^  <140  Oe).  (Data 
for  =  Oc  were  not  included  in  Fig.  ,3  for  clarity.)  We  ob.serve  little 
ilifferencc  between  these  data  and  those  obtained  by  scanning  //,,  with  f 
fixed. 


tivc.  This  behavior  is  clearly  evident  in  Fig.  4,  where  we 
show  Z(f  )  for  =  1.4  Oe.  At  higher  frequency,  both  R{f  ) 
and  A(/ )  increase  as  For  the  infiection  point 

which  separates  the  two  regimes  occurs  for  f-bO  kHz.  A 
//2(  =  14()  Oe  applied  field  virtually  flattens  the  resistive  fre¬ 
quency  response  (/?(/,//^  =  140  Oe)s/?^^i,),  and  like  the  rib¬ 
bon,  only  a  small  positive  slope  remains  in  X{f  )  for 
//^  =  140  Oe.  This  particularly  simple  form  of  Z(f  )  at  high 
field,  for  which  Rif  and  X(f  )^Q,  is  easily  ex¬ 

plained;  when  the  sample  is  saturated,  the  anomalous  mag¬ 
netic  effects  disappear,  and  we  observe  flat  spectra  (for 
0</<l  MHz)  typical  of  nonmagnetic  materials. 

Figure  5  sliows  data  taken  from  Fig.  3  in  the  H^-Z  plane 
(we  also  show  additional  points  for  Oe).  The  lines 

join  data  obtained  at  a  fixed  frequency.  The  data  display  a 
pronounced  increase  in  R  and  X  as  is  reduced  to  zero. 
For  all  values  of  //,, ,  both  R  and  X  increase  with  increasing 
frequency,  and  at  high  field  tend  to  their  respective  dc  limits. 
The  widths  of  the  curves  also  increase  monotonicaiiy  with 
frequency,  as  for  the  ribbon.  We  observe  no  hysteretic  effects 
associated  with  .sweeping  freqcicncy  at  fixed  magnetic  field, 
rather  than  sweeping  field  at  fixed  frequency.  Table  II 
displays  AR/R,  AA/R,  and  the  widths  AW,,  and  AW^  ob¬ 
tained  from  the  wire.  For  /=3.2  MHz,  AA/R=47()%  and 
ARIR=b20%.  For  the  wire,  as  well  as  the  ribbon, 
AW„<AW,y.  The  sensitivities  of  the  resistive  and  reactive 
responses  for  /=  1  MHz  arc  extraordinarily  high: 
(l/AW„)(A/?/R)=44%/Oe  and  (\/AHx)(AX/R) 
=  lfi%/Oe. 


TABL.E  II.  Rehitivi;  magnitudes  and  widths  for  the  Fej  ,Co„„  ,Si|i  sB,.,  wire 
sample  taken  from  Fig.  .S.  The  resistance  at  / -tl  is  /t,,,.-  1.2  ll/cm. 


F'requency 

10  kHz 

lot)  kHz 

)  MHz 

Mi/K 

4';{. 

m% 

.370% 

XXIK 

21% 

)20% 

.3.S0% 

A//„ 

l.S  Oe 

]  .9  Oe 

K..S  Oe 

A//, 

2.7  Oe 

K..3  Oe 

2I..S  Oe 
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IV.  MODEL  FOR  SPECTRA 

Two  characteristics  common  to  the  spectra  of  both  wire 
and  ribbon  are  the  negative  curvatures  of  the  reactances 
X{f  )  and  the  inflection  points  in  the  resistances  R{f  );  the 
latter  separates  the  low  frequency  behavior,  dominated  by 
positive  curvature,  from  that  at  high  f,  where  the  curves  are 
concave  down.  For  the  case  of  the  wire,  both  R  and  X  in¬ 
crease  with  in  the  high  /  limit.  Such  features  are  charac¬ 
teristic  of  the  impedance  of  nonmagnetic  wires.**  However, 
for  a  wire  of  the  same  diameter  and  resistivity  (120  /xm  and 
135  /ifiem),  these  features  should  appear  for  /slO  MHz, 
not  at  the  onset  frequency  f=]5  kHz  observed. 

The  magnetic  response  to  the  field  produced  by  the  drive 
current  is  evidently  the  mechanism  which  gives  rise  to  the 
tremendous  frequency  dependences  of  the  ribbon  and  wire 
impedances.  (The  effect  of  Joule  heating  on  the  spectra  was 
previously  found  to  be  unimportant.')  The  domain  structure'* 
of  amorphous  FeCoSiB  wire  is  determined  by  its  negative 
magnetostriction  coefficient  \3  — 10"’  in  combination  with 
quenched-in  radial  tensile  stress.  The  resulting  magnetic  easy 
direction  is  circumferential  (at  least  near  the  wire’s  surface). 
The  domain  structure  is  broken  along  the  wire’s  length  into 
alternate  left-  and  right-handed  circumferential  domains. 
Evidently,  this  magnetic  structure  is  highly  susceptible  to  the 
field  of  a  current  flowing  in  the  wire. 

We  model  the  impedance  spectra  of  the  wire  using  Max¬ 
well’s  equations.  The  response  to  the  field  generated  by  the 
drive  current  is  governed  by  the  circumferential  permeability, 
denoted  .  We  assume  that  does  not  depend  on  position. 
This  is  a  crude  approximation;  the  core  of  the  wire,  very 
probably,  is  longitudinally  magnetized.'*  Nevertheless,  it  is 
correct  to  first  order.  From  Maxwell's  equations  we  deduce 
that  the  skin  depth  for  a  wire  with  circumferential  anisotropy 
is 

(1) 

from  which  follows" 

1  Jn(ka) 

where  the  are  Bessel  functions  of  the  first  kind,  R^^^  is  the 
/=0  resistance  of  the  wire  (per  cm),  a  the  wire  radius,  and 

k^(i+n 

The  data  may  be  fit  to  Eq.  (2),  with  a  real  constant.'  Here 
we  include  the  possibility  that  is  frequency  dependent. 
We  assume  that  this  arises  from  a  damped  magnetic  re¬ 
sponse,  characterized  phenomenologically  by  a  relaxation 
time  T.  The  permeability  ix^=  ix'^h  then  given  by'*’ 

^TTATo  „ 

^  1  +  <u V  ’  l 

where  A'o  is  the  susceptibility  for / =0  and  uj—lirf.  The  solid 
lines  in  Fig.  4  are  a  fit  with  two  parameters, 
1+4-77;^, )=/t,^(/=())  =  6074  and  1/t“  10.45  MHz.  A  rigorous 
model  of  the  impedance  would  include  nonlinear  terms  in  the 


FIG.  6.  Field  dependence  of  the  fitting  parameter 
-  I  of  Eq.  (.t).  Tire  points  were  obtained  by  fitting  data  from 

Fig.  3  to  Eq.  (2)  using  Eqs.  (1)  and  (.3). 

magnetic  response  to  the  drive  current  (saturation  of  the  cir¬ 
cumferential  magnetization  being  the  most  obvious  nonlinear 
phenomenon  not  contained  in  the  above),  as  well  as  a  fre¬ 
quency  dependent  relaxation  time.  In  its  present  form,  the 
model  describes  the  data  extremely  well,  especially  consid¬ 
ering  the  approximations  we  have  made. 

The  permeability  was  so  determined  from  the  Z{f  ) 
shown  in  Fig.  3  for  a  variety  of  .  Its  value  at  zero  fre¬ 
quency  ix^if =0)  (purely  teal)  vs  is  shown  in  Fig.  6.  The 

sharp  decrease  in  (x^if =0J/^)  for  a  relatively  small  increase 
in  parallels  that  in  For  J/^  =  140  Oe,  /x^ 

is  reduced  from  its  value  of  6805  at  11^=0  by  a 
factor  of  75.  When  the  magnetization  is  forced  to  lie  parallel 
to  the  wire  axis,  the  circumferential  permeability  approaches 
fx^=  1  (Ref.  1 1  suggests  a  plausible  mechanism  for  the  field 
dependence  of  /x^).  We  infer  that,  for  a  fixed  frequency,  the 
skin  depth  <5  grows  roughly  by  a  factor  of  10  as  increases 
to  140  Oe  from  zero,  and  that  the  wire  resistance  is  subse¬ 
quently  diminished.  The  relaxation  frequency  1/t  apprecia¬ 
bly  affects  the  quality  of  the  fit  only  for  Hfy<3  Oe.  In  this 
range,  1/t  increases  sharply  from  1/t=3.3  MHz  for 
and  rises  to  1/t>40  MHz,  beyond  which  frequency  the  ad¬ 
dition  of  a  damping  term  has  a  negligible  effect  for  the  fre¬ 
quency  range  fit  (0</<l  MHz).  This  behavior  may  possibly 
be  due  to  the  increased  importance  of  rotational  processes  for 
higher  ,  and  more  rapid  relaxation. 

We  believe  that  the  same  mechanism  is  responsible  for 
the  impedance  of  the  ribbon  sample.  Because  the  domain 
structure  is  not  known  for  this  sample,  we  decline  to  make  a 
quantitative  comparison  of  the  ribbon  and  wire  spectra.  We 
may,  however,  compare  the  two  frequencies  for  which  /?(/, 
H,,=0)  exhibits  an  inflection  point;  their  ratio  is  25.  Assum¬ 
ing  that  this  is  the  frequency  for  which  the  skin  depth  is 
equal  to  the  thickness  of  the  sample,  we  arrive  at  a  ratio  of 
effective  permeabilities  which  is  of  the  order  of  one. 


The  frequency-dependent  part  of  the  resistance 
for //_.,=()  is  shown  in  Fig.  7  versus  drive  current  amplitude 
0.5  mA</„„s<60  mA  (data  taken  from  Ref.  1 ).  Note  that  the 
ordinate  is  set  on  a  logarithmic  scale.  The  current  amplitude 
dependence  of  A"  is  qualitatively  similar,'  The  current  scans 
(/„„s  increasing)  were  performed  for  fixed  frequencies  /  =  1 
kHz,  10  kHz,  100  kHz,  and  1  MHz.  For  /=1,  10,  and  100 
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FIG.  7.  Dependence  cf  the  magnetoresistance  on  the  amplitude 

of  the  drive  current  .  Mote  the  peak  in  A/{(/,/,„s)  for  MHz  and 

the  decrease  in  for  10  mA  at  all  /.  The  applied  field  is 

Ha=0. 

kHz,  there  are  peaks  evident  in  the  data  at  /,„,j=4.0,  5.5,  and 
8.0  niA,  respectively.  This  maximum  vanishes  for  MHz. 
Each  data  set  also  exhibits  a  gradual  decrease  for  /jn,s>10 
mA.  The  fields  at  the  surface  of  the  w're  are  H^=2.5,  3.0, 
and  4.5  Oe  at  the  peak  positions.  Since  it  is  reasonable  to 
expect  that  the  wire  magnetizes  by  domain  wall  motion  at 
low  /,  we  suggest  that  the  peak  in  ^(/,/rms)  corresponds  to 
the  onset  of  domain  wall  motion,  i.e.,  the  circumferential 
coercive  force.  The  absence  of  a  peak  in  for  />! 

MHz  is  possibly  due  to  the  dominance  of  rotational  pro¬ 
cesses  at  these  relatively  high  frequencies.  The  decrease  in  R 
for/[^s^l0  mA  may  result  from  saturation  of  the  circumfer¬ 
ential  magnetization  for  a  current-dependent  fraction  of  '.he 
cycle.  Experiments  are  in  progress  that  will  test  these  specu¬ 
lations  by  imaging  the  magnetization  dynamics. 

Vi.  CONCLUSION 

A  complete  picture  of  the  magnetic-field-dependent  im¬ 
pedance  spectra  of  amorphous  ferromagnetic  materials  has 
only  begun  to  take  shape.  Over  the  last  few  years  a  handful 
of  groups  have  reported  fragments  of  the  vvhole.  The  reac¬ 
tance  of  amorphous  wires  possessing  negative  magnetostric¬ 
tion  was  found  to  depend  sensitively  on  applied  field;"  a 
large  magnetoresistance  for  such  wires  was  reported  for 
f-82  Hz  (Ref.  4)  (we  observe  no  magnetoresistance  at  this 
low  frequency);  and  an  ac  magnetoresistance,  which  scales 
linearly  with  f,  was  reported  for  FeCoSiB  ribbons.^  In  our 
work  we  have  determined  that  the  impedance  spectra  of 
amorphous  FeCoSiB  wire  and  ribbon  consist  both  of  resis¬ 
tive  and  reactive  components,  each  of  which  displays  a  pre¬ 
cipitous  decrease  in  a  moderate  magnetic  field  parallel  to  the 


sense  current.  We  have  been  able  to  describe  the  effect  in 
wires  quantitatively,  using  a  phenomenological  model  based 
on  classical  electrodynamics.  The  existence  of  qualitatively 
similar  spectra  for  amorphous  FeCoSiB  ribbon  demonstrates 
that  the  phenomenon  is  somewhat  robust,  and  that  it  is  not 
dependent  on  a  particular  domain  structure. 

■At  high  frequency,  the  resistance  is  sensitive  to  smaller 
fields  than  the  reactance.  Why  the  widths  AHg  and  AHx  are 
different,  and  why  they  increase  with  frequency  are  unan¬ 
swered  questions  at  present  (we  note  that  the  sensitivity  in¬ 
creases  with  /  ).  A  possible  explanation  for  the  latter  is  that 
the  circumferential  anisotropy  (and  the  resistivity)  is  de¬ 
pendent  on  position.  Due  to  the  quenching  process,  one  ex¬ 
pects  this  quantity  to  be  greater  near  the  wire  surface.  The 
current  runs  closer  to  the  surface  at  higher  frequencies,  and 
the  effective  anisotropy  field  thus  increases  with  frequency. 

Currently,  the  most  sensitive  giant  magnetoresistive 
(GMR)  materials  have  (i/A//ft)(Af?/f?s,„)<l%/Oe  at  room 
temperature.  The  sensitivity  of  the  amorphous  wire  discussed 
in  this  paper  to  an  applied  field  is  more  than  an  order  of 
magnitude  larger  than  this  for  /=!  MHz.  It  is  expected  that 
further  developments  in  this  nascent  field  will  increase  the 
sensitivity  substantially.  There  is  vast  technological  potential 
in  the  phenomenon  of  magneto-impedance,  and  many  scien¬ 
tific  questions  still  unanswered. 

ACKNOWLEDGMENTS 

The  authors  would  like  to  express  their  appreciation  to 
R.  Hasegawa,  F,  E.  Spada,  and  F.  T.  Parker  for  valuable 
conversations  and  assistance  with  the  experiment.  This  re¬ 
search  was  performed  under  an  ATP  grant  administered  by 
the  National  Storage  Industries  Consortium  (NSIC)  and  NSF 
Grant  No.  DMR-90-10908. 

'  R.  S.  Beach  and  A.  E.  Berkowitz,  Appl.  Phys.  Ixtt.  64,  .1652  (1994). 

^K.  Mohri,  T.  Kohzawa,  K.  Kawashima,  H.  Ynshida,  and  L.  V.  Panina, 
IEEE  Trans.  Magn.  MAG-28,  3150  (1992). 

■’R  L.  .a.  Machadu,  B.  L.  da  -Silva,  S.  M.  Rczeiide,  and  C.  S.  Marlins,  J. 
Appi.  Phys.  75,  m3  (i994 

■•K.  Mandal  and  S.  K.  Ghatak,  Phys.  Rev.  B  47,  142.3.3  (1993). 

■'K.  V.  Rao,  P.  B.  Humphrey,  and  J.  L.  Costa-Kramcr  (these  proceedings). 
'’A.  K.  Agarwala  and  L.  Berger,  J.  Appl.  Phys.  57,  3505  (1985). 

’l.  Ohnaka  el  a!..  Proceedings  of  tlic  4th  International  Conference  on  Rap¬ 
idly  Quenched  Metals,  Sendai,  1981. 

'*L.  D.  Landau  and  E.  M  Lifschitz,  Electmdynamks  of  Continuous  Media, 
2nd  ed.  (Pergamon,  New  York,  1984). 

''J.  YatriHsaki,  K.  Mohri,  H.  Kawamura,  H.  Takamure,  F.  B.  Humphrey,  and 
R.  Malmhall,  IEEE  Trans.  J.  Magn.  Jpn.  4,  360  (1989). 

"’D.  j.  Craik,  Structure  and  Properties  of  Magnetic  Materials  (Pion,  Lon¬ 
don,  1971). 

"  L.  V.  Panina,  H.  Katoh,  and  K.  Mohri,  IEEE  Trans.  Magn.  29,  2524 
(199.3). 


J.  Appl.  Phys.,  Vol.  76,  Ho,  10,  15  November  1994 


R.  S.  Beach  and  A.  E.  Berkowitz 


6213 


Kondo,  Mixed  Valence,  and  Heavy  Fermions  II 


R.  Osborn,  Chairman 


Heavy  fermion  behavior  of  U2T2X  compounds 

L.  Havela,  V.  Sechovsky,  P.  Svoboda,  and  M.  Divis 

Department  of  Metal  Physics,  Charles  University,  Ke  Karlovu  5,  121  16  Prague  2,  The  Czech  Republic 

H.  Nakotte,  K.  Prokes,  and  F.  R.  de  Boer 

Van  der  Waals-Zeeman  Laboratory,  University  of  Amsterdam,  Valckenierstraat  65,  1 01 8XE  Amsterdam, 

The  Netherlands 

A.  Purwanto  and  R.  A.  Robinson 

LANSCE,  Los  Alamos  National  Laboratory,  Las  Alamos,  New  Mexico  87545 

A.  Seret,  J.  M.  Winand,  J.  Rebizant,  and  J.  C.  Spirlet 

Institute  for  Transuranium  Elements,  European  Commission,  Joint  Research  Centre,  D-76125  Karlsruhe, 
Germany 

M.  Richter  and  H.  Eschrig 

MGP  Research  Group  "Electron  Systems,  ”  Technical  University  Dresden,  D-01062  Dresden,  Germany 

Magnetic  and  specific-heat  studies  of  \J2T2X  compounds  show  a  frequent  occurrence  of  the  y 
enhancement  in  conjunction  with  the  onset  of  antiferromagnetic  ordering.  The  largest  value  of  830 
mJ/mol  was  observed  in  U2Pt2ln,  wiiich  is  nonmagnetic  down  to  1.2  K.  Variations  of  electronic 
structure  are  documented  by  optimized  relativistic  LCAO  calculation. 


I.  INTROr  JCTION 

Magnetic  and  other  electronic  properties  of  tight  ac¬ 
tinides  in  intermetallic  compounds  are  strongly  affected  by 
the  hybridization  of  the  5/  states  with  electronic  states  of 
ligands.  In  compounds  with  transition  metals,  the  most  sig¬ 
nificant  delocalizing  effect  comes  from  the  5f-d  hybridiza¬ 
tion,  which  is  reduced  with  filling  the  d  band.  The  reason 
follows  from  electronic  structure  calculations,  which  show 
how  the  gradual  filling  of  the  d  states  leads  to  a  reduced 
overlap  of  the  5 /  states,  forming  a  band  pinned  at  Ep,  with 
the  d  transition  metal  states,  which  are  pushed  down  to 
higher  binding  energies.  Thus  irrespective  of  stoichiometry 
or  crystal  structure  we  can  observe  variations  of  the  5  f  elec¬ 
tron  magnetism,  with  a  crossover  from  nonmagnetic  to  mag¬ 
netic  ground  state  by  the  end  of  transition  metal  series.  There 
is  a  common  belief  that  heavy  fermion  phenomena  occur 
only  with  very  narrow  5 /  bands,  which  do  not  order  mag¬ 
netically  (or  which  show  very  small  ordered  moments). 
However,  it  remains  an  open  question  as  to  why  the  onset  of 
magnetism  is  not  accompanied  by  a  significant  y  enhance¬ 
ment  in  many  cases.  In  other  words,  the  heavy  fermion  com¬ 
pounds  remain  rather  unique  and  it  is  unclear  where  to  place 
them  in  the  systematics  of  other  uranium  intermetallics. 

Here  we  describe  results  of  investigations  of  the  recently 
discovered  ccmpoun,ls  of  the  U27'2A'  type,*  which  can  con¬ 
tribute  to  heavy  fermion  research  due  to  a  systematic  occur¬ 
rence  of  y  enhancement.  The  U  and  Np  compouris  of  the 
2:2:1  stoichiometry  exist  with  nearly  all  transition  metals  of 
the  Fe,  Co,  and  Ni  column.  X  represents  Sn  or  In.  They  all 
crystallize  in  the  tetragonal  1)3812  structure  type  with  U-U 
distances  in  the  range  3.45-3.8  A.' 

II.  EXPERIMENTAL  RESULTS 

We  studied  polycrystalline  samples  prepared  by  arc 
melting  stoichiometric  amounts  of  the  constituent  elements. 


Most  of  them  were  single  phase.  A  several  percent  contami¬ 
nation  was  found  in  UjPt^In  (UPt)  and  in  Uilr^Sn  and 
U2lr2ln  (Ulr). 

Most  of  the  compounds  with  Ni,  Pd,  and  Pt  display  an¬ 
tiferromagnetic  (AF)  order  at  low  temperatures.  The  only 
exception  is  U2Pt2ln,  which  exhibits  a  strongly  enhanced 
susceptibility  x  at  low  temperatures  (23X10“**  mVmol  at  4.2 
K — note  that  1  mol  f.u.  contains  2  U  atoms).  No  phase  tran¬ 
sition  was  indicated  in  the  specific  heat  down  to  1.2  K.  The 
X(T)  dependence  (Fig.  1)  can,  at  high  temperatures,  be  ap¬ 
proximated  by  a  modified  Curie- Weiss  (MCW)  law  similar 
to  the  majority  of  compounds  described  here: 

X  =  C/{T-&„)  +  Xo,  (1) 

yielding  for  U2Pt2ln  the  parameters  /z,.ff=2.4  /zb/O, 
©,,  =  —  106  K,  and  ;^,)=9.7X  10“**  mVmol.  Below  100  K, 
X(T)  deviates  from  the  MCW  fit  towards  larger  x  values. 
The  low-temperature  data  are  contaminated  by  the  UPt 
impurity^  (which  has  spontaneous  magnetization  of  0.4  /xg/U 
below  T=25  K**),  but  the  large  susceptibility  at  4.2  K  was 
confirmed  by  high-field  magnetization  measurements.  The 
specific  heat  displays  a  pronounced  upturn  of  CIT  vs  T  (Fig. 
2),  which  is  insensitive  to  applied  magnetic  field  of  5  T. 
Although  the  fit  involving  a  7^  In  T  term  accounts  well  for 
the  data  only  in  a  very  limited  temperature  range  (up  to  5  K), 
it  can  be  used  to  estimate  the  y  value  in  the  zero  K  limit, 
',^830  mJ/mol  K‘. 

The  highest  ordering  temperatures  were  observed  in  the 
two  Pd  compounds,  U2Pd2Sn  (7’^=4]  K)  and  U2Pd2ln 
(Tb;  =  38  K).  The  susceptibility  analysis  in  terms  of  Eq.  (1) 
yields  smaller  negative  ©,,  values  (-30  and  -32  K  for  Sn 
and  In,  respectively)  than  in  other  compounds  from  this  se¬ 
ries.  The  relatively  strong  5/  localization  is  indicated  by 
sizeable  U  magnetic  moments  (1.89  and  1.40  fxg,  respec- 
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lively)  determined  from  neutron-diffraction  experiments, 
Tliey  show  in  both  cases  a  noncollinear  AF  structure  with 
moments  within  the  basal  plane  and  oriented  along  directions 
of  the  [110]  type.'*  Despite  magnetic  ordering,  a  pronounced 
upturn  in  the  CIT  vs  T  dependence  was  found  also  for 
U2Pd2ln,  leading  to  y=393  mJ/mol  K‘  (65  mJ/mol  is  ob¬ 
tained  by  extrapolation  from  paramagnetic  range).  No  such 
upturn  was  found  in  U2Pd2Sn,  but  the  linear  coefficient  of 
the  specific  heat  was  still  high:  7=  203  mJ/mol  K^,  The  5/ 
local-moment  magnetism  in  the  Pd  compounds  is  corrobo¬ 
rated  by  the  magnetic  entropy  estimate  (1  — 2X/?  In  2), 

Unlike  U2Pt2ln,  U2Pt2Sn  is  magnetically  ordered 
(7’jv=15.5  K).  a  much  smaller  magnetic  entropy  (about  0,2 

In  2)  is  sugge.stive  of  itinerant  magnetism,  7=334 
mJ/mol  was  extracted  from  the  low-temperature  range, 
wheieas  390  mJ/mol  can  be  obtained  above  Tjv  ■ 

U2Ni2ln  exhibits  a  similar  behavior  (7’^  =  15  K),  Mag¬ 
netic  susceptibility  analysis  in  terms  of  Eq,  (1)  yields 
0p=— 80  K  and  /ij[(  =  2,0  yttg/U,  The  low-temperature 
7=200  mJ/mo!  is  substantially  smaller  than  the  high- 
temperature  value  of  350  mJ/mol  K^,  The  magnetic  entropy 
is  about  0,4X/?  In  2, 

U2Ni2Sn  orders  below  1\=25  K,  In  the  paramagnetic 
range,  can  be  described  by  Eq,  (1)  yielding  yu,,ff=2,3 
yUg/U,  0^,=  -llO  K,  and  A'()=1'S^''111  **  m^mol.  We  are 
aware  that  the  presence  of  the  term  can  be  an  artifact  due 
to  the  averaging  the  anisotropic  x  values  in  polycrystal. 


FIG.  1.  Temperature  Ucpendeiicc  of  magnetic  susceptihility  of  (a)  U,7',ln 
and  (b)  UjTiSn.  The  dotted  lines  shown  in  son  e  cases  are  the  MC'W  tits. 


Regarding  other  compounds,  we  have  found  magnetic 
ordering  in  U2Rh2Sn  with  7'^  =  24  K.  A  weak  magnetic  en¬ 
tropy  of  (),4XR  In  2  is  again  indicative  of  a  strongly  itinerant 
5/  magnetism,  bet  the  y  value  is  rather  low  (131 
mJ/mol  K'), 

Besides  U2pt2ln,  some  other  nonmagnetic  compounds 
exhibit  spin-fluctuation  features:  U2Co2Sn,  U2Rh2ln,  and 
U2lr2Sn,  They  display  y  values  ranging  from  130  (U2lr2Sn) 
to  280  mJ/mol  K“  (U2Rh2ln)  (a  strong  upturn  in  CIT  is  found 
in  U2Co2Sn  and  a  weaker  one  in  U2Rh2ln),  Finally,  the  pre¬ 
sumably  most  itinerant  5 /  states  cause  a  weak  itinerant  para¬ 
magnetism  in  U2Co2ln  (7=32  mJ/mol  K^)  and  U2Ru2Sn  (20 
mJ/mol  K‘), 

Assessing  variations  of  properties  in  the  group  of  U27’2A' 
compounds,  we  can  deduce  the  following  trends:  (i)  The  5/ 
localization  increases  within  each  transition  metal  series  to¬ 
wards  the  right  end  of  the  periodic  table.  This  is  similar  to 
findings  in  other  groups  of  light  actinide  compounds,  (ii)  The 
027  2ln  compounds  have  a  weaker  tendency  to  magnetic  or¬ 
dering  than  their  U27’2Sn  counterparts, 

III.  ELECTRONIC  STRUCTURE  CALCULATIONS 

To  follow  electronic  structure  variations  in  the  system  of 
\JyT~\n  compounds,  we  performed  calculations  using  the  op- 
tinrized  HLCAO"’  method  in  a  fully  relativistic  version,'’ 


M(i.  2.  C77  vs  /'  plots  ol  la)  IJ.Pi.A'  aiul  lb)  U;Ftl>A'.  I  he  dolk'il  lines  show 
the  I7ebye  backgrouml  approximating  the  high-tem|K'rature  speeilic  heat. 
For  UjPt.Sn  (full  line)  it  is  shifted  down  to  lit  to  the  low-temperatnre  y. 
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FIG.  3.  Calculated  total  density  of  states  of  UjFjIn. 


0 

700 

•s  200 

u 

^  0 

- 

•4 

“  350 

§  600 

-  ..  . 

400  -  t  -  7/2 

(&  200  - 


"Free  Electrons" 


H  600  -  (d)  n 

400  -  I  i  - 

d  -  3/2  i 

200  -  d  -  5/2-ifc,v|4  ! 

0  I _ ‘ 

-0.6  -0.4  -0.2  0.0  0.2 

Energy  (Ry) 

FIG.  4.  Calculated  total  and  orbital-projected  density  of  states  for  U2Pt2ln. 


Self-consistency  is  treated  by  the  Kohn-Sham  density- 
functional  theory  in  the  local-density  approximation  (LDA). 

The  total  densities  of  states  (DOS)  for  U27’2ln  {T=‘Co, 
Ni,  Rh,  Pd,  Pt)  calculated  fully  relativisticallv  are  displayed 
in  Fig.  3.  The  obtained  spectra  are  characterized  by  a  nearly 
free-electron  background  of  s-,  p-,  and  uranium  6d  elec¬ 
trons,  which  extends  to  about  0.6  Ry  below  E .  In  all  cases 
bonding  and  antibonding  band  groups  are  well  separated  by  a 
broad  and  deep  minimum  around  E p .  The  orbital-projected 
DOS  for  the  5/  and  T-d  orbitals  (see,  e.g.,  U2Pt2ln  shown  in 
Fig.  4)  indicate  that  the  bonding  (antibonding)  states  are  pre¬ 
dominantly  T-d{5f).  There  is,  however,  an  appreciable 
amount  of  covalency — the  5/(7'-d)  conuibution  to  the  bond¬ 
ing  and  the  antibonding  states,  respectively.  The  estimate  ot 
the  contribution  of  a  direct  5  f-5f  overlap  to  the  width  of  the 
/-projected  DOS  proved  that  the  5f-d  hybridization  appre¬ 
ciably  enhances  the  5/  bandwidth.^’ 

Practically  no  electron  transfer  from  U  to  T  was  found  in 
U2Pd2ln.  But  it  does  increase  with  decreasing  population  of 
the  d  states.  As  expected,  the  spin-orbit  splitting  of  Co-  and 
Ni-3d  states  is  small,  with  moderate  spin-orbit  splitting  in 
Rh-  and  Pd-4d  states  (0.02  Ry),  and  the  largest  splitting  in 
Pt-5d  and  U-5/  states  (0.1  Ry). 

The  Fermi  level  gradually  shifts  from  the  top  of  the 
bonding  band  in  U2Co2ln  to  the  bottom  of  the  antibonding 
band  in  U2Ni2ln,  U2Rh2ln,  and  U2Pt2ln,  and  finally  into  the 
antibonding  band  in  U2Pd2ln,  which  displays  much  weaker 
transfer  of  5/  (and  4d)  electrons  into  free-electron  states. 
This  redi'-ed  transfer  may  be  understood  as  the  result  of 
shifting  down  of  the  Pd-4d  states  compared  to  the  Ni-3</ 
states  or  Pt-5d  states.  The  experimentally  observed  develop¬ 
ment  in  the  y  values  is  qualitatively  consistent  with  the 
trends  in  the  calculated  DOS  at  the  Fermi  level  N<Ep).  We 
have  also  partitioned  the  total  DOS  ink)  different  contribu¬ 
tions  and  the  change  of  total  DOS  at  E p  can  be  mainly  as¬ 
cribed  to  the  variations  of  N{Ep)'j^i2. 
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Since  the  width  of  the  covalence  gap  (>1  cV)  exceeds 
the  exchange  splitting  of  elemental  Co  and  Ni,  any  possible 
magnetism  should  arise  from  5/  electrons  only.  Applying  the 
LDA  Stoner  theory,  we  have  obtained  the  Stoner  product 
/X^(£f)=0.6,  1.3,  2.0.  11.5,  and  3.1  for  UjCojIn,  UjNiaIn, 
U2Rh2ln,  U2Pd2ln,  and  U2Pt2ln,  respectively.  Therefore  the 
observed  nonmagnetic  ground  state  of  U2Co2ln  and  magnetic 
ground  state  of  U2Ni2ln  and  U2Pd2ln  are  qu,-\litatively  con¬ 
sistent  with  our  calculations.  The  nonmagnetic  heavy  ferm¬ 
ion  behavior  of  U2Rh2ln  and  U2Pt2ln  cannot  be  described  by 
our  LDA  calculations,  which  lead  to  a  Stoner  instability. 
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By  spccific-heat,  magnetization,  electrical  resistivity,  and  neutron-diffraction  measurements  on  a 
single  crystal  we  have  confirmed  that  UNiGe  orders  antiferromagnetically  below  50.5  K  into  an 
incommensurate  phase  with  q="(0,l/2,-l/2)±(0,(5,^,  rf~0.15.  S  decreases  continuously  with 
decreasing  temperature  to  —0.123  at  41.5  K,  where  the  incommensurate  phase  vanishes  in  a 
first-order  phase  transition  and  a  commensurate  antiferromagnetic  structure  with  q= (0,1/2, 1/2)  sets 
in  and  remains  stable  down  to  the  lowest  temperatures.  If  a  magnetic  field  sufficient  to  induce  a 
metalmagnetic  transition  (1-5  T)  is  applied  along  the  c  axis,  both  antiferromagnetic  pha.ses  are 
transformed  to  an  i  .compensated  AF  phase  with  r/  =  (0,1/3, 1/3)  yielding  a  nonzero  magnetization 
A/  1  /3  X  /W  y .  The  latter  structure  is  destroyed  and  a  complete  alignment  of  U  moments  is  achieved 
in  fields  above  10  T.  The  strikingly  different  B-T  diagrams  observed  for  a  magnetic  field  applied 
along  different  crystallographic  directions  reflect  strongly  anisotropic  exchange  interactions. 


I.  INTRODUCTION 

UNiGe  belongs  to  the  isostructural  group  of  the  \JTX 
compounds  (7'= transition  metal,  X=p  metal),  which  crys¬ 
tallize  in  the  orthorhombic  TiNiSi-type  structure.  The 
nearest-neighbor  uranium  atoms  in  this  structure  form  zigzag 
chains  along  the  a  axis.  The  coordination  of  U  atoms  is 
intimately  connected  with  the  anisotropy  of  bonding  of  5/ 
orbitals,  which  has  serious  consci|iiences  for  the  symmetry  of 
the  5/-electron  magnetism.'  Specifically,  in  UNiGe  and 
other  i.sostructural  UTAT  compounds,  the  easy-plane  magne- 
tocrystallinc  anisotropy  with  the  hard-magnetization  direc¬ 
tion  along  the  a  axis  is  observed  as  a  rule.'’^  This  is  manifest 
in  the  low-temperature  magnetization,  which  is  small  and 
linearly  dependent  on  the  magnetic  field  up  to  35  T  applied 
along  the  a  axis.  For  the  other  two  field  directions  (along  b 
and  c)  almost  saturated  magnetization  due  to  aligned  U 
moments  of  1.45  fin  is  attained  above  metalmagnetic 
transitions.^  Note  that  the  magnetization  cur.cs  at  4.2  K  dis¬ 
play  two  metalmagnetic  transitions  at  17  and  25  T  in  the  field 
applied  along  h  (and  at  3  and  10  T  in  fl||r).  In  both  field 
geometries,  the  magnetization  observed  above  the  first  tran¬ 
sition  amounts  to  approximately  l/3XAf 

For  some  time,  UNiGe  was  believed  to  order  magneti¬ 
cally  around  42  although  some  indications  of  another 
transition  around  50  K  could  be  seen  in  the  specific-heat  data 
of  Kawamata  et  al.J  Moreover,  controversial  conclusions 
about  the  magnetic  .structure  at  low  temperatures  could  be 
found  in  the  literature.'’'"  This  unsatisfactory  situation  moti¬ 
vated  us  to  perform  an  extensive  study  of  a  well-defined 
single  crystal  of  UNiGe,  which  was  governed  by  a  Czochral- 
ski  technique  in  a  tri-arc  furnace  at  the  University  of  Amster¬ 
dam.  Besides  measurements  of  bulk  properties  (magnetiza¬ 
tion,  electrical  resistivity,  and  specific  heat)  over  wide 
temperature  and  external  magnetic-field  intervals,  we  have 


performed  extensive  neutron-diffraction  experiments.  Re¬ 
sults  and  experimental  details  of  bulk  measurements  were 
published  elsewhere,^"''  along  with  preliminary  neutron  data 
indicating  the  existence  of  the  incommensurate  antiferro¬ 
magnetic  phase  (lAFP)  below  50  K".  In  this  paper  we  con¬ 
centrate  on  both  the  temperature  and  magnetic-field  stability 
of  the  lAFP  in  the  complex  magnetic  phase  diagram  of 
UNiGe. 

II.  RESULTS  AND  DISCUSSION 

The  specific  heat  of  UNiGe  exhibits  a  sharp  peak  at  41.5 
K  and  a  weaker  maximum  around  50  K  (sec  Fig.  1).  The 
first-order  magnetic  phase  transition  at  41.5  K  is  also  clearly 
reflected  in  the  magnetization  and  resistivity.^'*'  Clo.scr  in¬ 
spection  of  magnetization  and  electrical  resistivity  results, 
however,  also  reveals  around  50  K  slight  (but  well  noticeable 
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FIG.  I.  Temperature  dependenee  of  the  specific  heat  of  lINiCic. 
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FIG.  2.  Magnetic  phase  diagram  of  UNiGe  in  B  pamilcl  to  the  c  axis,  as 
determined  from  magnetization  and  neutron-diffraction  measurements.  (I) 
incommensurate  antiferromagnetic  phase,  q=(0, 1/2,- 1/2) ±(0,5,5),  (II) 
commensurate  antiferromagnetic  phase,  q=(0,l/2,l/2),  (111)  uncompensated 
antiferromagnetic  phase,  q=±(0,l/3,l/3),  (IV)  phase  with  "ferromagneti- 
cally”  aligned  U  moments,  and  (V)  paramagnetic  phase. 


in  dMIdT  and  dp/cT)  anomalies,  which  corroborate  the  con¬ 
clusion  about  the  magnetic  origin  of  this  phase  transition. 

In  order  to  obtain  better  knowledge  of  magnetic  phases 
and  transitions  in  UNiGe  we  performed  neutron-diffraction 
experiments  on  the  same  single  crystal  at  BENSC  (on  E2  and 
E4)  and  L/VNSCE  (on  SCO).  The  obtained  magnetic  phase 
diagram  shown  in  Fig.  2  contains  essential  information  from 
studies  in  magnetic  fields  applied  along  the  c  axis. 

A.  Zero  magnetic  field,  7^41.5  K 

All  observed  magnetic  reflections  can  be  indexed  as  h,k/ 
2, M2  (with  k,l  odd),  suggesting  the  AF  structure  with 
q=(0,l/2,l/2)  in  agreement  with  Ref.  6.  The  U  moments  are 
locked  in  the  b-c  plane.  The  temperature  dependence  of  the 
intensities  of  the  magnetic  ref  ections  indicates  that  the  U 
moment  decreases  slowly  with  increasing  temperature.”  At 
40  K,  the  ordered  U  moments  retain  about  90%  of  the  low- 
temperature  value.  The  magnetic  intensities  then  decrease 
abruptly  at  the  41,5  K  first-order  phase  transition,  where  the 
low-temperature  phase  vanishes. 

B.  Zero  magnetic  field,  T;?41.5  K 

A  crucial  point  of  our  research  has  been  to  indicate  an 
lAFP,  which  propagates  within  the  b-c  plane.  For  this  pur¬ 
pose  experiments  on  the  flat  cone  diffractometer  E2  in  Berlin 
and  the  single-crystal  diffractometer  SCO  with  an  area  de¬ 
tector  at  Los  Alamos  were  indispensable.  Both  types  of  ex¬ 
periments  provided  compatible  results  confirming  the  exist¬ 
ence  of  an  lAFP  with  q==(0,l/2,- 1/2)±(0,5,^).  For 
illustration,  we  display  in  Fig.  3  typical  patterns  recorded  on 
SCD  in  Los  Alamos  at  20  and  46  K,  in  which  the  difference 
between  the  respective  magnetic  states  is  manifest.  Whereas 
at  20  K  the  0,  3/2,  — 1/2  is  characteristic  for  the  commensu¬ 
rate  AF  phase  stable  below  41.5  K,  this  reflection  is  absent  at 
46  K  and  instead  two  satellites  shifted  by  ±(0,0.141,0,141) 
indieate  the  presence  of  the  lAFP.  After  identifying  this 
phase,  its  stability  and  temperature  evolution  of  <5  were  stud- 
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FIG.  3.  Magnetic  reflections  in  the  vicinity  of  the  0,  .3/2,  - 1 .2  at  (a)  20  K 
and  (b)  45  K. 


ied  on  E4  in  Berlin.  The  results  are  displayed  in  Fig,  4  The 
I  AFP  emerges  just  above  41.5  K.  The  characteristic  reflec¬ 
tions  0,  kl2±8,  —1/2 ±5  reach  a  maximum  intensity  al¬ 
ready  around  43  K  and  then  diminish  continuously  with  in¬ 
creasing  temperature.  The  reflections  are  at  the  limit  of  de¬ 
tectability  at  50  K,  but  some  residual  intensity  can  be  seen  in 
the  background  up  to  approximately  53  K.  The  parameter  S 
varies  from  —0.123  at  41.5  to  0.15  at  50  K.  The  transition  at 
41.5  K  is  apparently  of  the  first-order  type  in  contrast  to  the 
second-order  transition  around  50.5  K. 

C.  S«6T,e||c,  7^41.5  K 

The  first  metalmagnetic  transition  exhibits  a  large 
hysteresis.”  The  critical  fields  and  the  hysteresis  (marked  by 
the  hatched  region  in  Fig.  2)  decrease  with  increasing  tem¬ 
perature.  When  sweeping  the  field  upwards,  the  {),kl2,l/2 
reflections  disappear  rapidly  around  the  transition.  On  the 
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FIG.  4.  Tcmpcriiturc  dependence  the  inlcgriil  intensity  and  the  parameter  5 
of  the  ((),l/2,-3/2)±((),5,5!  reflection. 
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FIG.  5.  Field  scans  of  (a)  magnetization  and  (b)  the  0  2/3  4/3  reflection  at 


Other  hand,  /i,A:/3, 1/3-type  reflections  and  magnetic  contri¬ 
bution  to  nuclear  reflections  emerge  (following  the  magneti¬ 
zation  dependence  closely). “  The  metalmagnetic  state  con¬ 
nected  with  the  uncompensated  AF  structure  therefore  has 
q=(0,l/3,l/3).  This  leads  to  the  collinear  arrangement  of  the 
U  magnetic  moments  oriented  along  the  c  axis  with  the 
-b  +  -  stacking  simultaneously  along  the  b  and  c  axis, 
which  gives  rise  to  the  magnetization  A/ =  1/3  XM,  in  agree¬ 
ment  with  the  above-mentioned  result  from  magnetization 
measurements. 

D.  0^6T,e||c,  T&41.SK 

The  lAFP  is  stable  in  magnetic  flelds  up  to  about  1  T, 
where  it  starts  to  transform  gradually  to  phase  III.  This  field 
correlates  well  w'ith  that  of  the  metalmagnetic  transition 
shown  in  Fig.  5(a).  The  Q,k/3,l/3  reflections  representing 
the  phase  111  persist  up  to  ~51  K,  where  a  first-order  transi¬ 
tion  (in  contrast  to  the  second-order  transition  in  zero  field) 
to  the  high-temperature  paramagnetic  phase  takes  place  as 
shown  in  Fig.  5(b). 

When  the  magnetic  field  is  applied  along  the  b  axis  a 
two-step  metalmagnetic  process  appears.  However,  the  criti¬ 
cal  fields  of  the  metalmagnetic  transitions  are  considerably 
higher,  indicating  pronounced  anisotropy  of  the  exchange  in¬ 
teractions. 

To  analyze  magnetic  phases  in  U  intermetallics,  models 
considering  the  relation  of  U  coordination  and  the  type  of 


anisotropy  can  be  employed.  The  experimental  findings  in 
UNiGe  corroborate  the  empirical  rules'  relating  the  symme¬ 
try  of  the  bonding  of  the  5 /  orbitals  in  a  particular  structure 
to  the  type  of  magnetocrystalline  anisotropy.  The  strong 
bonding  axis  (a  axis  in  UNiGe  and  structure-related  \JTX 
compounds)  determines  the  hard-magnetization  direction 
whereas  the  magnetic  moments  are  locked  perpendicular  to 
the  hard  direction  (in  the  b-c  plane  in  UNiGe).  The  ex¬ 
change  interaction  along  the  strong  bonding  axis  (plane)  is 
usually  strong  and  ferromagnetic,  whereas  the  considerably 
weaker  interaction(s)  in  the  perpendicular  direction(s)  medi¬ 
ate  the  coupling  between  the  ferromagnetic  chains  (planes). 
These  interactions  are  frequently  frustrated  and  a  sequence  of 
incommensurate  and  commensurate  phases  can  be 
observed'^  when  temperature  is  decreased. 
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Magnetic  susceptibility  and  electronic  specific  heat  of  Anderson  lattice 
with  finite  ^-band  width 
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We  study  an  extension  of  the  periodic  Anderson  model  by  considering  finite  /-band  width.  A 
variational  method  recently  developed,  has  been  used  to  study  the  temperature  dependence  of  the 
average  valence  of  magnetic  susceptibility  Xs  anti  electronic  specific  heat  C^,  for  different  values  of 
the  /-band  width.  As  /-band  width  increases,  the  low-temperature  peak  in  Xs  imd  Cy  becomes  more 
broad  and  shifts  towards  the  high-temperature  region. 


1.  INTRODUCTION 

A  class  of  certain  lanthanide  and  actinide  intermetallic 
compounds,  now  known  as  heavy  fermions,  show  a  variety 
of  anomalous  electronic  and  magnetic  properties. At  high 
temperatures,  there  is  a  Curie-Weiss-like  magnetic  suscepti¬ 
bility  Xs‘  Xs  can  be  fitted  to  where  0<()  and  there 

are  large  effective  moments  However,  at  low  tem¬ 

peratures,  Xs  shows  dependence  and  tends  to  a  constant 
value  which  for  heavy-fermion  systems  is  greatly  enhanced 
over  the  value  expected  for  a  normal  metal.  The  data  on  the 
electronic  specific  heat  C^,  also  show  interesting  features.  In 
general  Cy  varies  linearly  with  temperature  at  very  low  tem¬ 
perature,  Cy  =  yT,  which  is  the  behavior  expected  for  a 
Fermi  liquid.  In  the  recent  past,  the  periodic  Andenson  model 
(PAM)^  has  been  widely  accepted  as  a  model  for  ur  derstand- 
ing  the  basic  electronic  and  magnetic  properties  of  mixed 
valence  and  heavy  fermion  materials.  Since  there  is  an  over¬ 
lap  of  5-/  orbitals  (thereby  giving  rise  to  a  finite  /-band 
width)  in  actinide  materials,'’  we  consider  an  extension  of  the 
PAM  by  considering  finite  /-band  width.  Recently,  an  exten¬ 
sion  to  the  Anderson  model  in  which  direct  /-/  hopping  is 
included  has  been  studied  by  several  authors.’"'^  This  model 
has  been  studied  by  several  authors  using  the  variational 
method. Recently,  we  developed  a  variational 
method*^"^'’  to  study  the  ground  state  and  thermodynamic 
properties  of  PAM.  We  use  this  variational  method  here  to 
study  the  PAM  including  finite  /-band  width.  In  Sec.  II  wc 
give  the  basic  formulation  for  the  magnetic  susceptibility  and 
electronic  specific  heat.  In  Sec.  Ill  we  discuss  our  results. 


Here,  is  the  /-band  energy  and  other  symbols  have  their 
usual  meanings. 

For  simplicity,  we  assume  that  the  form  of  the  /  band  is 
the  same  as  that  of  the  conduction  band.  The  /  band  is  rep- 
re.sented  by  the  expression 

yj,  (3) 

where  A  is  a  positive  constant  less  than  unity.  Here  VF  and 
AW  are  the  band  widths  of  conduction  band  and  /  band, 
respectively.  For  A  -=0,  E  =  is  the  position  of  the  /  level. 

In  the  k  space,  the  Anderson-Hamiltonian  may  be  writ¬ 
ten  as 

^kir^ktr 

-2  Ut(c*>*„-hh.c.)+  y  S  (4) 

ktr  j(T 

Here  we  are  considering  strongly  interacting  (i.e,, 
U~toa)  case.  In  this  case  the  probability  of  /^  configuration 
is  very  small.  The  variational  wave  function  which  projects 
the  /^  configuration  out,  may  be  written  as  (Panwar  and 
Singh’’) 


^  ^  ^k^' kiT^ kir"^ 


ef+A\e,-- 


itA)=n  [i+A*„(i-«(jcc*„]|f)  (5) 

ktr 


II.  BASIC  FORMULATION 

The  orbitally  nondegenerate  periodic  Anderson  model 
including  finite  band  widtli  of  /  electrons  is  de.scribed  by  the 
Hamiltonian 


^  S  ^k^ kar^ ^  ^iki^kir^iir 
k(T  ijtr  ik<r 


u 


+  h.c.)^-  y  2 


(1) 


where 


(2) 


when  '\F)  =  y*,,]!))  is  the  Fermi  sea  of  conduction 

electrons  and  A*,,  the  variational  parameters.  It  can  be  seen 
that  the  resultant  states  are  in  the  form  of  two  quasiparticle 
bands;  the  lower  (-)  and  upper  (+)  of  quasiparticle  spectra 
are  given  by 


^ka  2 


(1  +APf)ei,T  efPf- 


AWP 


^Ji(\~APy)e,- 


AWPr 

-  2- 


(6) 


The  Aj’s  are  given  by 
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At- 


2^ 


AWPf 

€,(l-APf)-efPf+—:^ 


^-4 


/  AWPf 

'  Tzl 

/^6*(1  APf)  efPf+  2  J 

+  AVlP^ 

(7) 


where 


At  finite  temperature,  the  number  of  conduction  electrons 
and  /  electrons  are  given  by  (taking  the  total  number  of 
electrons  such  that  the  Fermi  level  lies  in  the  lower  band) 


(•  _  J  k(T  J  k(T _ 

\+{Atyp), 

^  _\i^P}rkr  ^  {Al?P]ftr 
[i+(Ai^  'iToC)^,  ■ 
Here  Fermi  functions  and  ft„  are  given  by 


where  is  the  chemical  potential  and  fS-MkuT. 

A.  Magnetic  susceptibility 

In  the  presence  of  a  static  magnetic  field  the  /  level  is 
Ef-g(TUi,D\Ef-  c^+/l(6i-  W/2).  ThT  static  magnetic  sus¬ 
ceptibility  for  the  lower  branch  of  quasiparticle  spectra  is 
given  by 


Xs=8Ua(T  jg[n{,-nL„] 


(10) 


B-O 


Putting  /i{/s  from  Eq.  (8)  one  gets,  after  some  algebra,  the 
expression  of  susceptibility  [in  units  of  (g/x/i)^]  at  finite 
temperature in  the  paramagnetic  region. 


B.  Electronic  specific  heat 

At  finite  temperature,  the  ground  state  energy  is  given  by 

{£)=2  [iEt,-P)fk.+iPL-p)fL]-  (11) 

kiT 

The  electronic  specific  heat  C^,  is  obtained  by  differen¬ 
tiating  energy  {E)  with  respect  to  temperature  T.  The  total 
electronic  specific  heat  gets  the  contribution  from  both  the 
lower  as  well  as  the  upper  quasiparticle  bands.  It  is  given  by 

kiT 

(12) 

III.  RESULTS  AND  DISCUSSIONS 


FIG.  1.  (ii)  Viiriution  of  averuge  valciici;  with  A  at  7'=()  K  with  tight- 
binding  conduction  band  for  different  effective  positions  of  /  level.  Curve  I 
for  ef=-0.4,  curve  It  for  V  is  fixed  on  ().2.S.  (b)  Viiriation  of  mag¬ 
netic  susceptibility  x'l  (in  units  of  with  A  at  7  =0  K  with  tight- 

binding  conduction  band  for  different  effective  positions  of  /  level.  Curve  I 
for  «|=0.0,  curve  II  for  V  are  fixed  on  O.2.S. 


width  is  A  W-2  A,  V  is  fixed  on  0.25  cV.  Figures  1(a)  and 
1(b)  .show  the  variation  of  average  valence  tr  and  magnetic 
susceptibility  with  parameter  A,  respectively,  at  T=0  K. 
In  Fig.  1(a)  curve  1  shows  variation  for  the  /-level  position 
€^=-0.4  and  curve  II  for  e^=().0.  Here  we  find  a  smooth 
variation  of  with  A .  We  have  also  seen  that  for  a  constant 
value  of  A,  iif  increases  slowly  with  increasing  temperature. 


In  these  calculations,  we  have  considered  a  tight-binding 
conduction  band  which  is  centered  around  zero  energy  with 
conduction  band  width  IV=2.0  eV.  The  total  number  of  elec¬ 
trons  per  site  («*' -t-//)  has  been  taken  to  be  1..5.  The  /-hand 


FIG.  2.  Magnetic  su.sccptibility  ;y,  |iii  unils  of  (g/U;))’|  as  a  function  of 
temperature  for  different  A  with  light-binding  conduction  band.  V -().2.S  and 
t^=0.0.  Curve  I  for  A  =0.0,  curve  II  for  A  =0.0.S,  and  curve  III  for  A  =0.  l.‘>. 
Dashed  part  of  curve  I  shows  the  divergence  of  Xx  in  the  temperature  range 
lO-AO  K. 
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—0.4.  Curve  I  shows  variation  for  A  =0.0,  curve  II  for 
A  =0.05,  and  curve  111  for  A  =0.15.  Here  Cy(T)  increases 
linearly  at  low  temperature,  and  has  a  maxima  near  T^^^-25 
K  at  A  =0.0.  As  A  increases,  the  maximum  is  less  pro¬ 
nounced  and  much  broader  and  shifts  towards  higher  tem¬ 
perature  region.  Also  as  A  increases,  the  maxima  in  C^/T  at 
low  temperature  becomes  wider  and  is  less  pronounced  and 
in  some  ca-scs  disappears.  We  have  a  more  sharp  peak  in  C„ 
or  CJT  at  low  temperature  as  the  /  level  goes  down  for  a 
constant  value  of  A .  This  behavior  of  specific  heat  curves  has 
been  the  main  characteristic  of  many  mixed  valence  and 
heavy  fermion  materials  like  NpSn^.^'^ 

From  the  above  results  of  xAT)  and  C^,(T),  one  can 
conclude  that  by  increasing  the  /-band  width,  we  are  making 
the  “Fermi-liquid”  nature  of  /  electrons  to  be  more  pro¬ 
nounced. 


FIG.  3.  (a)  Variation  of  specific  lieut  C'„  with  temperature  with  tight-binding 
conduction  band  for  different  values  of  A.  Curve  I  is  for  A  =().(),  curve  II  for 
A  =0.05,  and  curve  Ilf  for  A  =0.15.  f.f  are  fixed  on  -0.4.  (b)  Variation  of 
specific  hcaf  coefficient  CJT  with  temperature  v  iih  tight-binding  conduc¬ 
tion  bund  for  different  values  of  A.  Curve  I  is  for  A  =0.0,  curve  II  for 
A  =0.05,  and  curve  III  for  A  =0.15.  tf  are  fixed  on  -0.4. 

While  in  Fig.  1(b),  curve  I  shows  variation  for  c^=().0  and 
curve  II  for  6y=0.2.  a"*  increases  rapidly  as  A  is  lowered. 

We  have  .shown  results  of  magnetic  susceptibility  A'.,(  0 
in  Fig.  2  for  different  A .  is  fixed  on  0.0.  Curve  I  stands  for 
A  =0.0,  curve  II  for  A  =0.05,  and  curve  III  for  A  =0.15.  The 
behavior  of  A',v(^)  interesting.  At  low  temperature  A’j/  O 
rises  up  to  a  maximum.  This  low-T  peak  in  Xx  gets  sharpened 
as  A  reduces  from  0.15  to  0.10  and  finally  diverges  at 
A  =0.0.  Also  as  the  /  level  goes  down,  Xs  increases  and  we 
have  a  sharper  peak  at  low  temperature.  This  susceptibility 
behavior  is  characteristic  of  many  mixed-valence  compounds 
like  CeSni,  CePd^,  and  of  many  Cc  and  U-heavy  fermion 
systems  like  CeAl^  and  UPt^.^''^^  As  A  increases,  the  /-band 
width  increases  and  as  a  result  the  density  of  /  states  reduces 
and  thereby  reduces  the  Pauli  susceptibility  term. 

Figures  3(a)  and  3(b)  show  the  variation  of  specific  heat 
Cy  and  specific  heat  coefficient  CJT,  respectively,  with  tem¬ 
perature  for  different  values  of  parameter  A .  ey  is  fixed  on 
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Electrical  resistivity  and  thermoelectric  power  of  heavy  fermions 
and  mixed-vaience  systems 
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Representing  the  heavy  fermions  and  mixed-valence  systems  by  the  periodic  Anderson  model,  we 
have  used  the  variational  method  to  study  the  temperature  dependence  of  electronic  transport 
properties  of  these  systems.  The  electrical  resistivity  /j(7')  and  thermoelectric  power  (7(7  ) 
calculated  show  the  features  experimentally  observed  in  the.se  materials.  In  the  low-temperature 
region  p(T)  and  Q{T)  increase  rapidly.  Toward  high-temperature  region,  Q(T)  changes  sign. 


I.  INTRODUCTION 

The  experimental  results  of  electrical  resistivity  p(7)  of 
many  heavy  fermion  systems  (c.g.,  CeAl,,  CcCu2Si2, 
CcCUfi,  UBcn)  at  low  temperatures  show  anomalous 
behavior. f){T)  increases  with  increasing  temperature  in 
the  very  low-temperature  region  (known  as  the  Fermi-liquid 
region  or  coherence  region),  reaching  a  maximum  and  then 
decreasing  slowly  like  In  T  (known  as  the  Kondo  region  or 
independent-impurity  region).  The  negative  temperature  co¬ 
efficient  (NTC)  of  the  resistivity  in  the  high-temperature  re¬ 
gime  is  usually  interpreted  us  a  manifestation  of  the  Kondo 
effect  in  a  concentrated  system.''^  The  thermoelectric  power 
Q{T)  also  exhibits  characteristic  anomalies  when  compared 
to  the  thermoelectric  power  of  usual  metals.  Q{T)  is  very 
large  in  the  case  of  these  materials.  It  shows  a  maximum  at  a 
relatively  low  temperature  T*.  In  some  heavy  fermion  sys¬ 
tems  like  UPtj,*  (2(7)  changes  sign  at  temperatures  T>T*. 
In  the  recent  past  it  has  been  suggested  that  the  low- 
temperature  coherent  Ferml-llquid  phase  may  very  well  be 
represented  by  the  periodic  Anderson  model  (PAM)  where 
one  considers  the  coherent  hybridization  between  conduction 
states  and  the  /  states  on  all  N  sites, 

Recently  we  developed  a  variational  method  to  study  the 
ground-state  and  thermodynamic  properties  of  PAM."  We 
use  this  variational  method  here  to  study  electrical  resistivity 
and  thermoelectric  power  of  heavy  fermion  (HF)  and  mixed- 
valence  (MV)  systems  within  PAM.  The  details  of  the  varia¬ 
tional  method  may  be  found  in  Ref.  1 1 ,  In  the  recent  past,  the 
characteristic  anomalies  in  p(T)  and  Q{T)  have  been  de¬ 
scribed  by  the  frequency  dependent  relaxation  time  resulting 
from  quasiparticle-quasiparticle  scattering.  In  Ref.  16,  the 
frequency  dependence  of  the  self-energy  contains  tliis  infor¬ 
mation.  We  have  not  taken  into  account  such  lifetime  effects 
in  our  variational  approach,  In  this  work,  we  suggest  that  the 
scattering  mechanism  is  impurity  scattering  with  a  frequency 
independent  mean  free  path  and  we  have  taken  into  account 
only  the  energy  dependence  of  different  factors  like  density 
of  states  appearing  in  the  expression  of  p(T)  and  Q{T).  We 
have  used  the  Mott’s  formula  for  the  electrical  conductivity 
which  takes  the  explicit  energy  dependence  of  the  mean  free 
path.  Below  we  give  the  basic  formulation  for  electrical  re¬ 
sistivity  and  thermoelectric  power.  In  Sec.  Ill  we  di.scuss  our 
results. 


II.  BASIC  FORMULATION 

The  crbitally  nondegenerate  periodic  Anderson  model  is 
described  by  the  Hamiltonian 

^  IciT^  ktr'^  ^  b.C.) 

k<r  iir  ktr 

^  V'  r  f 

+  (1) 

where  symbols  have  their  usual  meanings. 

A.  Weak  Interaction  case 

In  the  weak-intcraction  case,  where  Coulomb  interaction 
U  is  small  and  all  the  three  configurations  and  /  ^  arc 

energetically  po.ssiblc,  the  variational  wave  function  has  been 
taken  as  in  k  space 

l'Po)  =  ri(l+A*„/>*V*„)lF’),  (2) 

ktr 

with  \F)  <i.s  the  conduction-electron  state  and  A*  the  varia¬ 
tional  parameters.  It  cun  be  easily  seen  that  the  resultant 
states  are  in  the  form  of  two  quasiparticle  bands;  the  lower 
branch  of  quasiparticle  .spectra  is  given  by 


/  UtA 

[i  ; 

/•;*  =  i/2 

(3) 

B.  Strong  interaction  case 

In  the  high  interaction  case,  where  U  is  very  large  and 
the  probability  of  f  configuration  is  very  small,  the  varia¬ 
tional  wave  function  which  projects  the  f~  configuration  out 
may  be  written  as 

l'^>  =  n  [\+A,J\-nl  „)bU-k.r]\n-  (4) 

kir 

For  this  case,  the  corresponding  expression  of  li^  is 

/■*  =  \[(e,+  e,P,)- [5) 

C.  Electrical  resistivity 

We  are  not  interested  here  in  the  absolute  value  of  resis¬ 
tivity  and  thermoelectric  power  but  only  in  the  variation  of 
resistivity  and  thermoelectric  power  with  temperature.  In  the 
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low-temperature  regime,  we  assume  the  resistivity  is  pro¬ 
duced  by  the  impurities  in  the  system,  Then  wc  use  the  elec¬ 
trical  conductivity  formula  given  by  Mott’’ 


<r{T)  = 


where  ^ )  can  be  written  as 
2ve^h^  , 


D.  Therinoelectric  power 

The  thermoelectric  power  Q{T)  may  be  written  in  terms 
of  ^{Ej^)  [17]  in  the  following  way 

)(Ei  -/r)(>(£a 
idE^(-df/(lEi,  )(T{ti,  ) 


C«-- 


The  symbols  in  o-,,  are  given  in  Ref.  17.  r/o  has  been  taken  as 
a  constant  in  our  calculations,  is  the  Fermi  function  for 
the  lower  branch  of  the  quasiparticle  spectrum  and  N"'{Ei) 
is  the  density  of  (lower  part  ot)  perturbed  conduction  states. 


III.  RESULTS  AND  DISCUSSIONS 

In  these  calculations  we  have  considered  a  tight-binding 
conduction  band  which  is  centered  around  zero  energy  with  a 
conduction-band  width  IV  =  2.0  eV.  The  total  number  of  elec- 


III 

(a) 

1  1  1 

'h 

(b) 

1 

1  1 

MG.  1.  Biccirical  resistivity  p  as  a  I'uiictioii  of  temperature  for  the  tight- 
binding  conduction-band  case,  (a)  V  =  l).25,  U-'^.  curve  1  for  f/=-(l,f), 
curve  II  for  6|=-().4,  and  curve  III  for  £^=-0.2.  (bl  V=t).25,  £^= -O.fi, 
curve  I  for  C/=“>,  curve  II  for  L/  =  l.(),  and  curve  III  for  I/=(l.5. 


MG.  2.  Variation  of  thermoelectric  power  Q  with  lem|)eraturc  for  tight- 
binding  conduction-bai.d  case.  (,i)  V- II.2.S,  U  curve  I  for  £^=-0.i), 
curve  II  for  £^=-  0.4,  and  curve  ill  for  £^~  -0.2,  (b)  V=0.2.S.  £/- -ll.h, 
curve  I  for  U  ~  curve  II  for  U  -  1.0,  and  curve  111  for  G-0..S. 
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trons  per  site  (n'^  +  n^)  has  been  taken  to  be  1.5.  We  have 
calculated  here  the  temperature  dependence  of  p(  7  )  for  dif¬ 
ferent  effective  positions  of  /  level  and  with  finite  as  well 
as  infinite  U.  The  results  are  shown  in  Fig.  1.  Fig.  1(a)  shows 
p{T)  for  ef=  -0.6,  -0.4,  and  -0.2  eV.  We  obtain  the  typical 
behavior  in  p(T)  with  a  rapid  increase  at  low  tempera¬ 
tures,  a  maximum  near  T^,j^^=5Q  K,  and  a  NTC  for  higher 
temperatures.  As  f  level  shifts  downward  with  respect  to 
Fermi  energy  e/.-,  p(7)  increases  more  sharply  in  the  low-T 
regime;  as  a  result,  the  peak  in  p(7)  becomes  even  sharper 
with  a  larger  NTC.  Figure  1(b)  shows  p(7)  for  different 
interactions:  U=Q.5,  1.0,  and  <».  Here  when  U  is  increased 
the  resistivity  increases  and  the  peak  at  low  temperature  gets 
.sharpened.  These  resistivity  results  are  in  qualitative  agree¬ 
ment  with  experimental  results  for  YbAgCu4  (HF  com¬ 
pound)  and  CePdj  (MV  compound).'^’  It  may  be  noted  here 
that  we  have  not  considered  the  phonon  contribution  to  re¬ 
sistivity,  which  is  appreciable  toward  the  high  temperatures. 

Corresponding  results  for  the  temperature  dependence  of 
the  thermoelectric  power  Q(T)  are  shown  in  Fig.  2.  We  ob¬ 
serve  the  extremum  in  Q{T)  approximately  at  the  same  tem¬ 
perature  ,  where  the  resistivity  has  its  maximum  and  this 
extremum  in  Q{T)  is  also  pre,sent  when  p(7)  does  not  have 
the  maxima  as  in  ey=-0.2,  in  complete  agreement  with  the 
experimental  findings.  We  obtain  a  change  of  the  sign  of 
Q{T)  for  relatively  high  temperatures.  Our  Q{T)  results 
match  qualitatively  with  the  experimental  result  of  Visser 
et  ai^  for  the  HF  compound  UPtj. 

Our  main  conclusions  are  (1)  Both  types  of  resistivity 
behaviors  (viz.,  with  or  without  maxima  at  low  7’)  can  be 


obtained  within  the  same  treatment  by  changing  slightly  only 
one  parameter  like  e^.  (2)  The  relevant  mechanism  respon¬ 
sible  for  the  temperature  dependence  of  p(7)  and  Q(T)  is 
the  special  type  of  dispersion  cuive  of  these  systems,  because 
of  which  they  have  a  very  high  quasiparticle  density  of 
states.  We  have  considered  here  the  orbitally  nondegenerate 
Anderson  Hamiltonian.  It  explains  much  valence  ■’.'"tion 
and  heavy  fermion  physics,  at  least  qualitatively. 
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Understanding  the  great  range  of  magnetic  ordering  behavior  in  correiated 
f-electron  systems 

Q.  G.  Sheng  and  B.  R.  Cooper 

Department  of  Physics,  IVesV  Virginia  University,  Morgantown,  Wt'vf  Virginia  2M0()-().U 5 

The  magnetic  ordering  behavior  of  correlated  /-electron  systems  varies  widely,  With  regard  to  the 
value  of  the  ordered  moments,  there  are  systems  of  saturated  moment  (c.g.,  CcSb),  of  moment 
somewhat  reduced  from  the  saturated  value  (e.g,,  UTe),  of  very  small  moment  (e.g.,  UPtO  and  of  no 
moment  at  all  (e.g,,  CeCu2Si2).  We  show  that  such  wide  diversity  in  magnetic  ordering  is  a 
manifestation  of  the  competition  between  (1)  hybridization  and  exchange  interaction  and  (2) 
localization  and  itinerancy.  By  analyzing  these  effects,  wc  develop  a  theory  which  organizes  the 
diverse  magnetic  behavior  into  a  unified  picture  describable  through  one  model  Hamiltonian.  An 
important  feature  of  this  analysis  is  that  we  recognize  and  treat  the  effect  of  band-/  Coulomb 
exchange  simultaneously  with  that  of  band-/  hybridization.  Rather  than  adopting  the  standard 
analysis  using  the  “Kondo  resonance"-" Kondo  compensation”  concept,  the  development  (d‘  this 
theory  offers  a  new  approach  to  treat  the  correlated  /-electron  stale.  The  present  theory  naturally 
leads  to  a  nonmagnetic  singlet  “Kondo  state”  which  is  one  of  the  pos,sible  states,  along  with  other 
magnetic  states  which  the  system  could  be  in,  when  the  conditions  determining  the  state  of  the 
system  favor  that  choice.  The  /  orbital  motions  and  spin-orbital  coupling  are  given  full 
consideration  in  the  theory. 


I.  INTRODUCTION 

For  correlated  /-electron  systems,  one  interesting  and 
not  yet  fully  understood  fact  is  that  their  magnetic  ordering 
behavior  has  wide  diversity.  On  one  hand,  there  arc  "Kondo 
lattice”  materials,  in  which  the  localized  ordered  moments 
are  very  small  or  vanishing;  on  the  other  hand,  there  are 
materials  having  strong  magnetic  ordering  with  almost  satu¬ 
rated  moments.  Between  the  two  extremes,  there  arc  a  vari¬ 
ety  of  materials  with  ordered  magnetic  moments  ranging 
from  very  small  to  very  large,  while  their  magnetic  structures 
also  have  rich  complexities.'  Can  such  diverse  /  magnetism 
be  understood  on  the  basis  of  one  unified  picture? 

There  are  a  variety  of  approaches  to  treat  the  correlated 
/-electron  systems.  For  most  of  these  approaches,  the  foun¬ 
dation  of  the  theoretical  framework  is  the  concept  of  "Kondo 
resonance”-” Kondo  compensation,”  and  there  arc  a  large 
number  of  publications  based  on  this  line  of  thought."  In  this 
work,  we  propose  an  alternative  approach  to  treat  the  corre¬ 
lated  /-electron  systems,  which  has  nothing  to  do  with  the 
concept  of  Kondo  resonance-Kondo  compensation.  This 
theory  covers  the  diverse  /  magnetism,  and  it  naturally  leads 
to  the  nonmagnetic  singlet  “Kondo  state"  as  one  of  the  pos¬ 
sible  states,  along  with  other  magnetic  states,  which  the  sys¬ 
tem  could  be  in,  depending  on  what  the  conditions  favor.  It 
shows  how  the  diversity  in  /  magnetism  rests  on  the  funda¬ 
mental  aspects  of  the  /-electron  systems,  including  the  roles 
of  hybridization  versus  exchange  interaction,  localization 
versus  itinerancy,  and  the  /  orbital  motion. 

We  describe  the  theory  in  three  steps:  (1)  for  a  single 
atom,  considering  only  the  spins  of  electrons;  (2)  also  for  a 
single  atom,  including  the  /  orbital  motion;  (.1)  forming  a 
crystal  using  atoms  described  by  (I)  and  (2). 


II.  STEP  1 

Consider  a  single  isolated  atom  which  has  two  orbitals: 
an  /  orbital  |/)  and  a  ligand  orbital  |/).  Assume  the  following 
Hamiltonian  fur  this  atom; 

/l  /{  /l 

ir  ir 

+  yl  (D 

ir  tnr* 

where  and  c/  are  the  energies  of  |/)  and  |/),  respectively; 
fl  and  create  an  electron  with  spin  a  in  |/)  and  |/),  re¬ 
spectively;  U  is  the  /-/  Coulomb  repulsion;  F  is  the  hybrid¬ 
ization  between  the  two  orbitals;  and ./  is  the  exchange  Cou¬ 
lomb  interaction  between  /  and  ligand  electrons.  Suppose 
f/>6y.  Hamiltonian  (1)  is  the  Anderson  Hamiltonian  plus  a 
./  interaction.  The  inclusion  of.?  leads  to  significant  magnetic 
consequences,  which  have  been  shown  by  first-principle  cal¬ 
culations  for  several  materials,^  and  will  be  further  analyzed 
later. 

Consider  the  case  that  the  atom  has  two  electrons.  Ne¬ 
glect  double  occupancy  of  |/)  by  assuming  When 

F=()  and 7  =  0.  the  system  has  a  fourfold  degenerate  ground 
state,  which,  having  one  electron  in  |/)  and  the  other  in  |/), 
has  an  energy  /i„  =  e, -t-Cy.  The  fourfold  degenerate  states 
can  be  grouped  into  a  spin  singlet  |d>v-(i)  and  a  spin  triplet 

l'I’.v-a)=^(/]/^./t/|)|()),  (2a) 

|c|>r,“)  =  /l/!l()): 

+  (2fil 
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The  system  has  a  singlet  excited  state,  which,  having  two 
electrons  in  |/).  has  an  energy  E^^=2ei: 

|cl)j  =  /|/||0).  (3) 

When  V  is  turned  on  but  J  is  kept  to  zero,  the  system  has 
the  following  changes:  (i)  The  singlet  |‘I''i=o)  niixes  slightly 
v/ith  lowers  its  energy  by  ^E~-2V^/{ei-  eA  ,  and  be¬ 
comes  the  actual  ground  state,  (ii)  The  triplet 
does  not  mix  with  |'ts=o)  o’"  energy  remains  un¬ 

changed  and  becomes  a  low-lying  excited  state,  (iii) 
mixes  slightly  with  |05=o)>  ^nd  raises  its  energy  by 
A£-2KV(c/-e^). 

The  above  picture  contains  the  key  elements  of  the 
Kondo  pioblem:  at  low  temperatures  (T-^AE),  the  system  is 
bound  in  the  nonmagnetic  singlet  state;  as  the  temperature 
rises,  the  triplet  state  becomes  populated  and  the  system  de¬ 
velops  magnetic  moments;  at  high  temperatures  (T>AE), 
the  singlet  and  triplet  states  are  equally  populated,  and  the  / 
and  ligand  electrons  can  be  seen  as  effectively  decoupled, 
The  foregoing  treatments  and  discussions  involving  V  were 
given  by  Fulde”*  and  readers  can  find  the  details  therein. 

On  the  other  hand,  when  J  is  turned  on  but  V  is  kept  to 
zero,  the  splitting  of  the  ground  state  is  reversed.  The  ex¬ 
change  energy  is  +J  for  the  singlet  and  -  J  for  the 

triplet  1*55=1).  Thus  the  ground  state  splits  by  AE  —  2J,  and 
.since  J>0,  the  triplet  instead  of  the  singlet  is  the  ground 
state.  Therefore  J  tends  to  destroy  the  Kondo  state  driven  by 
V  and  maintains  magnetic  moments  for  the  system. 

Ultimately,  whether  the  system  is  in  the  nonmagnetic 
Kondo  state  or  a  magnetic  state  depends  on  whether  V  or  J 
prevails.  This  opens  the  door  for  understanding  the  “Kondo- 
like”  /  phenomena  and  the  non-Kondo  magnetic  /  phenom¬ 
ena  by  a  single  model  Hamiltonian. 


III.  3TEP  2 

We  now  do  the  same  kind  of  analysis  as  in  step  1,  but 
with  the  f  orbital  motion  included.  We  show  that  the  features 
in  step  1  are  not  fortuitous  because  of  the  neglect  of  the  / 
orbital  motion;  instead,  they  are  intrinsic  to  the  /-electron 
systems.  The  atomic  Hamiltonian  is 

^^aloni~^/2 

fT  m  (T  ma 

-•/S  flj.a'lll.,  (4) 

where  m  indicates  the  orbital  state  of  j/).  We  have  dropped 
U  from  Eq.  (4)  by  excluding  double  occupancy  of  |/)  from 
our  discussion.  Considering  that  in  a  lattice  the  orbital  mo¬ 
tion  of  the  ligand  states  are  largely  quenched  by  the  crystal 
field,  we  assume  |/)  is  an  s  wave.  Then  7  is  m  independent 
but  V„  is  not.  We  also  include  spin-orbit  coupling  in  the 
following  discussion  by  restricting  the  /  electron  to  the 
j=5l2  states  |/^). 

V/hen  7  =  0  and  V'=C  the  ground  state  \j,v) 
(Ey=e/-+-ey)  is  12-fold  degenerate,  in  which  the  total  angu¬ 


lar  momentum  j  of  the  system  can  be  j  =  5l2±  1/2;  and  the 
excited  state  |<5^,x)  (£„  =  2e,)  is  the  .same  as  in  Eq.  (3). 

V/hen  V  is  turned  on  but  7  kept  zero,  the  resulting 
13  ^13  Hamiltonian  matrix  has  the  following  form: 


^2 

1^3  • 

.  ^12\ 

•7r 

£.) 

0 

0  . 

0 

V* 

0 

Eo 

0  . 

0 

V? 

0 

0 

Eo  . 

.  0 

\ 

0 

0 

0  . 

En  j 

where  V„,  is  V,,,  multiplied  by  some  coefficient.  The  ele¬ 
ments  of  matrix  (5)  are  all  zero  except  those  on  the  fir.st  row, 
first  column,  and  the  diagonal.  This  leads  to  the  following 
cigenequation; 

[(E,-\)(E„-X)-6V'2](E,-\)‘'  =  0,  (6) 

where 


>2^1  V 

7  ^ 


m=-3 


(7) 


As  a  result,  the  system  has:  (i)  an  11-fold  state  |4>i),  which  is 
purely  lj>),  and  has  an  energy  E^)^,  (ii)  a  singlet  |<5()),  which 
is  I;  p)  dominant  but  mixes  slightly  with  l'^,,.;),  and  has  an 
energy  Eq-AE;  (iii)  a  singlet  which  is  |*I>„)  dominant  but 
mixes  slightly  with  I7'  p),  and  has  an  energy  E^x+AE,  which 
we  simply  denote  as  |4^cx)-  These  are  similar  to  the  spin-only 
case:  the  12-fold  degenerate  ground  state  splits  into  an  actual 
ground-state  singlet  |*1>(,)  and  a  low-lying  excited  state  mul- 
tiplet  1*5 1),  and  |<5())  >s  the  only  one  of  these  states  which 
mixes  with  |<I>jx)  through  V,  while  I*!*!)  is  not  affected  by  V. 
AE  —  6V^/{ei~  ej-)  and  the  singlet  1<5())  is 


l*5())- 


1  + 


(e/ 


-1/2 


X 


V  N  I 

2j  -7-r|3,r)-l- - 

V7V  e,-ef 


t]l\  |0) 


(8) 


By  applying  the  condition  that  V'_„,  =  (-  1  one  can 

verify  that  (‘5|)[j|<5n)=0.  Thus  in  1<I>()),  an  /  7  =  5/2  moment 
and  a  ligand  5=1/2  spin  result  in  a  nonmagnetic  singlet,  the 
Kondo  state.  |4>i)  is  magnetic  since  (*I>,[j|*l3i)T0.  We  con¬ 
clude  that  the  forming  of  the  Kondo  state  can  be  regarded  as 
a  consequence  of  the  local  correlations.  In  contrast,  in  the 
theory  of  Kondo  compensation  it  is  not  clear  how  an  / 
7  =  5/2  moment  can  be  fully  “compensated”  by  conduction 
electrons  without  the  hardly  reasonable  consequence  of  con¬ 
suming  five  conduction  5=  1/2  spins. 

We  now  turn  on  7,  One  can  verify  that  the  7  interaction 
does  not  change  the  |4>„)  and  IrPi)  states  resulting  from  the  V 
interaction,  but  simply  shifts  these  states  by  different 
amounts.  As  a  result,  the  11 -fold  degenerate  |r5|)  splits; 
Some  levels  move  toward  |<I>(|),  and  some  do  not.  If  7  is  large 
enough,  the  lowest  level  from  Id’i)  can  cross  over  the 
F-induced  gap  A£  and  become  the  actual  ground  state;  oth- 
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erwise,  |«I>o)  remains  the  actual  ground  sta.c.  !-'•  similar  to 
the  spin-only  case,  whether  the  nonmagnetic  s>  '  or  the 
magnetic  multiplet  is  the  ground  state  ocpends  on  whether  V 
otJ  prevails. 

So  far,  we  have  seen  that  the  key  elen:onts  oi  step  1 
remain  when  /  orbital  motion  is  included.  A  new  aspect  also 
emerges  with  the  inclusion  of  /  orbital  motion.  Unlike  the 
spin-only  case,  I^Iro)  and  are  not  eigenstates  of  the  total 
moment  .  This  causes  the  system  to  respond  to  a  magnetic 
field  (external  or  internal)  with  complicated  magnetic  con¬ 
figurations.  Thus  a  crystal  formed  by  such  atoms,  if  being 
magnetic,  can  have  complicated  magnetic  structures.  In  con¬ 
trast,  tlic  spin-only  model  can  only  have  simple  magnetic 
structures. 

IV.  STEP  3 

We  now  construct  a  crystal  using  atoms  described  by 
steps  1  and  2.  We  call  the  interactions  within  an  atom,  which 
arc  represented  by  atomic  Hamiltonians  (1)  and  (4)  and  lead 
to  atomic  states  |d>o),  |$i),  and  |<fiex)>  local  correlations.  We 
call  the  overlaps  between  electronic  wave  functions  from  dif¬ 
ferent  atoms,  together  with  the  interactions  between  elec¬ 
trons  from  different  atoms,  nonlocal  correlations.  The  nonlo¬ 
cal  correlations,  by  driving  the  system  toward  itinerancy, 
tend  to  suppress  the  local  effects,  while  the  local  correlations 
tend  to  preserve  the  local  effects,  and  to  suppress  the  itiner¬ 
ancy. 

We  maintain  that,  for  a  large  number  of  materials,  the 
suppression  of  the  local  effects  by  the  nonlocal  correlations 
is  small.  In  other  words,  the  atomic  states  l^hu),  |4>i),  and 
l4>jx)  resulting  from  the  local  correlations  will  be  sustained  to 
a  large  extent,  while  being  dressed  by  the  onset  of  nonlocal 
correlations.  Based  on  this  premise,  we  take  ]4)„),  and 
|4>,,x)  as  the  starting  states,  and  adiabatically  turn  on  the  non¬ 
local  correlations.  The  result  is  the  self-banding  of  these 
atomic  states,  which  leads  to  density  spectra  |''lr,)(k)), 
I'l'  i(k)),  and  j^^^fk)),  which  arc  associated  with  |<1>(,),  jd^i), 
and  respectively. 

Such  spectra  are  of  two-electron  representation,  since 
l^o)>  l^i)>  ^rid  |<l>5x)  are  two-electron  states.  The  effects  of 
local  correlations  are  completely  built  into  the  two-electron 
wave  function,  thus  completely  represented  by  the  two- 
electron  spectra.  If  we  choose  single-electron  states  as  bases 
to  form  a  spectrum,  the  local  correlation  effects  cannot  be 
represented  in  the  spectrum  so  directly  and  completely. 

|N[''5x(k))  forms  a  wide  band,  since  l4>„)  is  a  product  of 
two  |/)s,  which  are  spatially  extended.  j'I'o(k))  forms  a  nar¬ 
row  band,  since  |^)o)  is  a  product  of  one  |/)  and  one  |/),  and 
I/)  is  spatially  very  small,  l'l^i('k))  ;=lso  forms  a  narrow  band. 
We  neglect  the  mixing  between  l^r()(k)),  |^](k)),  and 
since  it  will  not  change  out  discussion.  We  can  also 
see  that  the  Fermi  level  is  always  in  the  vicinity  of  narrow 
peaks  from  I'l'oik))  and  |NFi(k))  by  simple  counting  of  the 
electron  occupation. 

We  now  have  a  two-component  spectrum  near  the  Fermi 
level:  a  nonmagnetic  l'Iro(k))  component  and  a  magnetic 
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|'F,(k))  component.  The  local  V  and  J  interactions  determine 
which  component  is  lower,  and  how  much  it  is  lower;  the 
nonlocal  correlations  determine  how  wide  they  are,  and  the 
local  and  nonlocal  correlations  together  determine  how  much 
they  overlap.  This  opens  a  wide  range  of  possibilities  de¬ 
pending  on  by  what  proportion  the  two  components  are  oc¬ 
cupied,  and  such  wide  possibilities  lead  to  a  wide  range  of 
magnetic  behaviors.  Three  such  possibilities  are:  (a)  I'Fofk)) 
is  occupied  but  |M^i(k))  is  empty,  which  leads  to  a  nonmag¬ 
netic  Kondo  state;  (b)  both  are  partially 

occupied,  which  leads  to  reduced  moments;  (c)  l'F'i(k))  is 
occupied  but  |'I'()(k))  is  empty,  which  leads  to  strong  magne¬ 
tism. 

The  above  possibilities  correspond  to  the  case  when  the 
/  population  is  close  to  1.  If  we  include  the  wide  band 
|'F,,x(k))  into  our  discussion,  it  also  opens  the  possibilities  of 
reduced  /  population:  the  more  |'Fcx(k))  is  populated,  the  less 
the  /  population  the  system  has. 

From  the  description  above,  we  see  that  this  theory 
opens  the  door  to  understanding  diverse  /  magnetism  by  ad¬ 
dressing  the  fundamental  aspects  of  the  correlated  /-electron 
systems,  such  as  hybridization  versus  exchange  interaction, 
localization  versus  itinerancy,  and  Kondo  state  versus  mag¬ 
netized  state.  As  for  the  Kondo  state,  it  comes  from  a  new 
approach  which  is  completely  different,  fundamentally,  than 
the  Kondo  rcsonance  -Kondo  compensation  theory.  In  this 
theory,  the  alternative  possibility  of  the  Kondo  state  and  the 
magnetic  states  appears  naturally  as  a  consequence  of  local 
correlations. 

More  work  is  needed  to  see  if  the  approach  proposed 
here  can  be  developed  into  a  comprehensive  theory  of  corre¬ 
lated  /-electron  systems,  (We  also  point  out  that  the  part  of 
the  theory  described  in  step  3  is  only  a  preliminary  illustra¬ 
tion,  and  a  more  elaborate  analysis  will  be  published  else¬ 
where.)  To  reach  this  goal,  more  aspects  need  to  be  ad¬ 
dressed,  such  as:  the  spatial  and  time  distribution  of  electrons 
in  l'I'o(k)>  and  l'Fi(k)),  magnetic  excitations  due  to  electronic 
scattering  between  |^()(k)>  and  |^|(k)),  and  effective  mass 
and  susceptibility  of  electrons  in  l'F,)(k))  or  |'Fi(k)), 
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The  complex  magnetic  behavior  of  holmium  is  a  well-established  experimental  fact  and  has  been 
studied  by  a  variety  of  experimental  techniques,  including  magnetization,  x-ray  diffraction,  thermal 
expansion,  and  heat  capacity.  Our  recent  studies  have  focused  on  using  neutron  diffraction  to  study 
the  temperature  and  field  dependence  of  the  helimagnetic  structure.  The  pitch  of  the  helix  is 
described  by  r,  the  spiral  wave  vector,  r  usually  varies  smoothly  with  temperature  but  tends  to  lock 
in  at  various  values  that  are  commensurate  with  the  lattice  when  a  field  is  applied.  These  lock-ins 
provide  clues  to  the  nature  of  the  different  magnetic  phases  and,  up  to  now,  all  the  lock-ins  have 
corresponded  to  features  of  the  magnetic  phase  diagram  obtained  from  magnetization 
measurements.  However,  recent  experiments  have  revealed  a  previously  unobserved  lock-in  at 
r=2/9  rlu  in  a  1.4  T  i-axis  field.  It  shares  the  same  genera!  features  of  other  lock-ins  except  that  it 
does  not  correspond  to  any  feature  of  the  magnetic  phase  diagram. 


Neutron  diffraction  has  been  particularly  u.seful  in  deter¬ 
mination  of  the  magnetic  structure  and  the  nature  of  the  or¬ 
dering  of  magnetic  substances.  Holmium  is  one  of  the  mate¬ 
rials  that  has  been  frequently  studied  in  this  way.'"'*  For  our 
part,  we  have  used  neutron  diffraction  to  study  holmium  and 
its  intricate  magnetic  phase  diagram, and  used  the  results 
to  supplement  the  information  yielded  by  the  various  other 
experimental  techniques.'*^"'*^  One  phenomenon  which  has 
been  extensively  investigated, using  neutron  diffraction,  is 
the  lock-in  behavior  of  the  spiral  wave  vector  r. 

We  have  found  lock-ins  in  holmium  for  magnetic  fields 
applied  in  different  directions:  specifically  at  r=l/4  and  1/5 
rlu  (reciprocal  lattice  units)  in  a  3  T  c-axis  field,^"’  t=  1/6  rlu 
is  the  “original”  lock-in  which  occurs  in  zero  field  below  the 
Curie  temperature  (r^,=20  K).'  More  recently,  we  have  ob¬ 
served  lock-ins  at  r=l/4  and  5/18  for  b-axis  fields  of  1.4  and 
3  In  this  paper  we  report  our  most  recent  studies,  which 
have  revealed  a  previously  unobserved  lock-in  at  t=2/9  rlu 
which  occurs  at  75  K  (in  a  1.4  T  b-axis  magnetic  field).  The 
discovery  of  this  lock-in  is  of  particular  interest  for  two  rea¬ 
sons.  First  of  all,  t=2/9  is  part  of  a  series  of  commensurate 
values  arising  from  a  simple  spin-slip  model. Second, 
while  all  of  the  previously  obserx'ed  lock-ins  correspond  to 
features  of  the  magnetic  phase  diagram  seen  in  magnetiza¬ 
tion  measurements,*^  this  is  not  the  case  for  the  r=2/9  lock- 
in.  Given  the  previous  correspondence  between  lock-ins  and 
phase  transitions,  this  raises  the  question  of  why  this  lock-in 
was  not  observed  in  magnetization  measurements. 

Measurements  were  made  on  the  N5  triple-axis  spec¬ 
trometer  at  the  Chalk  River  Laboratories  of  AECL-Rcsearch 
in  Cualk  River,  Ontario.  The  scattering  experiments  were 
done  elastically  at  an  incident  neutron  energy  of  8.23  THz, 
corresponding  to  a  wavelength  of  l).155  nm.  The  holmium 
sample  was  a  high-purity  single  crystal  roughly  2X1X1  cm, 
provided  by  Pechan  and  Stassis'^  and  used  in  our  previous 
neutron  studies.  The  sample  was  mounted  in  the  M2 
cryostat,^^  which  provided  a  horizontal  field  with  less  than  a 


2%  variation  in  the  field  over  the  sample  volume.  The  cry¬ 
ostat  allows  a  range  of  temperatures  from  4.2  K  to  room 
temperature,  fields  up  to  3  T,  and  350°  access  for  the  neutron 
beam.  The  sample  was  mounted  so  that  we  could  observe  the 
(/lOl)  reflections.  A  platinum  resistance  thermometer  was 
used  to  control  the  temperature  of  the  sample  and  a  carbon- 
glass  thermometer  used  to  read  the  temperature.  The  ther¬ 
mometers  were  mounted  in  the  copper  base  to  which  the 
sample  mount  was  also  connected.  The  temperatures  were 
high  enough,  and  the  field  was  low  enough,  that  magnetore- 
si.stance  effects  on  the  thermometers  were  negligible. 

Holmium  in  its  antiferromagnetic  state  (between  20  and 
132  K  in  zero  applied  magnetic  field)  has  a  helimagnetic 
structure  with  the  moments  in  the  basal  planes  ferromagneti- 
cally  aligned,  but  with  the  direction  of  alignment  in  the  plane 
changing  in  angle  as  one  moves  from  plane  to  plane  along 
the  c  axis.  The  pitch  of  the  helix  is  given  by  the  spiral  wave 
vector  T,  which  represents  the  periodicity  in  reciprocal  space 
(for  example,  if  the  helix  has  a  period  of  four  lattice  con¬ 
stants,  then  r=l/4  rlu).  The  effect  of  the  magnetic  structure 
on  the  neutron-diffraction  pattern  is  to  produce  magnetic  sat¬ 
ellite  peaks  offset  by  t  from  the  nuclear  peaks  in  reciprocal 
space,  for  instance  at  (1()±t).  Since  the  magnetic  cross  sec¬ 
tion  and  the  nuclear  cross  section  are  comparable  under  our 
experimental  conditions,  the  primary  peak  and  its  satellites 
are  roughly  of  the  same,  relatively  large,  intensity.  We  mea¬ 
sured  r  by  scanning  in  the  c*  direction,  through  both  the 
satellite  and  the  corresponding  nuclear  peak,  carefully  mea¬ 
suring  their  positions  (determined  using  a  Gaussian  fit),  and 
then  obtaining  the  difference.  In  zero  field  t  decreases 
smoothly,  from  a  value  of  5/18  (0.2778)  rlu  at  the  Neel  tem¬ 
perature  (Tfj=l32  K),  to  1/6  rlu  at  the  Curie  temperature. 
However,  in  the  presence  of  an  applied  magnetic  field,  we 
have  found  that  t  becomes  locked  in,  causing  the  t  versus 
temperature  curve  to  flatten  out  at  certain  values  of  rlhat  are 
commensurate  with  the  lattice.  As  a  locked-in  region  is  en¬ 
tered  in  a  temperature  sweep,  there  is  also  a  distinct  anomaly 
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FIO.  1,  T  vs  temperature  in  a  1.4  T  fc-axis  field  showing  the  W  lock-in 
highlighted  by  the  dashed  line.  Initial  coarse  runs  arc  shown  by  4 ,  and  the 
finer  temperature  runs  shown  by  ■. 


FIG.  2.  (IOt)  intensity  v.s  temperature  for  the  same  runs  as  in  Fig.  1.  Notice 
the  sharp  anomaly  in  the  lock-in  region  which  has  been  present  for  all 
lock-ins  observed  so  far. 


in  the  intensity  of  the  magnetic  satellite.  The  occurrence  of 
this  anomaly  is  not  understood,  but  it  is  very  useful  for  iden¬ 
tifying  the  lock-ins.  The  absolute  error  in  r  is  estimated  to  be 
±0.0010  rlu  and  relative  error  between  the  scans  better  than 
±0.0001  rlu.  The  absolute  error  in  t  arises  from  uncertainty 
in  the  lattice  parameters  which  are  needed  to  measure  dis¬ 
tances  in  reciprocal  space.  Unfortunately,  data  for  the  ther- 
.nal  expansion  of  holmium  in  the  presence  of  a  1.4  T  field  are 
not  available  and,  given  the  large  magnetostriction  of  hol¬ 
mium,  it  is  unlikely  that  the  use  of  zero-field  thermal- 
expansion  data  in  this  region  would  give  the  lattice  param¬ 
eters  to  sufficient  accuracy.  The  relative  error  arises  from  the 
counting  statistics  and  least-squares-fitting  procedure. 

In  Fig.  1  we  show  a  plot  of  r  versus  temperature  for  a 

1.4  T  fi-axis  field.  This  plot  clearly  shows  the  lock-in  at 
which  ris  0.2215±0.0010  rlu,  corresponding  to  t=2/9  rlu, 
at  a  temperature  of  75  K.  Despite  the  fairly  modest  field 
value,  the  lock-in  is  prominent  and  has  a  width  of  roughly 

1.5  K  for  the  flattened  region,  very  similar  to  the  widths  of 
the  lock-ins  at  much  higher  field  values.  Figure  1  also  shows 
the  reproducibility  from  run  to  run.  There  are  two  runs 
shown:  one  at  a  coarse  temperature  step  of  0.5  K  and  another 
finer  run  at  0.25  K  between  the  scans.  The  two  plots  are 
almost  identical.  A  lock-in  at  2/9  rlu  is  not  altogether  unex¬ 
pected  since  it  is  one  of  the  commensurate  values  that  arises 
out  of  a  simple  spin-slip  analysis.  Although  the  spin-slip 
model  was  d  ;vised  as  a  description  of  low-temperature  phe¬ 
nomena  (below  70  K),  and  is  based  on  the  detection  of  low- 
temperature  phenomena  (below  70  K),  and  is  based  on  the 
detection  of  5 rand  7Tpeaks,^’^'’  there  may  be  some  basis  for 
its  use  in  high-field  situations  where  extra  stabilizing  effects 
may  be  present.  The  associated  intensity  anomaly  is  shown 
in  Fig.  2.  It  is  often  useful  to  use  the  peaks  in  intensity  to 
characterize  the  width  of  the  lock-in,  since  they  are  sharply 
defined  compared  to  the  edges  of  the  lock-in  region  on  the  r 
vs  T  plot.  If  we  examine  this  region  of  the  magnetic  phase 
diagram,  obtained  from  magnetization  measurements,'^  we 
find  that  this  point  falls  below  the  closest  coexistence  curve 
by  0.4  T.  In  addition,  if  one  follows  this  coexistence  curve  to 


zero  field,  one  finds  that  this  curve  is  associated  with  t=  1/5 
and  not  2/9  rlu.  It  thus  appears  that  a  branch  of  the  phase 
diagram  has  been  missed  in  the  magnetization  measure¬ 
ments.  On  looking  at  the  magnetization  measurements  of 
Willis  et  al.}'  it  is  seen  that  some  of  the  magnetization 
anomalies  are  quite  subtle  and  it  is,  perhaps,  not  too  surpris¬ 
ing  that  one  might  have  been  missed. 

As  well  as  the  previously  undiscovered  2/9  lock-in,  we 
have  also  observed  lock-ins  at  1/4  and  5/18  rlu  for  the  1.4  T 
b-axis  field.  We  have  previously  reported  the  5/18  lock-in 
and  compared  it  to  the  5/18  lock-in  for  a  3  T  b-axis  field.^^  In 
that  paper  we  mentioned  that  the  width  of  the  5/18  lock-in 
appeared  to  vary  as  the  square  of  the  field,  but  this  is  not  the 
case  for  the  1/4  lock-in.  In  Fig.  3  we  show  the  1/4  lock-in  for 
a  1.4  T  b-axis  field,  drawn  to  the  same  scale  as  Fig.  1  of  our 
previous  work.''  Using  the  intensity  anomaly  to  characterize 
the  widths,  we  obtain  a  ratio  of  widths,  (2.2  K/O.S  K)~2.8 
compared  with  (3  T/1.4  T)^=4.6,  so  our  simple  generaliza¬ 
tion  does  not  apply  here.  This  may  have  to  do  with  the  twist¬ 
ing  of  the  phase  diagram  that  occurs  in  this  region  compared 
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FIG.  3.  TVS  the  difference  in  temperature  (AV)  away  from  99.6  K,  in  a  1.4 
T  b-axis  field  i.s  shown  by  •.  The  1/4  lock-in  is  much  less  prominent  than 
in  a  3  T  Held,  and  prnliably  would  have  been  overlooked  if  not  for  the 
intensity  anomaly.  The  latio  of  the  (IOt)  Intensity  to  that  of  the  (IIK))  nuclear 
peak  is  shown  by  X. 
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to  the  higher  temperature  region  and  also  the  c-axis  phase 
diagram.  We  also  note  that  in  the  1.4  T  h-axis  field  the  width 
of  the  1/4  lock-in  is  less  than  half  that  of  the  2/9  lock-in  and 
is  r.^ch  less  prominent. 

There  is  also  some  question  of  how  the  2/9  lock-in 
would  manifest  itself  at  higher  fields.  Due  to  the  high  mag¬ 
netization  under  such  conditions,  and  the  size  of  our  sample, 
we  have  experienced  difficulties  in  the  past  with  bending  of 
the  sample  mount  by  the  forces  and/or  torques  on  the  sample. 
These  problems  occurred  in  the  region  from  80  to  95  K  in 
which  there  were  two  distinct  phases  present.'^  Assuming  that 
there  is  another  2/9  coexistence  curve  on  the  phase  diagram, 
we  would  hope  to  be  able  to  observe  some  sort  of  anomalous 
behavior  in  this  region  for  t=2/9  rlu.  This  is  not  the  case, 
and  it  appears  as  though  some  other  interaction  is  dondnating 
in  this  region.  Clearly  this  region  is  deserving  of  further 
study  at  higher  field  values, 

We  gratefully  acknowledge  the  financial  support  of  the 
Natural  Sciences  and  Engineering  Research  Council  of 
Canada  and  the  Canadian  Institute  for  Neutron  Scattering. 
We  also  thank  AECL- Research,  Chalk  River,  for  the  use  of 
thi'ir  excellent  facilities  and  it  is  a  pleasure  to  lliank  the  staff 
of  the  Neutron  and  Condensed  Matter  Science  Branch,  espe¬ 
cially  Larry  MacEwan,  Peter  Moss,  Mel  Potter,  and  Don 
Tennant.  We  are  indebted  to  M.  J.  Pechan  and  C.  Stassis  for 
the  loan  of  the  sample. 

'W.  C.  Koehler,  J.  W.  Cable,  M,  K.  Wilkinson,  and  ti.  0,  Wollaii,  Phys. 
Rev,  ISl,  414  (1966), 

^W.  C.  Koehler.  J,  W.  Cable.  H.  R,  Child,  M.  K.  Wilkinson,  and  E.  0. 
Wollan,  Phys,  Rev.  1S8,  450  (1967). 


■’M.  j.  Pechan  and  C.  Stassis,  J.  Appl.  Phys.  55.  1900  (1984). 

■'j.  A.  Tarvin  and  J.  Eckert,  Solid  State  Comniun.  30,  375  ( 1979). 

■^D.  R.  Noakes,  D.  A.  Tindall,  M.  O.  Stcinitz,  and  N.  Ali,  J.  Appl.  Phys.  67, 
5274  (1990). 

'’D.  A.  Tindall,  M.  O.  Stcinitz,  M,  Kalirizi,  D.  R.  Noakes,  and  N.  Ali,  J. 
Appl.  Phy.s.  69,  5()91  (1991). 

’D.  a.  Tindall  M.  0.  Steinitz,  and  T.  M.  Holden,  Phys.  Rev,  B  47,  5463 
(1993). 

"D.  a.  Tindall,  M.  O.  Stcinitz,  and  T.  M.  Holden,  J,  Phys.  Condens.  Matter 
4.  9927  (1992), 

’D.  a.  Tindall,  M.  O.  Stcinitz,  and  T.  M.  Holden,  J,  Appl,  Phys.  73,  6543 
(1993). 

"'M.  C.  Lee,  R.  A.  Trcdcr,  and  M,  Levy,  J.  Phy.s.  Chem.  Solids  36,  1281 
(1975). 

"A.  M.  Simpson,  M,  H.  Jericho,  and  M.  C.  Jain,  Can.  J.  Phys.  54,  1172 
(1976). 

'-S.  B.  Palmer  and  E.  W.  Lee,  Proe.  R.  Soc.  London,  Ser.  A  327,  5 19  (1972). 
'■'F.  Willis,  N.  Ali,  M.  O.  Stcinitz,  M.  Kahrizi,  and  D.  A.  Tindall,  J.  Appl. 
Phys.  67.  5277  (1990). 

‘■'K.  D.  Jayasurlya,  S.  J.  Campbell,  and  A.  M.  Stewart,  J.  Phys.  F  IS,  225 
(1985). 

'^D.  Gibbs,  D.  E.  Moncton,  K.  L,  D’Amico,  J.  Bohr,  and  13.  H.  Grier,  Phys. 
Rev.  Lett.  55,  2.34  (1985). 

"'J.  Bohr,  D,  Gibbs,  D.  E.  Moncton,  and  K.  L.  D'Amico,  Physica  I40A,  349 
(1986). 

'’j.  J.  Rhyne.  S.  Legvold,  and  E.  T.  Rodinc,  Phys.  Rev.  154,  266  (1967). 
"*D.  A.  Tindall,  M.  O.  .Stcinitz,  and  M.  L.  Plunicr,  J.  Phys.  F  7,  L263  (1977). 
'"’M.  O.  Stcinitz,  M.  Kahrizi,  and  D.  A.  Tindall,  Phys.  Rev.  B  36,  783 
(1987). 

“D.  Gibbs,  J.  Lcss-Cornmon  Met.  148,  109  (1989). 

A.  M.  Venter,  P.  de  V.  du  Plessis,  and  E.  Fawcett,  Physica  B  180&181,  290 
(1992). 

“D,  C.  Tennant,  N.  Kcrley,  and  N.  Killoran,  Rev.  Sci.  l.istrum.  60,  136 
(1989). 

^■'D.  a.  Tindall,  C.  P.  Adams,  M.  O.  Steinitz,  and  T.  M.  Holden,  J.  Appl. 
Phys.  75,  6318  (1994). 


I 


d.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Tindall  et  al. 


6231 


R2Fei4B  Hard  Magnets  and  Applications 


A.  Kim,  Chairman 


Die-upset  Nd-Fe-Co-B  magnets  from  blends  of  dissimilar  ribbons 

C.  D.  Fuerst  and  E.  G.  Brewer 

Physics  Department,  GM  Research  and  Development  Center,  30500  Mound  Road,  Warren, 

Michigan  48090-9055 

We  prepared  die-upset  Nd-Fe-Co-B  magnets  from  melt-spun  ribbon  powders  which  were  a  series  of 
blends  of  two  ribbon  alloys.  One  alloy  was  always  ternary  Nd-Fe-B  (no  cobalt),  and  in  the  other 
cobalt  replaced  up  to  half  of  the  iron.  Differential  scanning  calorimeter  measurements  revealed  that 
during  hot  working,  the  cobalt  diffused  across  ribbon  boundaries,  effectively  redistributing  the 
transition  metal  concentration  throughout  the  magnet.  Instead  of  anomalies  indicating  the  Curie 
temperatures  of  the  two  original  ribbon  compositions,  we  found  a  single  transition  consistent  with 
the  average  cobalt  concentration  in  the  magnet.  However,  the  transition  was  broader  than  expected, 
suggesting  that  the  homogenization  was  incomplete.  These  results  are  new  evidence  of  massive 
diffusion  occurring  between  ribbons,  changing  the  microstructure  and  facilitating  the  deformation  of 
the  otherwise  rigid  2-14-1  magnet. 


I.  INTRODUCTION 

Hot  deformation,  or  die  upsetting,  was  first  presented  as 
a  viable  process  for  greatlv  enhancing  (>60%)  the  rema- 
nence  of  magnets  producer  from  melt-spun  Nd-Fe-B  rib¬ 
bons,  by  Lee  et  al.  in  the  early  1980s. Mishra  and  Lee^ 
have  described  the  microstructure  of  die-upset  magnets  as 
platelet-shaped  grains  (50-100  nm  thick  and  200-600  nm  in 
diameter)  where  the  short  dimension  corresponds  to  the  c 
axis  of  the  tetragonal  Nd2Fe|4B  crystalline'*  phase.  The  de¬ 
formation  process  not  only  encourages  anisotropic  grain 
growth,  but  also  causes  the  alignment  of  the  grains  with  the 
c  axis  along  the  press  direction  (perpendicular  to  the  flow  of 
material).  Optimizing  alignment  while  maintaining  sufficient 
coercivity  has  resulted  in  extremely  high-energy  products, 
nearly  50  MGOe,  in  melt -spun  2-14-1  magnets."’’*^' 

The  success  of  die  upsetting  depends  on  a  fine-grained 
microstructure  in  the  starting  material.  Suitable  grain  sizes 
can  be  easily  obtained  by  melt  spinning  at  moderate  quench 
conditions.’’^  It  has  also  been  demonstrated  that  mechani¬ 
cally  alloyed**  and  hydrogen,  decomposition,  desorption,  and 
recombination  (HDDR)**'*°  materials  can  be  used  as  precur¬ 
sors  for  die-upset  magnets.  During  die  upsetting  there  is  a 
burst  of  grain  growth  at  high  temperatures  (1000-1100  K), 
creating  a  coanser-grained  structure  within  a  relatively  short 
period  of  time  (~1  min).  Material  is  diffusing  between  re¬ 
gions  as  smaller  grains  vanish  and  are  replaced  by  the  new 
larger  platelet-shaped  grains.  The  diffusion  momentarily 
softens  the  matrix,  permitting  the  deformation  which  in  turn 
leads  to  the  crystallographic  alignment  of  the  microstructure. 
Once  the  new  microstructure  stabilizes,  the  matrix  becomes 
essentially  rigid  and  further  die  upset'ing  is  impossible. 

In  this  paper,  we  have  used  differential  scanning  calo¬ 
rimeter  (DSC)  measurements  of  the  Curie  temperature  (T,-) 
to  characterize  the  extent  o^'  iron  and  cobalt  diffusion  within 
the  die-upset  magnet.  These  measurements  are  sensitive  to 
the  specific  heat  of  the  material  which  experiences  an  abrupt 


change  in  slope  at  Tc.  This  effect  is  very  similar  to  that 
observed  in  thermal  expansion  measurements  near  7c.”"'*’ 

II.  EXPERIMENTAL  DETAILS 

We  used  our  standard  sample  preparation  techniques 
which  have  been  extensively  described  elsewhere,’’'^  The 
melt-spun  ribbons  were  crushed  to  less  than  60  mesh  and 
sieved  to  remove  fine  particles  (less  than  270  mesh).  The 
composition  of  the  ribbons  was  ~14  at.  %  neodymium,  6 
at.  %  boron,  and  the  remainder  transition  metal 
7A/=(Fei_^Co^),  where  0'Sx^0..5, 

Ribbon  blends  were  prepared  by  mixing  cobalt-free 
(a:()=0)  ribbons  with  cobalt-containing  ribbons  (a:|>0).  The 
average  cobalt  concentration  (x’uvg)  depended  on  the  weight 
ratios  (1  -  tv  and  w)  of  the  ribbons  and  can  be  approximated 
as  JTjvg— (l-w)X()-l-wX]  or  WX]  since  X()=0,  At  the 
extremes,  w  =  0  and  w  =  1 ,  the  powders  consisted  of  a  single 
composition  with  a  cobalt  concentration  of  Xo  and  Xi,  re¬ 
spectively. 

The  blends  of  ribbon  powders  were  hot  pressed  to  pro¬ 
duce  fully  dense  precursors  (about  16  g).  .Subsequent  die 
upsetting  reduced  sample  heights  by  just  over  50%.  Mag¬ 
netic  properties  were  measured  with  a  hysteresis  graph  after 
premagnetizing  in  a  pulsed  magnetic  field  (100  KOe).  The 
remancnces  {6^)  for  magnets  with  moderate  cobalt  levels 
(x„vg’S0.2)  were  in  the  range  12-12.5  kG;  the  coercivities 
(//^.j)  were  slightly  more  variable,  7-10  kOe.  At  higher  co¬ 
balt  concentrations  (0.2<x„vg^().25)  the  remanences  tended 
to  be  lower,  ^G  with  no  commensurate  change  in 

cocrciviiy.  In  general,  the  reduced  energy  products, 
(fl//)„,„/(fl,./2)^,  were  in  the  range  0.9-0.95.  Above 
Xavg~0.3,  the  coercivities  dropped  off  considerably. 

A  high-speed  diamond  saw  was  used  to  cut  small  (2 
X3X3  mm^)  samples  weighing  about  135  mg  for  the  differ¬ 
ential  scanning  calorimeter  (DSC)  measurements.  We  used  a 
Perkin-Elmer  model  Syslem-7  DSC  with  a  temperature  scan 
rate  of  25  K  per  minute  and  a  25  ml  per  minute  flow  of  argon 
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FIG.  1.  DSC  mcasuicmcnts  of  nine  die-upset  magnets  produced  by  combin¬ 
ing  different  weight  fractions,  l-w  and  w,  of  two  ribbon  alloys,  x„=0  and 
AT]  ”0.2.  For  clarity,  the  measurements  have  been  displaced  vertically  with 
the  single-alloy  magnets  at  the  top  (iv=0)  and  bottom  (10  =  1).  The  exother¬ 
mic  heat  flow  is  upward. 

gas.  The  DSC  data  have  been  adjusted  to  level  the  overall 
slope  and  were  plotted  in  the  figures  with  the  exothermic 
direction  of  heat  flow  upward. 

III.  RESULTS  AND  DISCUSSION 

The  DSC  measurements  labeled  ^=0  and  w  =  1  in  Fig.  I 
are  characteristic  of  magnets  from  single-ribbon  alloys. 
There  is  a  relatively  sharp  minimum  in  each  curve  corre¬ 
sponding  to  Tj..  Both  transitions  occurred  at  temperatures 
appropriate  for  their  respective  cobalt  content,  7'c=588  K  for 
the  X(,=0  cobalt-free  alloy  ()V=0)  and  T^=157  K  for  the 
Xi=0.2  cobalt-containing  alloy  (w- However,  when 
die-upset  magnets  were  made  from  mixtures  of  these  two 
ribbon  alloys  (0<w'<l),  there  was  no  evidence  of  either  of 
these  transitions  in  the  DSC  measurements.  In.stcad,  the  mea¬ 
surements  revealed  a  single  minimum  or  transition  centered 
on  the  Tc  expected  for  an  alloy  with  a  cobalt  level  equal  to 
x,vg  •  Clearly  the  diffusion  of  iron  and  cobalt  within  the  ma¬ 
trix  is  sufficient  to  create  a  material  with  nearly  uniform 
cobalt  distribution.  This  requires  more  than  intergranular  dif¬ 
fusion;  rather,  material  transport  is  necessary  over  distances 
encompassing  two  or  more  ribbon  particles. 

It  is  also  clear  from  Fig.  1  that  the  homogenization  of  the 
composition  was  incomplete,  because  rather  than  sharp  tran¬ 
sitions  similar  to  the  end  points  (m'=0  and  m'=  1),  the  blends 
produced  broadened  transitions,  suggesting  that  small  varia¬ 
tions  in  cobalt  concentrations  between  regions  persisted.  The 
greatest  broadening  occurred  in  the  range  0.4«w«0.8,  just 
where  one  would  expect  the  greatest  statistical  variation  in 
the  average  composition.  The  variation  can  be  reduced  by 
grinding  the  ribbon  powders,  which  increases  the  number  of 
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FIG.  2.  DSC  measuremenus  on  two  die-upset  magnets,  both  produced  from 
It  blend  of  equal  weight  fractions  (tv =0.5)  of  two  ribbon  alloys,  one  cobalt- 
free  (Xn=0)  and  the  other  cobalt  containing  (xi  =0,2).  The  upper  cuive  was 
typical  fur  magnets  made  from  ax-criishcd  eoarse  powder,  less  than  60  mesh 
(<250  fim)  and  greater  than  270  mesh  (>53  /im),  Tlic  lower  curve  was 
obtained  from  a  magnet  made  from  powder  ground  to  finer  than  325  mesh 
(<45  /im).  Tile  exothermic  heat  flow  is  upward. 

particles  within  a  given  volume.  The  result  can  be  seen  in 
Fig.  2,  which  shows  DSC  measurements  from  two  magnets 
with  identical  overall  compositions,  one  produced  from  our 
standard  (coarse)  powder  and  llie  other  with  powder  ground 
to  less  than  270  mesh  (fine  powder).  The  fine  powder  pro¬ 
duced  a  sharper  transition,  consistent  with  less  statistical 
variation  and  more  uniform  cobalt  distribution. 

Figure  3  shows  DSC  measurements  for  a  series  of  mag¬ 
nets  containing  half  cobalt-free  ribbons  and  half  cobalt- 


FIO.  3,  DSC  measurements  of  ten  die-upset  magnets,  nitic  uf  which  were 
produced  by  combining  equal  weight  fractions  (tv =0.5)  of  cobalt-free  rib¬ 
bon  alloys  (x,,- 0)  and  cobalt-containing  ribbon  alloys  (xi>()).  The  tenth 
magnet  (top)  contained  no  cobalt  (.V||  =  X|  =0).  The  cxothcrinic  heat  flow  is 
upward. 
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FIG.  4,  DSC  meusurcmtnts  of  two  dic-upsct  magnets,  each  with  the  same 
average  cobalt  content,  The  first  magnet  (bottom)  was  prepared 

from  a  single  ribbon  alloy  (vi>~l)  containing  cobalt,  Ji'|=().l.  The  second 
magnet  (top)  was  prepared  from  a  blend  (^=0.5)  of  cobalt-free  ribbons 
(X||=0)  and  cobalt-containing  ribbons  (a-,  =0.2).  The  exothermic  heat  flow  is 
upward. 

containing  ribbons  (;ci>0).  The  curve  labeled  j;i=0,  corre¬ 
sponding  to  the  single-ribbon  alloy  with  no  cobalt,  is 
provided  for  comparison.  In  each  case,  the  minimum  corre¬ 
sponds  to  the  anti'  ipated  7\.  for  a  2-14-1  alloy  with  a  cobalt 
concentration  of  jc„vg.  The  broadening  increases  monotoni- 
cally  with  increasing  jT]  until  the  transition  is  almost  unrec¬ 
ognizable  for  the  highest  -ti  values.  Even  broader  transitions 
might  be  possible  at  higher  cobalt  levels  (up  to  jr,,vg=0.5), 
but  the  coercivities  of  die-upset  magnets  become  very  poor 
for 

We  have  also  compared  the  DSC  measurements  of  simi¬ 
larly  prepared  magnets  with  the  same  average  cobalt  concen¬ 
tration  (see  Fig.  4).  Here  both  magnets  have  a;„vg=0.1,  but 
one  was  prepared  from  powders  of  a  single-ribbon  alloy 
(h'  =  1  and  j»:|=().l)  and  the  other  from  blended  ribbons  (fv 
=0.5  and  at,  =0.2).  The  apparent  Curie  temperatures  were 
both  near  675  K,  but  the  minimum  was  broader  for  the 
bk'idcd  magnet. 

IV.  SUMt^lARY 

We  have  shown  that  DSC  measurements  can  be  used  to 
characterize  the  relative  distribution  of  iron  and  cobalt  within 
die-upset  2-14-1  magnets.  When  compared  to  single-ribbon 


alloy  magnets,  the  anomaly  associated  with  was  consid¬ 
erably  broader  for  magnets  produced  from  blends  of  cobalt- 
free  ribbons  and  cobalt-containing  ribbons.  When  blending 
two  ribbon  powders,  the  broadest  transitions  were  seen  with 
nearly  equal  weight  fractions.  Since  the  broadening  is  con¬ 
trolled  by  regional  variations  in  composition,  the  effect  can 
be  maximized  by  using  coarse  powers  and  selecting  powders 
with  large  compositional  differences,  Despite  the 

broadening,  the  transition  temperatures  indicate  that  massive 
diffusion  across  ribbon  boundaries  has  significantly  homog¬ 
enized  the  composition  of  the  magnet.  A  more  controlled 
study  of  particle  size  could  reveal  more  precisely  the  diffu- 
.sion  distances  involved. 
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Evidence  for  reversal  by  nucleation  in  RE-Fe-B  die-upset  magnets 

L,  Henderson  Lewis,  Y,  Zhu,  and  D.  0.  Welch 

Department  of  Applied  Science,  Brookhaven  N ationai  Laboratory,  Upton,  New  York  11973 

Electron  microscopy  and  initial  magnetization  studies  at  elevated  temperatures  were  performed  on 
two  die-upset  rare-earth  magnets  with  bulk  compositions  Ndn75Fen„2.-iB(,  and  Pr,,75FcH,i2.‘iB,,.  In 
both  compositions  the  intergranular  phase  is  amorphous  and  occurs  primarily  on  those  surfaces 
parallel  to  the  tetragonal  2-14-1  phase  c  axis.  The  intergranularpha.se  is  enriched  in  iron  relative  to 
the  bulk  grain,  with  an.  average  width  of  8-12  A  in  the  Nd-based  magnet  and  15-20  A  in  the 
Pr-based  magnet.  The  initial  magnetization  curves  and  the  dependence  of  the  coercivity  upon 
maximum  magnetizing  field  both  increase  linearly  with  a  common  slope  and  then  saturate, 
consistent  with  nucleation-dominated  behavior.  These  results  suggest  that  the  dominant  reversal 
mechanism  in  these  magnets  is  nucleation  of  reversed  domains  in  the  iron-rich  intergranular  region 
of  reduced  anisotropy. 


I.  INTRODUCTION 

Not  only  are  magnets  based  on  the  RE2Fei4B  .etragonal 
intermetallic  compounds  more  economical  to  manufacture 
than  other  rare-earth-based  magnetic  compounds,  but  they 
possess  impressive  energy  products  which  significantly  ex¬ 
ceed  those  of  prior-existing  magnets.'  However,  a  major 
drawback  of  this  class  of  magnets  is  their  high-temperature 
coefficient  of  coercivity,  which  causes  the  coercivity  to  fall 
steadily  to  unacceptably  low  values  for  temperatures  much 
above  400  K.  One  method  to  compensate  for  this  behavior  is 
to  incrca.se  the  coercivity  of  the  magnet^  so  that  it  more 
closely  approaches  its  theoretical  maximum  value,  the  an¬ 
isotropy  field  (IKiIMfj),  which  is  around  90  kOe  for 
Nd2Fet4B  at  room  temperature.''  Such  directed  engineering 
would  be  greatly  facilitated  by  the  identification  of  the  domi¬ 
nant  mechanism  of  magnetization  reversal  in  these  magnets. 
It  is  generally  agreed  upon  in  the  literature  that  .sintered 
2-14-1  magnets  attain  their  coercivity  by  the  nucleation  of 
reversed  domains.'*  In  conslrast,  the  limiting  mechanism 
which  controls  magnetic  reversal  in  the  RE2Fe|4B  die-up.sel 
magnets  produced  by  melt-quench  methods  remains  an  open 
question.  Some  researchers  believe  that  strong  pinning  of 
domain  walls  by  a  nonmagnetic  intergranular  pha.se  deter¬ 
mines  the  coercivity  in  the.se  magnets.''''*'  However,  other 
studies  comparing  sintered  and  melt-.spun  magnets  have  con¬ 
cluded  that  the  nucleation  mechanism  is  dominant  in  both 
die-upset  and  sintered  magnets,  and  recent  data  obtained 
from  magnetic  vi.scosity  measurements"’  performed  on  melt- 
quenched  magnets  support  this  claim. 

In  order  to  identify  definitively  and  understand  the  rever¬ 
sal  mechanism  operative  in  the  2- 14-1 -based  die-upset  mag¬ 
nets,  it  is  necessary  to  investigate  simultaneously  the  micro- 
structural  and  the  magnetic  properties."  We  present  here 
some  microstructural,  microcompositional,  and  initial  mag¬ 
netization  evidence  which  suggests  that  the  dominant  rever¬ 
sal  mechanism  in  these  magnets  is  the  .nucleation  of  revcr.scd 
domains. 

II.  EXPERIMENTAL  PROCEDURES 

Both  high-resolution  analytical  transmission  electron  mi¬ 
croscopy  (TEM)  and  magnetic  measurements  were  per¬ 
formed  on  two  (2-14-l)-based  dic-upset  rare-earth  magnets, 
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with  bulk  compositions  Ndi^  75Fej<,)  256^,  and  Pri2.7sFe(i(),2sB(,, 
obtained  from  the  General  Motors  Research  and  Develop¬ 
ment  Center.  The  magnets  were  manufactured  by  standard 
hot-deformation  processing:'’  overquenched  melt-spun  rib¬ 
bons  were  hot  pressed  at  750  "C  and  then  further  deformed  at 
800  °C  to  produce  oriented  dic-upsel  magnets.  Additional 
processing  details  are  contained  in  Refs.  13  and  14. 

The  analytical  electron  microscopy  was  performed  on 
the  intergranular  phases  and  the  boundaries  of  deformed 
grains  using  both  a  VG  Instruments  HB-5()1  and  a  JEOL 
2000FX  transmission  electron  microscope.  The  samples 
were  thinned  with  mechanical  dimpling  followed  by  argon- 
ion  milling  at  room  temperature.  Over  30  unique  grain¬ 
boundary  regions  were  examined  in  the  Pr-based  sample 
while  10  were  examined  in  the  Nd-based  sample, 

The  initial  magnetization  curves  and  the  dependence  of 
the  coercivity  upon  maximum  magnetizing  field  at  elevated 
temperatures  were  investigated  in  the  range  350  K=57’^425 
K  in  applied  fields  up  to  20  kG  using  a  superconducting 
quantum  interference  device  (SQUID)  magnetometer  manu¬ 
factured  by  Quantum  Design.  Each  sample  was  machined 
down  to  the  approximate  dimensions  1.3  mmXl.3  mmX2.0 
mm  and  was  subsequently  sealed  in  a  quartz  capillary  tube  of 
2  mm  (i.d,)X3  mm  (o.d.)  to  avoid  the  possibility  of  oxidation 
during  measurement.  Prior  to  each  minor  loop  measurement 
the  magnets  were  thermally  demagnetized  by  heating  to  30° 
above  their  nominal  2-14-1  Curie  temperatures  and  then 
ccwled  in  zero  field  to  the  measuring  temperature.  The  result¬ 
ant  hysteresis  loops  were  corrected  for  demagnetization  us¬ 
ing  the  equation''' 

/^dcirag==4^''^.v^(2/'7r)Xarcsin(  1/1  +(/),  (1) 

where  q  is  the  dimensional  ratio.  Il,\am^  corrected  fur¬ 
ther  a  constant  multiplicative  factor  of  0.815,  obtained  from 
a  mcasureiiient  of  low  coercivity  nickel. 

III.  RESULTS 

The  microstructures  of  both  the  Nd-based  and  the  Pr- 
basctl  die-upset  magnets  are  very  similar.  As  described  in 
previous  publications'''''"  the  materials  are  highly  ani.so- 
tropic,  consisting  mostly  of  platelet-shaped  grains  of  the 
2-14-1  pha.se  .stacked  parallel  to  tlieir  c  axes  and  separated 
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FIG.  1.  Iron  concentration  for  Pru.jsFcso  jsB*  as  a  function  of  distance  from 
grain  boundary. 


PIG.  3.  Initial  magnetization  curvc.t  for  die-upset  Pru,75Fcnii.2sB^  at  various 
temperatures. 


from  one  another  by  a  thin  intergranular  phase.  The  average 
dimensions  of  the  deformed  grains  arc  600  nm±150  nm  in 
length  by  150  nm±75  nm  in  width.  A  certain  fraction  of  the 
grains  are  larger  and  equiaxed;  these  contain  a  speckling  of 
precipitates  in  the  grain  interior  wliich  was  not  found  in  the 
more  deformed  grains.  Mishra'"  estimated  this  fraction  of 
larger  grains  to  be  around  15%.  During  our  studies  it  was 
found  that  the  intergranular  phase  is  amorphous  and  its  pres¬ 
ence  is  dependent  upon  the  nature  of  the  grain  boundary  in 
question:  there  appears  to  be  no  intergranular  phase  in  (001) 
twist  boundaries  parallel  to  the  tetragonal  basal  plane.  The 
average  width  of  the  intergranular  phase  is  8-12  A  in  the 
Nd-based  magnet  and  15-20  A  in  the  Pr-based  magnet.  The 
high-resolution  analytical  electron  microscope  studies  re¬ 
ported  here  show  that,  for  both  the  Nd-based  and  the  Pr- 
based  compositions,  the  intergranular  phase  is  enriched  in 
iron  relative  to  the  bulk  grain  co  nposUion.  Figure  1  illu.s- 
tratns  the  iron  concentration  profile  in  Pr-Fe-B  upon  traveling 
from  one  grain  to  another  across  the  intergranular  phase:  it  is 
to  be  noted  that  the  iron  concentration  in  the  bulk  grain  is 
near  80%.  Figure  2  gives  a  histogram  of  the  relative  ratio  of 
iron  to  praseodymium  in  the  grain-boundary  region  ver.sus 
that  in  tlu  grain  interior  for  a  sampling  of  30  gram  bound¬ 
aries.  The  trends  for  iron  in  the  Nd-based  sample  were  found 
to  be  very  similar  to  those  shown  here  for  the  Pr-based 
sample. 

The  magnetic  data  are  illustrated  in  Figs.  3  and  4  for 


Pr-Fe-B.  The  results  for  Nd-Fc-B  look  very  similar.  Figure  3 
shows  the  initial  magnetization  curves  at  various  tempera¬ 
tures.  The  initial  curves  of  both  samples  show  a  sleep 
temperature-independent  rise  in  the  magnetization,  followed 
by  an  approach  to  saturation  that  is  temperature  dependent. 
Figure  4  illustrates  the  development  of  the  coercivity  in 
Pr-Fe-B  with  maximum  applied  field.  As  was  the  case  with 
the  initial  magnetization  curves,  the  cocrcivities  initially  de¬ 
velop  rapidly  and  level  out  to  a  constant,  temperature- 
dependent  value. 

IV.  DISCUSSION 

Structurally,  nuclcation  may  be  controlled  by  small  num¬ 
bers  of  relatively  large  defects  whereas  pinning  requires  a 
regular  distribution  of  defects,  such  as  fine  precipitates,  to  be 
present  in  the  material. For  efficient  pinning  it  is  desired 
that  the  magnetic  properties  of  the  two  phases  constituting 
the  material  be  very  different."  The  microslructure  of  these 
magnets  more  closely  matches  that  of  a  material  character¬ 
ized  by  nuclcation  reversal  because  the  deformed  grains, 
which  comprise  —85%  of  the  sample,  are  largely  free  of 
precipitates. 

The  high-resolution  microcompositional  analyses  re¬ 
ported  here  clearly  show  an  enrichment  of  iron  in  the  grain¬ 
boundary  region  relative  to  the  grain  itself,  for  a  sampling  of 
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FIG.  2,  Histogram  depicting  Fc/Pr  ratio  for  tlic  grain-boundary  phase  v.s  the 
grain  interior. 


FIG.  4.  Coercivity  v.s  maximum  applied  field  for  die-upset  Pr, ,  .^I'eHn  . 


6236  J.  AppI,  Fhys,,  Vol.  76,  No.  10,  15  November  1994 


Henderson  Lewis,  2hu,  and  Welch 


30  grain  boundaries.  Additionally,  this  grain-boundary  phase 
is  not  found  to  evenly  wet  all  surfaces  of  the  2-14-1  main 
phase  f  .rticles,  but  rather  is  found  mainly  on  those  bound¬ 
aries  parallel  to  the  c  axis.  These  results  differ  considerably 
from  those  of  Mishra,'*^  obtained  by  lower-resolution  meth¬ 
ods,  who  reported  a  grain-boundary  phase  with  a  romposi- 
lion  close  to  the  eutectic  phase  Nd7()Fe3,)  (or  Pr7()Fc,())  and 
which  coats  each  grain  uniformly.  We  do  not  doubt  that  a 
phase  with  a  composition  clo.se  to  Nd7„Fe^()  does  exist  in 
these  materials,  especially  since  the  excess  rare-earth  present 
in  these  magnets  must  be  pre.sent  somewhere  in  the  micro¬ 
structure.  However,  the  exact  distribution  within  the  micro¬ 
structure  of  rare-earth-rich  and  iron-rich  grain  boundaries,  as 
well  as  intragranular  phases,  remains  to  be  determined. 

The  presence  of  excess  iron  in  the  grain-boundary  phase 
has  several  important  consequences  with  regards  to  inter- 
grain  interactions.  One  result  is  that  the  grains  arc  most  prob¬ 
ably  exchange  coupled  as  well  as  magnetostatically  coupled, 
The  micromagnetic  origins  of  the  coercivity  in  fine-grained 
material  strongly  depend  upon  the  type  of  coupling  between 
the  grains.  Recent  numeric  micromagnetic  calculations^'  of 
nucleation  fields  of  2D  magnetic  structures  demonstrate  that 
if  grains  have  direct  exchange  interactions,  the  entire  sample 
can  easily  demagnetize  after  reversal  of  one  grain. 

The  presence  of  a  ferrous  intergranular  phase,  which 
may  well  be  magnetic,  also  allows  for  the  existence  of  lower- 
anisotropy  sites  for  reverse  magnetization  nucleation  while  at 
the  same  time  it  may  reduce  the  probability  of  domain  wall 
pinning  at  the  intergranular  phase.  As  is  stated  by 
Livingston,,"*  pinning  is  u  nece.ssury  requirement,  even  in 
nucleation-eontrollcd  magnets,  to  avoid  eatastrophie  reversal 
oiiginating  at  low-coercivity  regions.  In  the.se  magnets  a 
likely  place  for  pinning  to  occur  is  at  the  larger  RlE-rieh 
nonmagnetic  pockets  found  along  some  of  the  grain  bound¬ 
aries  and  at  grain-boundary  triple  points. 

Our  magnetic  data  strongly  suggest  that  the  coercivity  of 
these  magnets  develops  by  the  nucleation  of  re''er.se  do¬ 
mains.  A  distinguishing  characteristic  between  nuelcation- 
dominated  and  pinning-dominated  materials  is  the  behavior 
of  the  initial  susceptibility.  A  low  initial  susceptibility  of  a 
thermally  demagnetized  magnet  implies  that  no  free  domain 
wall  displacement  occurs,  because  the  walls  are  pinned 
within  the  crystallites.  This  results  in  only  very  small 
changes  of  magnetization  for  fields  less  than  a  critical  unpin¬ 
ning  field.  Magnets  that  exhibit  a  high  initial  susceptibility 
have  domain  walls  that  move  easily,  implying  that  no 
domain-wall  pinning  occurs  within  the  crystallites.'*'^’  The 
initial  magnetizations  of  the  Pr-based  magnets.  Fig.  3,  show 
a  high  initial  susceptibility  which  is  independent  of  tempera¬ 
ture. 

Another  distinguishing  characteristic  between 
nucleation-controlled  and  pinning-controllcd  magnets  is  the 
development  of  the  coercivity  with  applied  field.  Hadji- 
panayis  and  Kinr’  .state  that  for  nucleation-dominated  mag¬ 
nets  the  coercivity  W,.  increases  linearly  with  magnetizing 
field  and  then  saturates,  whereas  in  those  magnets  character¬ 
ized  by  pinning  the  coercivity  is  almost  negligible  up  to  a 
critical  field  and  then  it  suddenly  increases  to  saturation.  Fig¬ 
ure  4  clearly  shows  that  these  2-14-1  die-upset  magnets  be¬ 


have  in  the  former  manner  at  elevated  temperatures.  The 
common  slope  of  the  H,.  vs  //„  curve  implies  that  these 
nucleation  sites  are  structural  features,  but  are  thermally  sen¬ 
sitive. 

V.  CONCLUSIONS 

Evidence  is  presented  which  strongly  suggests  that  the 
development  of  coercivity  at  elevated  temperatures  in  die- 
upset  RE2Fei4B  magnets  is  probably  dominated  by  the  nucle¬ 
ation  of  reversed  domains.  It  is  likely  that  these  reversed 
domains  nucleate  at  reduced-anisotropy  sites  residing  within 
the  iron-rich  grain-boundary  phase,  observed  using  high- 
resolution  analytical  TEM.  However,  the  origin  of  the  tem¬ 
perature  dependence  of  the  coercivity,  which  was  attributed 
by  Pinkerton  and  Fuerst'’'*’  to  strong  pinning,  still  remains  to 
be  clarified. 

The  above  conclusions  sugge.st  methods  to  improve  the 
temperature  coefficient  of  coercivity  in  die-upset  RE2Fei4B 
magnets.  An  ideal  microstruclurc  for  a  nucleation-type  mag¬ 
net  consists  of  grains  of  a  magnetically  hard  phase  that  are 
exchange  isolated  from  one  another. ' '  Therefore,  .segregation 
of  nonmagnetic  atoms  to  the  grain-boundary  pha.se  via  met¬ 
allurgical  manipulation  would  produce  higher-coercivity 
magnets.  In  fact,  preliminary  work  along  those  lines  has  been 
done  by  Fuer.st  and  Brewer^'’  in  which  an  increase  of  coer¬ 
civity  was  ob, served  in  die-upset  Nd-Fe-B  magnets  upon  in¬ 
troduction  of  noble-metal  elements  to  the  melt-spun  ribbons. 
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Microstructure  and  magnetic  properties  of  mechanicaliy  aiioyed 
anisotropic  Nd-Fe-B 

J.  Wecker,  H.  Cerva,  C.  Kuhrt,  K.  Schnitzke,  and  L.  Schultz®' 

Siemens  AG,  Research  Laboratories,  Erlanfien  and  Munich,  Germany 

Mechanically  alloyed  Nd-Fc-B  powders  with  additions  of  Dy,  Co,  and  Ga  were  hot  compacted  to 
magnetically  isotropic  materials  and  then  deformed  by  die  upsetting  to  obtain  anisotropic  magnets. 
Magnets  can  be  processed  either  with  a  medium  cocrcivily  H,.,  of  7.8  kA/cm  but  with  a  high-energy 
product  (0//)n,i,x  of  330  kJ/m'^  or  with  a  coercivity  of  21.2  kA/cm  and  a  lower  of  192 

kJ/m’.  Plane-view  transmission  electron  microscopy  (TEM)  pictures  show  nearly  equiaxed 
Nd2Fei4B  grains.  In  cross  section,  the  grains  display  the  typical  platelet  form  known  from  MO 
3-type  magnets  with  a  length  of  about  300  nm  and  a  height  of  100  nm.  Characteristic  for 
mechanically  alloyed  materials  arc  up  to  500  nm  large  globular  NdO,.  particles  distributed  regularly 
throughout  the  microstructure  which  inhibit  the  anisotropic  grain  growth.  In  addition  5-20  nm  small 
NdO^  precipitates  are  found  within  .some  NdiFei^B  grains.  X-ray  diffraction  studies  also  indicate 
that  the  degree  of  texturing  after  die  upsetting  is  smaller  for  mechanically  alloyed  than  for  melt-spun 
materials.  High-resolution  TEM  experiments  did  not  show  any  grain  boundary  phase  usually  found 
in  melt-spun  materials;  however,  this  needs  to  be  contirmed. 


I.  INTRODUCTION 

The  small  grain  sizes  of  rapidly  quenched  or  mechani¬ 
cally  alloyed  Nd-Fc-B  prohibit  the  preparation  of  ani.sotropic 
magnets  by  an  alignment  of  the  respective  powders  in  an 
external  magnetic  Held.  Anisotropy  cun  be  induced  by  hot 
compaction  of  the  ribbons  or  powders  to  fully  dense  isotro¬ 
pic  magnets  followed  by  hot  deformation.''^  From  transmis¬ 
sion  electron  microscopy  (TEM)  analysis  of  melt-spun  Mag- 
ncquench  (MQ)-type  magnets  it  was  concluded  that  the 
alignment  proceeds  by  a  combination  of  grain  boundary  slid¬ 
ing  and  grain  boundary  migration.’  For  mechanically  alloyed 
materials  a  detailed  investigation  of  the  microstructure  and 
its  correlation  to  the  magnetic  properties  remained  to  be 
done.  First  preliminary  experiments  already  showed  the  pres¬ 
ence  of  Nd  oxides  in  both  the  isotropic  and  the  die-upset 
samples.'* 

II.  EXPERIMENTAL 

Mechanically  alloyed  Nd-Fe-B  powders  were  prepared 
by  high-energy  ball  milling  in  u  planetary  bull  mill  or  in  an 
attritor  with  typical  batch  sizes  of  30  or  300  g  (milling  time 
48  h).  For  comparison  we  also  prepared  rapidly  quenched 
ribbons  by  conventional  melt  spinning.  The  compositions  of 
the  different  samples  ire  given  below.  7’he  as-milled  powders 
or  the  as-quenched  ribbons  were  hot  compacted  to  cylindri¬ 
cal  magnets  (diameter  d-10  mm,  height  /i  =  10  mm)  fol¬ 
lowed  by  a  die-upset  process.  For  both  processes  the  tem¬ 
peratures  were  between  720  and  750  °C  for  mechanically 
alloyed  powders  and  at  690  °C  for  the  melt-spun  ribbons 
with  a  deformation  ratio  /!(,//)  of  4  (/i„  and  h  being  the 
heights  of  the  magnets  before  and  after  deformation),  Mag¬ 
netic  measurements  were  done  in  a  vibrating  sample  magne¬ 
tometer  after  magnetizing  the  samples  in  a  Held  of  50  kA/cm. 
For  TEM  analysis,  the  cylinders  were  sliced  parallel  and  per¬ 
pendicular  to  the  press  direction.  The  samples  were  ground 
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and  ion  milled  and  were  examined  in  a  transmission  electron 
microscope  (JEOL  2000  FX).  Chemical  microanalysis  was 
done  by  energy  dispersive  x-ray  analysis  (EDX). 

III.  RESULTS 
A.  Magnetic  properties 

As  for  sintered  or  melt-spun  Nd-Fe-B,  the  properties  of 
mechanically  alloyed  magnets  cun  be  tailored  to  the  desired 
needs  by  a  proper  choice  of  alloying  additions,  Figure  1 
shows  the  demagnetization  curve  of  a  magnet  with  a  rema- 
nence  ./,  of  1.32  T  and  thus  with  a  high-energy  product 
(/j//),„„x  of  333  kJ/m'\  Because  of  the  low  rare-earth  con¬ 
tent,  the  coercivity  //^.i  is  rather  low.  //^,|  can  be  increa.sed  by 
nearly  a  factor  of  3  by  the  partial  substitution  of  Nd  by  Dy 
via  an  increase  of  the  anisotropy  field.  However,  because  of 


magnetic  Held  (KA/cm) 


l■■Ki.  1.  IX’inagiiclizidimi  curves  iif  two  aiiisolropie  meclliiniciilly  alloyed 
niagnuls  with  compositions  of  Nd|,.,l'e7.C'o,,(iai,,li,,  (curve  a)  aid  of 
Nd,4Dy.,I  e,,„<'o,,(iaii  ,s  (curve  h). 
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TABLE  I.  Cocrcivily,  ,  rcmancncc,  J , ,  rcmancncc  ratio,  /<=./’/./^,  and 
energy  produet,  die-upset  magnets  with  different  Nd  concen¬ 

trations. 
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'Melt-spun  material. 


the  antiferromagnetic  coupling  of  the  Dy  to  the  transition 
metal  sublaitice  the  remanence  decreases  (Fig,  1),  The  simul¬ 
taneous  addition  of  Co  improves  the  temperature  dependence 
of  the  magnetic  properties  and  guarantees  a  coercivity  of  9.0 
kA/cm  even  at  150  °C  necessary,  e.g.,  for  the  substitution  of 
Sm-Co  magnets  in  electromotors. 

For  mechanically  alloyed  Nd-Fe-B,  the  texturing  of  fully 
dense  magnets  by  die  upsetting  is  only  possible  above  a  rare- 
earth  concentration  of  14  at  %.  Below  this  critical  value 
hardly  any  anisotropy  develops  and  J,.  remains  low  (Table  1). 
Above,  one  obtains  energy  products  greater  t.'ian  300  kJ/m' 
and  /y^,|  increases  with  the  Nd  content  in  the  same  way  as  for 
MQ  magnets.'  The  ratio,  ' ,  of  the  rcmanences  mea¬ 

sured  parallel  and  perpendicular  to  the  pre.ss  direction  is  a 
measure  of  the  degree  of  texturing  and  shows  values  above 
4.  For  higher  Nd  concentrations  decreases  probably 

because  of  nonmagnetic  impurity  phases.  The  magnet  pre¬ 
pared  for  comparison  from  melt-spun  ribbons  with  a  Nd  con¬ 
centration  of  14  at  %  but  with  a  slightly  different  concentra¬ 
tion  of  the  remaining  elements  hud  a  Um)nwx  350  kJ/m' 
(Table  I). 

B.  Microstructure 

Cross-sectional  TEM  images  which  were  taken  parallel 
to  the  press  direction  show  the  typical  platelet  form  of  the 
Nd2Fe|4B  (<I0  grains  known  from  MO-type  magnets'  with  a 
length  and  a  height  of  about  300  and  100  nm,  respec.ively 


IMG.  2.  Cross-SL'flirai  brighl-liulil  TEM  inuigu  of  ilic-upsci 
Nd|,,Dy2d''uMC'0|||Gii|i7,U|,2,.  riie  arrow.s  mark  nxiilu  inclusions  in 
Nd2l'Cnn  grains. 


^■10.  .1.  C'ri).s.s-.sectioii  bright-iicid  TEM  Imugc  of  dic-upset 

Nd|4DyjPc,,2Cni40ii|i7,B,, The  large  oxide  grain  marked  by  the  arrow 
inhibits  the  growth  of  Nd2[''e|4B  to  the  typical  plutclcl  shape  .seen  in  IMg.  !. 

(Fig.  2).  The  Hat  surfaces  of  the  grains  are  normal  to  the 
press  direction  and  to  the  c  axis  of  the  tetragonal  unit  cell.  In 
plane  view,  the  grains  are  nearly  equiaxed.  Characteristic  for 
mechanically  alloyed  magnets  arc  up  to  500  nm  large  Nd- 
oxide  particles  distributed  regularly  throughout  the  micro¬ 
structure  which  were  already  observed  previously.'*  EDX 
analysis  proves  that  the  main  metallic  constituents  of  these 
oxides  are  Nd  and  Dy.  The  particles  show  a  sponge-like  con¬ 
trast  and  their  diffraction  patterns  can  be  assigned  to  cubic 
NdO  and  Nd204,  A  characteristic  feature  is  the  fact  that  in 
their  vicinity  the  growth  of  the  grains  to  Hat  platelets  is 
inhibited  as  cun  be  seen  in  Fig.  3  where  the  oxide  particle  in 
the  center  is  marked  by  an  arrow,  Besides  these  intergrain 
oxides  we  also  frequently  observe  5-20  nm  small  precipi¬ 
tates  within  Nd2Fe|4B  (sec  arrows  in  Fig.  2)  which  by  EDX 
analy.sis  arc  identilied  as  oxides.  Such  intragrain  oxides  were 
also  observed  in  sintered  magnets  and  arc  probably  hexago¬ 
nal  Nd20v*’  We  have  not  observed  the  metallic  intergranular 
phase  found  in  MO-3  magnets'  (Fig.  4).  Instead  the  grain 
boundary  appears  to  be  free  of  a  minority  phase  and  the 
lattice  planes  of  neighboring  <1>  grains  directly  meet  at  the 
grain  boundary. 


IMG.  4.  Higli-rc.soliitioii  image  sluiwing  the  grain  hniimlary  iietween 
NiijEcuB  grains  in  die-upset  Nd|,  5l)yj.sIM’,,,('U|iiGai, 
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FIG.  S.  X-ray  diflractioii  pattern  of  ilie-upsct  mechanically  alloyed  Nd-Fc-U 
(curve  a)  compared  to  mcll-spun  materials  (curve  b). 

The  texturing  during  die  upsetting  becomes  aiso  evident 
in  x-ray  diffraction  patterns  taken  in  8/20  geometry  which 
show  prominent  (001)  peaks  (Fig.  5)  indicative  of  an  align¬ 
ment  of  the  c  direction  normal  to  the  surface  of  the  magnet. 
Compared  to  the  MQ-type  magnet,  however,  the  intensity  of 
the  (105)  line  is  high  ’.r  [Fig.  5(b)],  hinting  to  a  smaller  de¬ 
gree  of  orientation  in  ihc  mechanically  alloyed  material. 

IV.  DISCUSSION 

Mechanical  alloying  like  conventional  sintering  is  a 
powder  metallurgical  technique  to  prepare  high  performance 
permanent  magnets.  Therefore,  the  presence  of  oxides  in  the 
microstructure  is  not  unexpected.  Indeed,  by  chemical  analy¬ 
sis  we  detect  an  oxygen  content  of  up  to  0.5  wt  %  in  the  final 
magnet  which  is  comparable  to  sintered  magnets.  The  oxy¬ 
gen  contamination  is  introduced  to  about  0.2  wt  %  with  the 
starting  powders  and  the  rest  coming  from  the  uptake  during 
processing.  Since  the  0/:ygen  forms  rare-earth  oxides,  the 
amount  of  the  Nd-rich  intergranular  phase  which  is  supposed 
to  be  necessary  for  texturing  via  the  anisotropic  grain 
growth'^  should  be  reduced.  This  explains  why  we  do  not 
observe  a  crystallographic  alignment  for  too  low  Nd  concen¬ 
trations  (<14  at  %),  i.e.,  when  the  Nd  surplus  is  almost  com¬ 
pletely  rea'-led  lo  Nd  oxides  in  contrast  to  the  samples  pre¬ 
pared  froii.  melt-spun  ribbons  which  have  an  oxygen  content 
below  0.1  wt  %.  Nd2Fci4B  has  no  plasticity  at  the  tempera¬ 
tures  used  for  die  upsetting  but  shows  brittle  fracture’  and 
therefore,  the  grain  boundary  phase  indeed  also  should  be 
present  in  our  materials  but  obviously  to  a  smaller  amount. 


The  observation  of  no  grain  boundary  phase  in  the  TEM 
experiments  does  not  unambiguously  prove  that  there  is  no 
Nd-rich  phase  at  all  because  of  only  too  few  analyses  we  did. 
Also,  the  micrograph  may  have  been  taken  from  a  part  of  the 
grain  boundary  which  is  not  decorated  by  the  Nd-rich  phase. 
However,  grain  boundary  phases  were  previously  detected  in 
the  isotropic  compacted  magnets.'^ 

The  bimodal  size  distribution  of  oxide  particles,  i.e., 
large  intergrain  oxides  and  small  particles  within  the 
Nd2Fe,4B  were  also  observed  in  high-strength  NiAl-based 
alloys  and  seem  to  be  characteristic  of  mechanically  alloyed 
materials.**  So  far,  it  is  not  clear  to  what  extent  the  lack  of 
texturing  in  the  vicinity  of  large  oxide  particles  (cf.  Fig.  3)  is 
a  direct  consequence  of  their  presence  which  prevents  grain 
growth.  Or  if  it  results  from  the  local  absence  of  the  Nd-rich 
phase  which  accelerates  diffusionul  mass  transport  because  it 
is  liquid  at  the  deformation  temperatures.  But  both  factors  do 
reduce  the  remanence  and  thus  the  energy  product  as  can  be 
seen  by  comparing  the  mechanically  alloyed  and  the  melt- 
.spun  samples  (Table  1).  Since  the  occurrence  of  oxides  at 
least  under  practical  conditions  can  never  be  prevented  in 
powder  metallurgy  the  energy  product  of  mechanically  al¬ 
loyed  magnets  will  always  be  somewhat  lower  than  for  re¬ 
spective  MQ-t)’  iiiatcrials  whereas  the  coercivities  do  not 
show  any  significant  difference.  For  the  latter  magnets  a 
(BHU,  of  385  kJ/m’  was  obtained  with  an  even  lower  Nd 
concentration  of  13.7  at  %  and  a  comparable  deformation 
ratio.^  Some  improvement  of  the  texturing  of  mechanically 
alloyed  magnets  may  he  possible  by  trying  to  introduce  a 
low  melting  grain  boundary  phase  artificially.  For  example, 
small  amounts  of  diffusion  alloyed  Zn  additives  were  shown 
to  increase  not  only  the  coercivity  of  die-upset  MQ  magnets 
but  also  the  remanence.'^ 
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Preparation  and  transmission  eiectron  microscope  investigation  of  sintered 
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Sintered  magnets  were  prepared  from  jet-milled  and  hydrogen-decrepitated  jet-milled 
Nd-Fe-B:(Cu,Nb)  powder.  The  HD  process  started  after  heating  the  cast  material  up  to  200  °C.  A 
single-step  annealing  treatment  at  525  °C  improved  the  magnetic  properties  of  all  samples.  Magnets 
prepared  from  the  jet-milled  powder  required  a  short  time  sintering  (<60  min)  to  obtain  optimum 
coercivity  but  had  poor  density.  Magnets  prepared  from  the  HD  powder  showed  a  higher  remanence 
and  energy  density  product  but  a  slightly  smaller  coercivity  than  the  magnets  prepared  from  the 
jet-milled  powder.  Tlte  sintered  and  annealed  magnets  contain  a  multiphase  microstructure.  Nb  was 
found  as  small  precipitates  within  the  hard  magnetic  grains  and  as  intergranular  boride  phase.  The 
addition  of  Cu  lowers  the  melting  point  of  the  liquid  phase  during  sintering  and  leads  to  the 
formation  of  an  orthorhombic  NdCu  phase  that  is  partly  replacing  the  Nd-rich  intergranular  phases. 

The  intergranular  ^-phase  NdfiFe|3Cu  was  found  regularly  in  the  annealed  samples.  Nd2Fei7  was  not 
detected  in  the  investigated  samples. 


I.  INTRODUCTION 

The  magnetic  properties  of  NdjFe^B  magnets  can  be 
improved  by  the  substitution  of  expensive  Dy  and  Co  and,/or 
by  the  addition  of  two  types  of  dopant  elements  that  influ¬ 
ence  the  microstructure  in  a  similar  way.‘  Type  1  dopants 
(A/1=A1,  Cu,  Zn,  Cm,  Ge,  Sn)  form  binary  Ml-Nd  or  ter¬ 
nary  Ml-Fe-Nd  compounds,  while  type  II  dopants  (Af2=Ti, 
V,  Nb,  Mo,  W)  form  M2-B  or  A/2-Fe-B  borides.  In  a  previ¬ 
ous  investigation  we  showed  that  the  addition  of  Ga  and  Nb 
leads  to  good  magnetic  properties.^  Small  amounts  of  Cu 
improvea  the  workability  of  hot  worked  magnets^  and  led  to 
the  formation  of  new  intergranular  phases  like  NdCu."*  The 
purpose  of  this  work  was  to  study  the  microstructure  and  the 
magnetic  properties  of  a  Dy  and  Co-free  magnet  containing  a 
type  I  (Cu)  and  a  type  H  (Nb)  dopant. 

II.  EXPERIMENT 

The  alloy  with  the  nominal  composition 
Ndi5  4Fe75  7B(;  7Cui  3Nbo  9  was  supplied  by  Treibacher 
Chemische  Werke.  Magnets  were  prepared  by  the  powder- 
metallurgical  sintering  process  from  jet-milled  powder  (A) 
and  from  hydrogen  decrepitated  (HD)  and  jet-milled  powder 
(B).  The  average  diameter  of  powder  A  was  2.9  and  1.75  /u,m 
of  powder  B,  respeedvely  (determined  by  FSSS).  An  initial 
temperature  of  200  °C  was  necessary  to  start  the  HD  process 
at  -t-1  bar  H2  pressure.  Green  compacts  were  pressed  at  200 
MPa  transverse  to  the  direction  of  the  aligning  field  of  1.25 
T.  Sintering  was  done  at  temperatures  from  1040  to  1120  °C 
for  different  times  followed  by  a  single-step  annealing  treat¬ 
ment.  The  magnetic  propertie.s  were  determined  with  a  hys- 
teresigraph  at  room  temperature.  The  microstructure  of  the 
magnets  was  investigated  by  means  of  analytical  transmis¬ 
sion  electron  microscopy  in  a  JEOL  200CX  microscope  fit¬ 
ted  with  two  energy  dispersive  x-ray  detectors,  a  high  take¬ 
off  angle  Si  detector  and  a  low  take-off  angle  Ge  detector  for 
light  element  analysis.  Electron  transparent  samples  were 
produced  by  grinding  and  following  ion-beam  thinning. 


III.  RESULTS 
A.  Magnetic  properties 

The  magnets  produced  from  powder  A  were  sintered  be¬ 
tween  1080  and  1120  °C.  The  density  of  the  samples  and  the 
remanence  increased  with  increasing  sintering  temperature 
while  the  coercivity  increased  for  the  samples  sintered  for 
short  times  (40-60  min)  at  lower  temperatures.  A  single-step 
annealing  treatment  at  525  °C  improved  the  magnetic  prop¬ 
erties.  The  magnet  with  the  highest  coercive  field  was  sin¬ 
tered  at  1080  “C  for  40  min  and  annealed  at  525  °C.  That 
sample  showed  a  coercive  field  of  910  kAym  and  a  rema¬ 
nence  of  1.14  T,  but  had  a  poor  density  (<7  g/cm‘’). 

The  magnets  produced  from  the  HD  powder  B  were  sin¬ 
tered  between  1040  and  1090  °C.  Good  magnetic  properties 
were  achieved  after  a  single-step  annealing  treatment  at 
525  °C  (Fig.  1).  At  comparable  sintering  temperatures  the 
HD  magnets  showed  a  higher  remanence  and  energy  product 
but  a  slightly  reduced  coercivity  than  the  magnets  produced 
from  powder  A. 
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FIG.  1.  Magnetic  priiperlie.s  of  the  sintered  and  uniiealed 
Nd|.i  4FC7.,  ,13,,  7C'u,  ,Nb|,,|  rnagtiets  produced  from  the  HD  powder.  All 
samples  were  sintered  for  1  h  and  annealed  at  .S2.S  "C. 
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TABLE  I.  Phases  found  in  the  sintered  and  annealed 
Nd]^  4Fe75  yBf,  7CUJ  iNbofj  niagnct. 


Phase 

Composition 

Structure 

NdiFei4B  with  Cu  sub.slitutions 

Tetragonal 

p<f> 

Nb  containing  precipitates  within  (/> 

Hexagonal  NbFeB 

V 

Intergranular  Ndi4,Fc4B4 

Tetragonal 

iB 

Intergranular  NltFcB 

Hexagonal  NbFeB 

nl 

Intergranular  Nd  rich  (-i-Fc) 

fee 

«2 

Intergranular  Nd  rich 

hep 

CU 

Intergranular  NdCu 

Orthorhombic 

s 

Nd^Fcj  jCu 

Tetragonal 

no 

NdjOj  impurities 

Rhombohedral 

B.  Microstructure  of  the  magnets 

A  magnet  from  set  A,  sintered  at  1080  °C  for  40  min  and 
annealed  at  525  °C,  was  chosen  for  the  transmission  electron 
microscope  (TEM)  investigation.  The  phases  detected  in  that 
magnet  are  summarized  in  Table  1.  The  magnet  contained  a 
multiphase  microstructure  consisting  of  the  hard  magnetic 
phase  (<^),  two  types  of  boride  phases  (j;  and  iB),  several 
Nd-rich  intergranular  phases,  and  the  5-phase  Ndf,Fe,-(Cu. 

Like  in  the  case  of  the  Ga-  and  Nb-doped  magnets,^  the 
hard  magnetic  Nd2Fei4B  phase  (0)  was  found  with  a  high 
amount  of  spherical  NbFeB  precipitates  p  0  with  a  diameter 
up  to  50  nm  as  shown  in  Fig.  2.  But  .some  0  grains  did  not 
show  any  precipitates.  Intergranular  boride  phases  occurred 
as  grains  with  a  diameter  up  to  several  microns  as  hexagonal 
NbFeB  (iB)  and  as  tetragonal  Nd|+,,Fe4B4(j7).  Both  inter¬ 
granular  boride  phases  usually  contained  a  high  density  of 
crystal  defects  (Fig.  3).  Nd-rich  intergranular  phases  were 
found  with  fee  (nl)  or  hep  («2)  crystal  structure.  The  fee 
phase  («1)  usually  contained  some  Fe  or  oxygen  as  in  Ref. 
5.  In  addition  an  intergranular  orthorhombic  NdCu  phase 
(cu)  was  partly  replacing  the  Nd-rich  phases  (nl)  and  {n2). 
Figure  4  shows  the  NdCu  phase  besides  a  Nd-rich  phase  and 
a  hard  magnetic  grain  with  the  corresponding  x-ray  spectra. 
Nd203  was  found  as  an  impurity  phase.  The  tetragonal 


n  I  ,B 


FIG.  3.  Micrograph  of  the  intergranular  boride  phases  Nd|,,Fe.,H4  (y)  and 
NhFcB  (iB)  witli  the  corresponding  x-ray  spectra  besides  a  hard  magnetic 
grain  tl>. 

5-phasc  Nd(,FeijCu  that  is  in  equilibrium  with  Nd  and  NdCu 
in  the  ternary  Nd-Fe-Cu  phase  diagram*^'  was  found  quite 
regularly  as  a  separate  grain  with  a  size  up  to  several  microns 
in  the  Nd,5  4Fe7S7Bf,7Cu,  aNbpy  magnet  (Fig.  5).  Nd2Fei7 
was  not  detected  in  the  investigated  sample. 

iV.  DISCUSSION 

Ternary  Nd-Fe-B  magnets  have  a  poor  temperature  sta¬ 
bility  and  bad  corrosion  resistance.  To  overcome  these  prob¬ 
lems,  Dy  and  Co  are  widely  added  to  magnets.  The  addition 
of  dopants  helps  to  produce  magnets  with  good  magnetic 
properties  without  the  expensive  heavy  rare-earth  element 
Dy  and  without  Co.  From  the  ternary  Nd-Fe-M  1  phase  dia¬ 
grams  it  is  clear  that  type  1  dopants  like  Cu,  Al,  or  Ga  lower 
the  melting  temperature  of  the  liquid  phase  during  sintering. 
On  the  other  hand,  the  wettability  of  the  liquid  phase  is  dif¬ 
ferent  for  Cu,  Al,  and  Ga,  respectively.  Improved  wettability 
of  the  liquid  phase  leads  to  a  better  decoupling  of  the  hard 


FIG.  4.  NdCu  pliase  (eu)  and  n  Nd-ricli  phii.se  (n)  beside.s  ii  bard  magnetic 
FIG.  2.  Micrograph  of  Ibe  hard  magnetic  phase  <)!i  containing  a  high  amount  grain  The  NdCu  pha.se  is  partly  replacing  the  Nd-rich  intcrgnmuliir 
of  spherical  NbFeB  precipitates  pifi.  phases. 
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FIG.  5.  Micrograph  of  a  Nd,,l'C|iCu  grain  (5pha,sc)  with  the  corresponding 
x-ray  spectrum.  This  phase  is  found  quite  regularly  in  the 
Nd,j,4Fe75.7B,,,7CU|,.,Nb|,g  magnet. 

magnetic  grains*  and  therefore  to  an  improved  coercivify.  In 
the  case  of  Cu  poor  wettability  leads  to  a  lower  density  and 
lower  coercivity  of  the  magnets  compared  with  Al-  and  Ga- 
doped  magnets.  In  addition  binary  tV/l-Nd  and  ternary 
A/ 1-Fe-Nd  (A/1  =Cu,  Al,  Ga)  occur,  partly  replacing  the  fee 
and  hep  Nd-rich  intergranular  phases  that  are  mainly  respon¬ 
sible  for  the  bad  corrosion  resi.stance  of  Nd-Fe-B  magnets.  In 
the  inve.stigated  Nd|5,4Fe7,  vCu,  iNb,,,;  magnet,  the  ortho¬ 
rhombic  NdCu  phase  and  the  tetragonal  5-phase  Ndf.Fci^Cu 
were  found  regularly,  and  the  corrosion  resistance  was  im¬ 
proved,  compared  with  Nd-Fe-B  sintei  ‘d  magnets.  Accord¬ 
ing  to  the  ternary  Nd-Fe-Cu  phase  diagit>;n,*’  at  the  Nd-rich 
side  Nd  is  in  equilibrium  with  NdCu  and  with  the  d  phase. 
The  Nd2Fei7  phase,  which  is  also  in  equilibrium  with  Nd  and 
the  S  phase,  was  not  observed  in  this  magr.  T'his  could  be 
due  to  a  sufficiently  high  Cu  con  c''  the  liquid 

phase  during  annealing  wliich  prcK  s  :  n  of  the  5 

phase  instead  of  the  soft  magntg. .  Nog,  ,7  Nb  .shows 
a  low  solubility  at  sintering  ten  ■  .rm  .re  -  '  •  hard  mag¬ 


netic  phase^  and  forms  NbFeB  precipitates  within  the 
Nd2Fei4B  phase  as  well  as  intergranular  NbFeB  grains  that 
also  help  to  decouple  the  hard  magnetic  grains. 

Compared  to  ternary  Nd-Fe-B  magnets,  where  the  HD 
process  allows  a  lowering  of  the  sintering  temperature,**  the 
sintering  temperature  of  the  HD-processed  Cu-  and  Nb- 
doped  powder  could  not  be  reduced  to  obtain  high  coercive 
fields.  This  explains  why  wettability  is  not  improved  by  Cu 
addition.  For  a  given  sintering  temperature  the  remanence 
and  the  energy  density  product  of  the  HD  magnets  was  larger 
than  that  of  the  magnets  prepared  by  the  standard  jet-milling 
process.  The  main  advantage  of  Nd-Fe-B:Cu  magnets  is  the 
improved  corrosion  resistance  compared  with  Nd-Fe-B  mag¬ 
nets.  Nb-addition  suppresses  the  formation  of  a-Fe. 
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Fe-Nd-C-based  ingot  permanent  magnets  by  solid-state  transformation 
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The  effects  of  composition,  annealing  temperature,  and  annealing  time  on  the  magnetic  properties 
and  microstructure  of  Fef,f//2Nd2()C.,  ,B,|  ,  (M=Ga,Nb,Cu,Al)  ingot  magnets  are  presented.  It  has 
been  found  that  the  magnitude  of  the  hard  magnetic  properties,  whicli  evolve  during  the  solid-state 
transformation  Fei7Nd2Cj  to  Fei^NdiC,  depends  on  the  additive  elements.  These  additions  which 
decrease  the  melting  temperature  of  the  intergranular  phase  accelerate  the  transformation  process 
and  those  which  increase  this  temperature  retard  the  transformation.  Coercivities  up  to  880  kA/m 
combined  with  a  remanence  0.58  T  were  produced  in  alloy  ingots  with  Cu.  The  initial  grain  size  was 
found  to  be  crucial  in  producing  good  magnetic  properties  and  coercivities  as  high  as  980  kA/m 
were  achieved  for  Fe-Nd-C-B  alloy  magnets  hot  pressed  from  microcrystalline  melt  spun  ribbon.  A 
modest  increase  of  remanence  (~0.7  T)  was  achieved  by  die-upset  forging  of  ingot  alloys. 


I.  INTRODUCTION 

The  principal  routes  for  the  production  of  RE-Fe-B  per¬ 
manent  magnets  are  those  based  on  liquid  phase  sintering,' 
or  on  melt  spinning,'^  followed  by  resin  bonding  or  hot  work¬ 
ing  the  crushed  ribbon.^  Both  technologies  are  based  on 
powder  processing.  However,  there  are  two  systems  for 
which  useful  coercivities  can  be  obtained  in  the  cast  state. 
Fe-Pr-B  ingot  magnets  exhibit  coercivities  up  to  1000  kA/m 
and  partly  columnar  alloys  show  remanences  of  ~().7  T.^’'* 
The  second  system  is  based  on  the  Fci4Nd2C  compound.^”*' 
Its  structure  and  intrinsic  magnetic  properties  are  broadly 
comparable  with  those  of  Fei4Nd2B.''’  The  possibility  of  pro¬ 
ducing  cast  magnets  is  attractive  due  to  the  simplicity  of  the 
processing,  low  cost,  and  the  ability  to  manufacture  net 
shape  products  without  the  need  for  handling  powders  or 
ribbon.  The  Fe-Nd-C  system  is  interesting  also  because  the 
Fei4Nd2C  compound  forms  by  a  solid-state  peritectoid  reac¬ 
tion,  which  occurs  below  900  °C.®  Small  addition  (0.t)5%)  of 
boron  accelerates  the  nucleation  rate  of  the  Fei4Nd2C  phase, 
increases  the  transformation  temperature  (~1050°C),  and 
reduces  the  annealing  time.^ 

In  this  study  the  possibility  of  achieving  useful  coercivi¬ 
ties  in  the  Fe-W-Nd-C-B  {M  =Cu,Ga,Nb,Al)  ingot  magnets, 
within  a  relatively  short  annealing  time  of  a  few  hours  was 
investigated  and  the  tcmperature-microstructurc  relations 
were  analyzed. 

II.  EXPERIMENTAL  PROCEDURE 

The  Fef,f/W2Nd2(|Ci)  jBo  j  (M  =Ga,Nb,Cu,Al)  alloys  were 
made  by  induction  melting  the  pure  elements  under  an  argon 
atmosphere.  The  ingot  magnets  were  prepared  by  annealing 
the  ingots  in  evacuated  silica  tubes.  The  Fe,,j(Nd2i)C(;  580,5 
alloy  was  also  prepared  in  ribbon  form  by  melt  spinning  in 
an  argon  atmosphere  and  the  crushed  ribbon  was  subse¬ 
quently  hot  pressed  at  700  “C  in  argon.  The  magnetic  prop¬ 
erties  were  measured  using  an  Oxford  VSM  with  maximum 
applied  field  of  5  T.  Phase  identification  was  performed  by 
x-ray  dilfraction.  Microstructural  observations  were  made 
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using  scanning  electron  and  optical  microscopy.  The  Curie 
temperature  and  the  melting  point  of  the  grain  boundary 
phase  were  evaluated  in  a  Perkin-Hlmer  DSC-2  scanning 
calorimeter. 

III.  RESULTS  AND  DISCUSSION 

The  effects  of  annealing  temperature  on  the  magnetic 
properties  of  the  Fc,,8Nd2()Cy,5Bo  5  alloy  arc  shown  in  Fig.  1. 
The  alloy  was  annealed  for  a  constant  time  of  5  h.  The 
Fei4Nd2C  compound  first  appeared  at  800  °C  but  due  to  only 
partial  transformation  at  this  temperature,  the  remanence  (J,) 
was  relatively  low.  Both  and  coercivity  ( jW,.)  achieved 


700  800  900  1000  1,100 

Temperature  |“C] 

l■'IG.  1.  Miigiiulic  properties  for  t't;,,HNd,||Ci, 5U11 ,  ingot  iind  melt  -.pun 
(ni.  sp.)  ribbon  niloys  annealed  at  different  temperatures  for  5  It.  Mean  giain 
size  for  the  ingot  alloy  is  also  shown. 
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FIG,  2.  SEM  microgruplis  for  F'CiinNd^nCii  jBii  s  ingots:  us-cii:it  (j//,.=7  kA/ 
m),  and  annealed  for  5  h  ul  K(KI  °C  kA/ni),  90(l  “C  ( 

kA/m),  and  105I)  "C  (  jW,.=y3  kAfin).  Uackacaltered  electrons  iinuges. 


FIG.  .3.  Magnetic  propertie.s  and  mean  grain  size  for  Fe,,|,Citi2Ndi||Ci, 
ingot  magnets  after  annealing  at  K.SO  °C’  for  different  times, 


maxima  at  ‘X)()  °C  and  the  shape  of  the  demagnetization 
curve  fur  this  sample  indicated  that  the  material  cunsi.stcd 
largely  of  the  Fe|4Nd2C  phase.  Samples  annealed  at  1050  “C 
appeared  to  contain  much  soft  magnetic  phase  and  this  tem¬ 
perature  seemed  to  be  close  to  the  point  of  equilibrium  co¬ 
existence  of  the  FciaNdjC  and  Fe^NdjC,.  phases.  The  mean 
grain  size  (D^,)  for  the  cast  ingot  alloy  was  inversely  propor¬ 
tional  to  the  amount  of  Fci4Nd2C  phase  and  showed  a  mini¬ 
mum  of  —10  fim  for  the  .sample  annealed  at  900  °C.  The 
coercivity  of  the  magnets  correlated  closely  with  the  grain 
size.  Samples  having  a  much  .smaller  grain  size  (—50  /uni) 
produced  by  hot  pressing  of  rapidly  solidified  ribbon  exhib¬ 
ited  jH^  up  to  300  kA/m  higher  than  the  ingot  magnets  of  the 
same  composition. 

Fc-Nd-C-B  alloys  crystallized  from  the  melt  formed  a 
fine  dendritic  micro.structure.  These  elongated  grains  became 
equiaxed  during  annealing,  firstly  as  Fe^Nd^Cj  (—15  /trm), 
then  reducing  their  size  to  —10  /xm,  on  decomposition  to 
Fei4Nd2C.  Lrrng  time  annealing  (70  h)  at  850  °C  did  not 
result  in  coarsening  of  the  microstructure.  In  contrast,  the 
alloys  annealed  at  1050  °C  were  transformed  by  a  small  pro¬ 
portion  only  so  that  the  final  structure  consisted  of  large 
grains  (—30  /xm)  of  mostly  FC|7Nd2C,.  phase  (Fig,  2). 

The  effect  of  annealing  time  on  the  magnetic  properties 
was  inve.stigated  for  the  FCf,(,Cu2Nd2i)Ci,  <|  alloy.  The  a.s- 


cast  alloy  was  magnetically  very  soft  but  /W,.  of  880  kA/m 
was  developed  after  annealing  for  5  h  at  850  °C  (Fig,  3). 
Significant  coercivity  appeared  after  a  relatively  short  an¬ 
nealing  time  of  0.5  h.  The  reaction  was  completed  after  about 
4  h  annealing.  For  the  longer  annealing  times  at  850  °C  a 
decrease  of  coercivity  was  observed  though  was  almost 
unchanged  at  a  level  of  0.58  T.  X-ray  diffraction  analysis  for 
this  alloy  showed  patterns  typical  of  the  Fe|7Nd2Cv  and 
Fci4Nd2C  structures  for  the  as-cast  and  annealed  (70  h  at 
850  °C)  samples,  respectively.  The  microstructurc  observa¬ 
tions  showed  a  decreasing  grain  size  from  —20  /xm  for  the 
specimen  annealed  for  0.5  h  to  —10  /xm  for  the  fully  trans¬ 
formed  material. 

Partial  substitution  for  iron  was  made  in  a  series  of  al¬ 
loys  FC(,,,M2Nd2()Ci).5B|) 5  with  A/ =Ga,Nb,Cu,Al.  These  ele¬ 
ments  M  were  known  to  increase  the  coercivity  of  the  Fe- 
Nd-B  type  magnets,  mostly  by  changing  the  properties  of  the 
boundary  pha,scs.‘'  The  magnetic  properties  of  substituted  al¬ 
loys  are  shown  in  Table  1.  The  ternary  and  Cu-contuining 
alloys  exhibited  high  ///,.  after  very  short  annealing  limes, 
starting  from  1  h,  within  the  temperature  range  850- 
1000  °C.  Somewhat  longer  times  were  required  for  the  Ga- 
containing  alloy  whereas  the  alloys  with  Nb  and  A1  addi¬ 
tions,  even  after  long  time  annealing  (five  dtiys),  were  only 
partially  transformed  and  showed  considerable  proportions 


TABLE  I.  Maunclii;  propertie.s  for  l'e,„,/V/ 2Nil,„C, (A/=Ga.Nh,Cti,AI)  ingot  iilloy.s  iinnealeil  at  V()0"('. 


Composition 

//,. 

(kA/ni) 

J, 

(T) 

IkJ/nr') 

Annealing 

lime 

t'ef,sNtl2i|C,,.dtn...i 

0.30 

0..S8 

.*^1) 

.S  h 

Fc,,HNd,n(\, sB||,  melt  span 

WO 

0.().S 

hf) 

5  h 

SSI) 

0„S8 

.SI 

.s  ll 

1)20 

()..Sf) 

48 

.s  It 

.S.SO 

0..‘i.S 

40 

,3  liays 

420 

O.S.S 

.37 

.S  days 
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TABLE  II.  Curie  temperatures  and  melting  temperatures  of  the  boundary 
phases  T,  for  as-cast  and  annealed  Fc,,^A/;Nd2,|C,,  580,5  (M  =  Ga,Nb,Cu.,M) 
alloys. 


Composition 

Treatment 

7V  (“O 

T,  (“O 

Fe(,4Nd2oCi,  jBj  5 

US-cast 

7(17 

annealed 

111 

707 

as-cast 

.‘iK7,  (i39 

annealed 

112 

521.  575 

t'edf.GajNdjoC^  581,5 

as-cast 

702 

annealed 

312 

(i37 

Fc6flNb2Nd2()Cy  sBf)  5 

as-cast 

717 

annealed 

312 

717 

Fc^Al2Nd2oCy  sBos 

as-cast 

>727 

annealed 

312 

>727 

of  <h  soft  magnetic  phase.  Results  of  the  DSC  analysis,  pre¬ 
sented  in  Table  II,  showed  no  change  of  the  Curie  tempera¬ 
ture  which  suggested  that  no  substantial  amounts  of  the  ad¬ 
ditives  entered  the  Fci4Nd2C  phase.  However,  quite  large 
differences  in  the  melting  points  of  the  boundary  phase  were 
found.  The  multiphase  grain  boundaries  melt  in  several 
stages  which,  due  to  the  equipment  limitations,  we  were  able 
to  measure  only  up  to  727  “C.  The  lowest  melting  point  was 
exhibited  by  the  Cu-containing  alloy  which,  on  the  DSC 
trace,  showed  a  small  primary  melting  peak  at  523  °C  and  a 
large  melting  effect  starting  at  575  “C.  This  alloy  had  the 
best  magnetic  properties  in  the  ingot  state  which  moreover 
were  developed  within  a  short  annealing  time. 

It  has  not  been  possible  in  the  present  study  to  establish 
whether  the  other  alloys  exhibit  multistage  melting  because 
their  incipient  melting  temperatures.  The  Al-containing  alloy 
did  not  show  a  melting  effect  up  to  727  “C.  The  two  alloys 
having  the  highest  melting  temperatures  of  the  intergranular 
phases,  i.e.,  containing  Nb  and  Al,  did  not  transform  com¬ 
pletely  to  the  Fei4Nd2C  phase  even  after  a  very  long  anneal¬ 
ing  time  within  the  whole  temperature  range  800--i000°C. 
Thus,  it  seems  plausible  that  the  properties  of  the  intergranu¬ 
lar  liquid  phase  affects  the  kinetics  of  the  peritet  toid  traas- 
formation,  either  acting  as  an  aid  to  the  process  by  increasing 
diffusivity  across  the  phase  boundary  or  retarding  the  diffu¬ 
sion  and  stabilizing  the  Fe|7Nd2C5  phase. 

To  inerease  7,  of  the  magnets  attempts  were  made  to 
produce  anisotropic  microstructures  by  hot  deformation.  Die- 
upset  forging  of  cast  alloys  resulted  in  a  modest  increase  of 
the  remanence  with  a  substantial  decrease  of  the  coercivity, 
as  is  shown  in  Fig.  4  for  Fe(,(,Ga2Nd2()Ci)  alloy.  The  re¬ 
duced  coercivity  exhibited  by  the  die-upset  forged  magnets 
we  relate  to  squeezing  out  of  the  specimen  the  Nd-rich 
boundary  phase  which  separates  the  hard  magnetic  grains. 
This  appears  to  be  more  pronounced  for  the  magnets  contain¬ 
ing  additional  elements  which  lower  melting  point  of  the 
boundary  phase."* 

IV.  CONCLUSIONS 

A  coercive  ingot  material,  with  up  to  880  kA/m,  was 
fabricated  by  solid-state  transformation  during  heat  treatment 


700  wo  500  400  300  200  100  0 
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FIG.  4.  C'usl  and  dic-upsel  forged  r'(!,,,,Gii.Nd,||(^)  5U11 .5  nlUiys. 


of  Fe-Nd-C-B  type  ingot  alloys.  The  useful  annealing  tem¬ 
peratures  were  in  the  range  8()()-l()()l)  °C.  Annealing  times 
of  a  few  hours  was  found  to  be  sufficient  to  achieve  complete 
transformation  for  Fe(,xNd2()C4  jBo.s  and  for  Cu,  and  Ga- 
added  alloy.s.  However,  only  small  volume  fractions  of 
Fei4Nd2C  were  obtained  for  Nb-  and  Al-containing  alloys. 
The  kinetics  ot  the  peritectoid  transformation  were  found  to 
be  affected  by  the  melting  temperature  of  the  intergranular 
phases.  The  elements  whieh  lower  this  temperature  are  con¬ 
sidered  to  act  as  an  aid  to  the  process  by  increasing  diffusiv¬ 
ity  across  the  phase  boundary  and  the  elements  that  increase 
melting  point  can  inhibit  the  process  and  effectively  stabilize 
the  FC|7Nd2C,.  phase.  The  optimally  annealed  alloys  had 
mean  grain  sizes  of  ~1()  /on  and  their  coercivity  showed 
strong  dependence  on  the  initial  microstructure  before  the 
heat  treatment.  Some  increase  of  the  remanence  (—0.7  T) 
was  achieved  after  die-upset  forging  of  east  alloys. 
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Generation  of  highly  uniform  fieids  with  permanent  magnets  (invited) 

M.  G.  Abele 

New  York  University  School  of  Medicine,  New  York,  New  York  10016 

A  review  of  a  design  methodology  of  permanent  magnets  composed  of  magnetic  materials  with 
quasilinear  demagnetization  characteristics  is  presented.  The  paper  focuses  on  the  design  of  efficient 
permanent  magnets  for  applications  that  require  strong  and  highly  uniform  fields,  The  compensation 
of  the  field  distortion  caused  by  design  constraints  and  fabrication  tolerances  is  one  of  the  aspects 
of  magnet  design  discussed  in  this  paper.  A  design  procedure  based  on  active  filter  structures  that 
restore  a  required  degree  of  fieid  uniformity  is  reviewed. 


I.  INTRODUCTION 

The  evolution  of  the  design  of  permanent  magnets  in 
recent  years  has  been  prompted  by  the  development  of  high- 
energy  product  rare-earth  magnetic  materials.  The  character¬ 
istics  of  these  alloys,  and,  in  particular,  their  high  intrinsic 
coercive  force .  have  extended  the  use  of  permanent  magnets 
to  a  number  of  applications.  Compared  to  electromagnets, 
permanent  magnets  have  the  obvious  advantage  of  requiring 
no  external  power  supply  and  no  maintenance  cost.  Their 
basic  disadvantages  are  the  high  cost  of  the  magnetic  mate¬ 
rial,  the  technological  problems  of  achieving  any  desired  di.s- 
tribution  of  magnetization,  and  the  difficult  operations  of 
preparing  and  assembling  the  magnetic  blocks. 

The  most  striking  property  of  modern  rare-earth  materi¬ 
als  is  their  quasilinear  demagnetizution  characteristics.  This 
property  has  led  to  the  introduction  of  new  design  ap¬ 
proaches  that  depart  drastically  from  the  traditional  magnet 
designs  where  only  approximate  numerical  .solutions  are  pos¬ 
sible  due  to  the  highly  nonlinear  characteristics  of  older  mag¬ 
netic  alloys.'  Exact  mathematic  .solutions  of  the  field  gener¬ 
ated  by  the  new  material  have  resulted  in  novel  magnetic 
structures  that  differ  from  traditional  magnetic  circuits  both 
in  terms  of  geometry  and  field  properties  as  well.^"'’ 

At  present,  the  most  significant  application  of  large  per¬ 
manent  magnets  is  found  in  nuclear  magnetic  resonance  im¬ 
aging  in  medicine,  where  the  size  of  a  magnet  is  dictated  by 
the  dimensions  of  the  human  body  and  the  field  strength  is 
selected  on  the  basis  of  imaging  requirements.  Superconduc¬ 
tive  magnets  still  have  the  lion’s  share  of  the  medical  field 
and  their  technology  is  constantly  improving  in  terms  of  size, 
self-shielding  property,  and  reduction  of  maintenance  of  the 
cryogenic  equipment.  On  the  other  hand,  the  advantages  of 
permanent  magnets  justify  the  emrent  efforts  to  reduce  their 
cost,  weight,  and  size.  At  present,  the  main  application  of 
permanent  magnets  is  found  in  the  low  to  medium  field 
strength.*’  Two  major  challenges  face  the  designer,  genera¬ 
tion  of  high  fields  of  the  order  of  the  remancnce  within  ac¬ 
ceptable  limits  of  size  and  weight,  and  reduction  of  the  com¬ 
plexity  of  the  problem  of  compensation  of  field  distortions 
due  to  practical  design  constraints  and  magnetization 
tolerances.^’ 


II.  BASIC  MAGNETIC  STRUCTURES 

The  quasilinear  demagnetization  characteristics  of  mod¬ 
ern  magnetic  materials  is  the  basis  of  the  development  of  a 


linear  theory  of  the  design  of  permanent  magnets  that  rel¬ 
egates  the  nonlinear  effects  to  a  perturbation  of  basic  linear 
solutions.’"'* 

The  design  of  a  magnet  is  the  classical  inverse  problem 
where  once  the  field  is  assigned  within  a  region  of  interest, 
the  designer  must  find  the  configuration  of  the  magnetic 
.structure  capable  of  generating  such  a  field.  On  one  hand,  the 
designer  faces  the  problem  of  the  indeterminacy  of  the  solu¬ 
tion  of  the  inverse  problem.  On  the  other  hand,  the  indeter¬ 
minacy  makes  it  possible  to  satisfy  .specific  requirements  by 
choosing  the  solution  among  several  categories  of  magnetic 
structures,  in  order  to  satisfy  specific  design  requirements. 

Once  a  field  distribution  is  specified  within  a  given  re¬ 
gion,  it  is  always  possible  to  generate  such  a  field  with  a 
magnetic  structure  that  encloses  the  assigned  region.  As  an 
example,  consider  the  problem  of  generating  a  two- 
dimensional  periodic  field  with  a  period  4z„  along  the  z  co¬ 
ordinate  of  a  prismatic  cavity  of  rectangular  cross  .section  of 
dimensions  It'] ,  2y  | .  The  field  is  independent  of  the  x  coor¬ 
dinate  and  on  the  plane  y=()  is  oriented  in  a  direction  per¬ 
pendicular  to  the  phmu,  as  indicated  in  the  .schematic  of 
Fig.  1. 

The  scalar  potential  within  the  prismatic  Ciivity  is 


//() 

<1>  -  -^sinh  ky  cos  kz, 


(1) 


where  k-n/2z^,  aid  //(,  is  the  amplitude  of  the  field  intensity 
on  the  y=()  plane.  Equation  (1)  describes  the  field  of  an 
undulator."’  A  structure  that  generates  the  periodic  field  with- 


I'lCi.  1,  I’eriodic  twii-iliiiicji.'iiimal  lickl. 
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-2'x, 


I'lG.  2.  Cross  section  of  undululor, 


out  introducing  harmonics  is  shown  in  Fig.  2,  where  the 
magnetic  material  is  distributed  between  the  cavity  and  an 
external  rectangular  boundary  of  dimensions  1x2,  ly2- 
The  two  sides  of  the  external  boundary  perpendicular  to 
the  y  axis  interface  with  a  high  magnetic  permeability  mate¬ 
rial  that  closes  the  flux  of  the  magnetic  induction.  Thu  tlux 
does  not  cross  the  sides  perpendicular  to  the  x  axis.  These 
two  sides  are  also  equipotential  and,  as  a  consequence,  they 
interface  with  external  nonmagnetic  media.  In  the  first  quad¬ 
rant  the  components  of  the  temanence  of  the  magnetic  ma¬ 
terial  are 


sinh  ky2 

Ju-o, 


(2) 


sinh/evr 

•^3a=  “  u - T  ~  i'  fc/ - rsinli  k(y2-y)cidii  kz, 

k{x2-x^)  ^m\\k{y2-y^) 


Jiy - 


sinh  ky2 


Xi-X 


sinh  k(y2-yi)  X2-x 


-cos  kz. 


Equation  (2)  shows  that  both  magnitude  and  orientation  of 
the  remancnce  are  a  function  of  position.  In  general,  a  non- 
uniform  field  requires  a  nonuniform  distribution  of  magneti¬ 
zation  in  the  magnetic  structure;  this  could  be  very  dilTcult, 
if  not  impossible,  to  implement  in  practice.  Thus  even  if  an 
exact  solution  is  found,  the  design  and  fabrication  of  a  mag¬ 
netic  structure  would  have  to  be  an  approximativm  of  the 
theoretical  model.  An  exception  is  found  in  the  generation  of 
a  uniform  field  in  which  case  the  exact  solution  of  the  design 
problem  yields  structures  of  uniformly  magnetized  polyhe¬ 
drons  that  can  be  fabricatetl  from  standard  blocks  of  mag¬ 
netic  material. 

The  existence  of  a  design  solution  with  uniformly  mag¬ 
netized  polyhedrons  is  based  on  a  condition  that  relates  the 
geometry  of  the  polyhedrons  that  compose  the  magnetic 
structure  and  the  uniform  rcmanence  J  of  each  polyhedron.’ 
A  uniform  field  is  found  in  each  polyhedron  if  and  only  if  at 


each  point  common  to  rt  interfaces  between  polyhedrons  the 
remanences  and  the  orientations  of  the  interfaces  satisfy  the 
condition 

n 

2  T,,' =  (3) 

/i  =  i 

where  jj/,  is  a  unit  vector  perpendicular  to  the  /ith  interface 
between  polyhedrons  of  remanences  .I/,  - 1,  J;, ,  oriented  from 
the  medium  of  rcmanence  J,,_ ,  to  the  medium  of  remanence 
J,, ,  and  T,,  is  a  unit  vector  in  the  plane  of  the  /ith  interface, 
perpendicular  to  the  line  common  to  the  n  interfaces  and 
pointing  away  from  the  /ith  interface. 

The  magnetic  structures  that  satisfy  condition  (3)  can  be 
classified  in  several  categories  characterized  by  different 
properties;  yoked  magnets  where  the  flux  of  the  induction 
generated  by  the  magnet  closes  through  an  external  yoke  of 
high  permeability  material,  yokcloss  magnets  where  the  flux 
is  confined  within  the  same  structure  of  the  magnetic  mate¬ 
rial  without  the  need  of  an  external  yoke,  and  hybrid  magnets 
combining  both  yoked  and  yokcless  structures  that  optimize 
the  magnet  efficiency  for  a  particular  geometry  and  field  in¬ 
tensity  within  the  magnet  cavity. 

A  fourth  category  includes  magnets  that  take  full  advan¬ 
tage  of  linear  demagnetization  characteristics  v/ith  small  val¬ 
ues  of  the  magnetic  susceptibility.  In  the  ideal  limit  of  zero 
susceptibility,  the  magnetic  material  is  perfectly  transparent 
to  the  field  generated  by  other  sources.  Thus  the  field  within 
the  region  of  interest  can  be  increased  by  superimposing  the 
field  generated  by  independent  magnets.  In  the  particular 
case  of  yokeless  magnets,  this  is  achieved  by  a  multiplicity 
of  magnets  inserted  one  inside  each  other  around  the  region 
of  interest. 

An  example  of  yoked  magnet  is  presented  in  Fig.  3(a), 
which  shows  a  section  of  a  two-dimensional  magnet  de¬ 
signed  to  generate  a  uniform  field  inside  a  prismatic  cavity  of 
rectangular  cross  section.  The  heavy  line  in  the  schematic  of 
Fig.  3(u)  represents  the  external  yoke.  A  characteristic  feature 
of  such  a  magnet  is  the  presence  of  the  nonmagnetic  regions 
between  the  blocks  of  magnetized  material.  The  Ilux  of  the 
induction  in  these  regions  does  not  circulate  within  the  cavity 
and  is  the  equivalent  of  the  fringe  Held  in  a  traditional  mag¬ 
net. 

Figure  3(b)  shows  an  example  of  yokeless  magnet  that  is 
characterized  by  a  combination  of  an  internal  structure  that 
interfaces  willi  the  cavity  imd  an  external  structure  designed 
to  confine  the  field.  The  magnet  of  Fig.  3(b)  is  also  designed 
around  a  prismatic  cavity  of  rectangular  cross  section.  In 
general  the  basic  difference  between  yoked  and  yokeless 
structures  is  that  a  yokeless  magnet  requires  a  larger  amount 
of  magnetic  material  to  perform  the  double  function  of  gen¬ 
erating  and  confining  the  field.  An  important  property  of  a 
Kvo-dimensionai  vokelcss  magnet  is  that  its  geometry  is  in¬ 
dependent  of  the  orientation  of  the  field  within  the  cavity.’ 

An  example  of  hybrid  magnet  designed  around  the  same 
cavity  of  Figs.  3(a)  and  3(b)  is  shown  in  Fig.  3(c);  it  com¬ 
bines  a  yoked  component  of  magnetic  material  with  yokeless 
structures  of  triangular  cross  section  where  the  magnetic  in¬ 
duction  is  zero.  As  a  consequence,  tire  total  Ilux  of  lire  mag- 
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riG.  3.  Examples  of  twu-diniensioiial  nuigiiets  with  the  same  Internal  pris¬ 
matic  cavity:  (a)  yoked,  (b)  yokeless,  (c)  hybrid. 

nctic  induction  flows  through  the  cavity  and  closes  through 
the  yoke,  In  Fig.  3(c)  the  heavy  line  that  represents  the  yoke 
can  be  closed  without  interfacing  with  the  components  of 
triangular  cross  section  and  no  lield  is  found  in  the  region 
between  these  components  and  the  yoke.  One  observes  that 
Fig.  2  is  another  example  of  hybrid  structure. 


0.0  0.2  0.4  0.6  0.8  K  1.0 

FtG.  4.  Figure  uf  merit  uf  three  magnets  witli  the  same  cavity  geometry. 


If  the  same  magnetic  material  is  used  in  all  the  compo¬ 
nents  uf  a  magnetic  structure  designed  to  generate  a  uniform 
field  intensity  //„  within  the  cavity,  one  cun  define  the  pa¬ 
rameters 

Ha  ,  V, 

(4) 

‘'0  r 


where  J,,  is  the  rcmuncnce  and  /a,)  is  the  magnetic  permeabil¬ 
ity  of  a  vacuum.  M  is  the  figure  of  merit  of  the  magnet  and 
F,.,  V,„  are  the  volumes  of  the  cavity  and  of  the  magnetic 
material,  respectively.  Figure  4  shows  the  plotting  of  the  fig¬ 
ure  of  merit  of  the  three  magnetic  structures  of  Fig.  3  versus 
K  for  the  dimensions  of  the  cavity  cross  section  2X()=4yt^,. 
The  hybrid  structure  exhibits  the  highest  value  of  M,  and  the 
yokelcss  the  lowest.  M  attains  its  maximum  in  the  range 
0.5<K<0,6  for  the  three  magnets,  and  it  decreases  to  zero  as 
the  field  within  the  cavity  approaches  the  value  of  the  rema- 
ncnce.  This  is  due  to  the  fact  that  us  the  field  increases,  the 
outside  layer  of  magnetic  material  becomes  lc.ss  and  less  ef¬ 
ficient  in  contributing  to  the  field  within  the  cavity. 

By  virtue  of  Eqs.  (4)  and  Fig.  4,  the  volume  of  the  mag¬ 
netic  material  diverges  at  /w  — 1,  and,  as  a  consequence,  the 
structures  of  Fig.  3  cannot  generate  a  field  equal  or  larger 
than  the  remanencc.  The  upper  limit  /f  =  1  is  removed  by 
multilayer  structures,  like  the  schematic  of  Fig.  5  which 
shows  a  number  m  of  concentric  yokeless  magnets  around  a 
regular  polygonal  cavity  of  n  sides.  If  m  is  the  number  of 
layers,  the  values  of  K  and  M  of  the  structure  of  Fig.  5  are 


=  1 -co.s—  ,  M  = 


cos“^'"'(77/n)-  1  ■ 


F.ven  if  a  structure  like  Fig.  5  makes  it  possible  to  gen¬ 
erate  values  /C>1,  the  optimum  design  condition  is  achieved 
for  large  values  of  n  and  a  large  number  of  layers  at  /f^O.8 
and  Af'=«0.16.  An  example  of  multilayer  structure  is  the  two 
layer,  two-dimensional  magnet  with  a  square  cross-section 
cavity  shown  in  Fig.  6  where  the  internal  layer  generates  a 
field  corresponding  to  K=0.5l.  The  total  value  of  K  of  this 
magnet  is  /f«*0.79  and  its  figure  of  merit  is 

The  optimum  design  of  a  multilayered  magnet  is  a  struc¬ 
ture  of  hybrid  layers  that  combines  materials  with  different 
rcmanences.  Specifically,  the  figure  of  merit  attains  its  maxi¬ 
mum  in  multilayered  structures  where  the  highest  value  of 
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I'lG.  5,  Multiluyor  stiucturus. 


the  remancnce  is  used  fur  the  internal  layer  and  the  rema- 
ncncc  of  the  other  layers  decrease  with  the  distance  uf  each 
layer  from  the  cavity.  The  absolute  maximum  value  of  the 
figure  of  merit  is  0.25  regardless  of  geometry  and  distribu¬ 
tion  of  magnetization." 

III.  OPEN  MAGNETS 

A  magnet  cavity  has  to  be  closed  to  achieve  u  perfectly 
uniform  field.  In  practice  a  magnet  must  be  open  to  access 
the  region  of  intere,st.  For  instance,  a  magnet  may  be  a  sec¬ 
tion  of  length  2zo  of  one  of  the  structures  illustrated  in  Fig.  3 
open  at  both  ends.  The  distortion  of  the  field  due  to  the 
opening  reduces  the  region  of  the  cavity  where  an  acceptable 
degree  of  uniformity  is  found.  In  applications  requiring  a 
moderate  Held  uniformity  a  simple  solution  is  the  choice  of  a 
sufficiently  large  dimension  Zzo,  of  the  order  of  several  times 
the  dimension  of  the  region  of  interest.  However,  in  applica¬ 
tions  like  NMR  imaging  in  medicine,  where  the  uniformity 
has  to  be  of  the  order  or  better  than  10  '"',  this  approach 


FIG,  6.  IWo-liiyor  yokcless  niiigiKl. 


FIG.  7.  Insertion  of  high  magnetic  permeability  plates. 


would  lead  to  extremely  large  values  of  2Z(i,  In  this  case,  the 
compensation  of  the  field  distortion  becomes  the  most  criti¬ 
cal  problem  that  faces  the  designer  in  order  to  keep  magnet 
dimensions  and  cost  within  practical  limits. 

The  field  distortion  results  not  only  from  the  opening  uf 
the  magnet  cavity  but  also  from  the  fabrication  tolerances, 
and  in  particular  from  the  magnetization  tolerance  of  the 
magnetic  materials.  The  magnitude  of  the  remancnce  may 
vary  by  a  tew  percent  and  the  orientation  of  the  lemanence 
may  vary  by  a  few  degrees.  While  the  effects  of  the  magnet 
opening  may  be  corrected  in  the  design  phase,  the  compen¬ 
sation  of  fabrication  and  magnetization  tolerances  must  be 
accomplished  in  the  shimming  of  the  assembled  magnet. 
However,  the  same  logic  followed  in  the  design  phase  can  be 
applied  to  derive  the  shimming  procedure  from  the  field 
measurements  in  the  assembled  magnet. 

Because  of  the  c)uasilineurily  of  the  magnetized  material, 
the  compensation  of  the  field  distortion  in  the  design  phase 
can  be  accomplished  by  designing  a  compensating  structure 
to  be  added  to  the  main  structure  of  the  magnet.  A  number  of 
solutions  can  be  adopted  involving  magnetic  materials  as 
well  as  ferromagnetic  components.’  The  quantitative  deriva¬ 
tion  of  these  solutions  can  be  obtained  by  expressing  the 
field  dislorlion  in  terms  of  the  spectrum  of  its  .spatial  har¬ 
monics.  Consider  the  type  of  magnets  where  the  interface 
between  cavity  and  magnetic  material  includes  two  parallel 
planes  perpendicular  to  the  magnetic  field  in  the  cavity.  The 
region  of  the  expansion  in  the  spatial  harmonics  can  be  a 
cylinder  of  radius  r,)  containing  the  region  of  interest,  with 
its  axis  parallel  to  the  field,  and  closed  by  two  thin  plates  of 
high  magnetic  permeability  material  inserted  at  the  two  in¬ 
terfaces  perpendicular  to  the  Held  as  indicated  in  the  sche¬ 
matic  of  Fig.  7,  The  plates  must  be  sufticicntly  thin  in  order 
not  to  affect  the  llgurc  of  merit  of  the  magnet. 

Tire  two  plates  in  Fig,  7  act  as  magnetic  mirrors  of  the 
Held  inside  the  cavity  and  at  the  same  time  they  are  an  ef¬ 
fective  (liter  of  the  high  spatial  frequency  coinponcnls  of  the 
field  distortion  generated  by  the  magnetization  tolerances." 
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Within  the  region  of  the  cylinder  between  the  plates,  the 
scalar  potential  of  the  field  is 


>^0  m.,1 


cos  m(l/+b„,^„  sin  miA)sin|«7r— j 


y\ 


(6) 


where  «I>o  is  a  constant;  r,  tj/,  y  are  the  cylindrical  coordi¬ 
nates,  a„^„ ,  b„  „  are  the  amplitudes  of  the  harmonics,  and  I„, 
is  the  modified  Bessel  function 


If  //()  is  the  uniform  field  intensity  within  the  magnet  cavity, 
the  quantity 

^1?o  +  Ho  (8) 

yo 

represents  the  loss  of  the  field  intensity  within  the  region  of 
Interest.  Usually  this  loss  can  be  tolerated  and  the  compen¬ 
sation  procedure  can  be  confined  to  the  correction  of  the 
nonuniformity  expressed  by  the  summation  on  the  right-hand 
side  of  Eq.  (6),  As  a  consequence  the  amount  of  magnetic 
material  necessary  to  perform  the  compensation  reduces  to 
only  a  fraction  of  the  total  material  of  the  magnet. 


IV.  COMPENSATION  OF  FIELD  DISTORTION 

Once  the  distortion  of  the  field  is  defined  by  its  spec¬ 
trum,  the  compensation  can  be  performed  by  means  of  a 
filter  structure  located  outside  the  cylindrical  surface;  this  is 
designed  to  eliminate  the  dominant  harmonics  up 

to  the  point  where  the  residue  of  the  harmonics  expansion  is 
within  an  acceptable  value.  An  essential  part  of  the  filter  is  a 
structure  that  allows  the  control  of  the  potential  of  the  sur¬ 
face  of  the  two  high  permeability  plates  in  Fig.  7  outside  the 
cylindrical  region  selected  for  the  expansion.  This  is  accom¬ 
plished  in  each  plate  by  means  of  elements  of  magnetized 
material  sandwiched  between  the  main  body  of  the  plate  and 
a  number  of  magnetically  insulated  high  permeability  plates 
that  interface  with  the  cavity.''^  If  the  dimensions  of  the  in¬ 
sulated  plates  arc  large  compared  to  the  thickness  of  the 
sandwiches,  the  scalar  potential  of  each  insulated  plate  rela¬ 
tive  to  the  main  plate  is  a  linear  function  of  the  amount  of 
magnetic  material  magnetized  in  the  direction  perpendicular 
to  the  plate  and  is  independent  of  the  position  of  the  material 
in  the  space  between  the  insulated  plate  and  the  main  plate. 
Consequently,  the  effect  of  each  sandwich  on  the  field  within 
the  cavity  is  controlled  by  the  mechanical  precision  of  fabri¬ 
cation  of  the  plates  and  by  the  amount  of  material  of  each 
sandwich.  This  structure  leads  itself  to  a  mechanical  tuning 
of  the  filter  both  in  the  construction  of  the  magnet  as  well  as 
in  its  final  shimming. 

A  schematic  of  filter  structures  inserted  in  each  plate  is 
shown  in  Fig.  8  where  individual  elements  of  the  filter  struc¬ 
ture  arc  arranged  on  a  circular  pattern.  The  distribution  of 
potential  of  the  elements  of  the  filter  is  computed  to  generate 
harmonics  equal  in  amplitude  and  opposite  sign  of  the  har- 


FIG.  8.  Selicmatic  uf  illlur  uuniposoil  ot  eight  eleiiionls  inserted  in  eiich  liigli 
pcrmeuhiiity  plulu, 


monies  of  order  m  of  the  spectrum  of  the  field  of  the  magnet. 
Thus  the  maximum  value  of  m  of  the  harmonics  to  be  com¬ 
pensated  determines  the  minimum  number  of  the  elements  of 
the  filter.  The  potential  of  each  element  determines  the 
amount  and  magnetization  of  the  material  to  be  inserted  in 
the  element.  Because  uf  the  linearity  of  the  relationship  be¬ 
tween  potential  uf  each  element  uf  the  filter  and  its  filling, 
the  compensation  of  the  distortion  is  achieved  by  the  addi¬ 
tion  uf  the  amount  uf  material  required  by  each  harmonic. 

The  elements  of  the  filter  on  the  plate  of  Fig.  8  alone  arc 
one  part  of  the  entire  filter  designed  to  compensate  any  har¬ 
monic  of  indices  m,n.  To  generate  a  spectrum  containing  a 
specified  number  uf  n  harmonics,  the  fitter  structure  must 
contain  also  elements  distributed  in  a  number  of  additional 
rings  on  the  main  plates  as  well  as  in  the  region  between  the 
plates.  Obviously  the  complete  filter  structuie  cannot  inter¬ 
fere  with  the  accc.ss  to  the  region  of  interest.  Therefore  the 
filter  elements  distributed  between  the  plates  must  occupy 
only  a  part  of  the  full  circle,  as  indicated  in  the  schematic  of 
Fig.  9,  which  shows  filter  elements  located  on  the 
plane. 

A  typical  spectrum  of  the  harmonics  of  the  field  distor¬ 
tion  is  shown  in  Table  I  which  corresponds  to  a  rectangular 


X 

io  .y* 

t  ''Of 


I'lCi.  Filti^r  slriicl’.irc  with  eli'iiiciit.s  ill.slrihulcil  on  llie  y  -  II  pliiiic. 
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TABLE  I.  typical  spectrum  of  harmonics  in  a  yoked  magnet. 


m 

/I 

0 

1 

1.5  X  10  < 

1,3  X  10  ■’ 

0 

2 

.-10 

-lO'-* 

2 

1 

6,5  X  10  " 

1,8  X  10  ■' 

2 

2 

-10’ 

-10" 

4 

1 

4,2  X  10'  ■* 

1.(1  X  10 

4 

2 

-lO" 

-10' 

prismatic  cavity  open  on  opposite  sides,  with  cavity  dimen¬ 
sions  The  values  of  the  amplitude  of  the  har¬ 

monics  listed  in  Table  I  correspond  to  a  yoked  structure  de¬ 
signed  for  K=0.5  with  the  two  main  plates  inserted  in  the 
cavity.  Because  of  symmetry,  all  amplitudes  b„,  „  arc  zero 
and  the  spectrum  reduces  to  the  harmonics  of  even  order  nt. 
If  the  required  degree  of  uniformity  is  such  that  harmonics 
with  values  a,,,  can  be  disregarded,  only  harmonics 

of  order  n  - 1,  with  the  exception  of  the  harmonics  {m  =0, 
rt=2),  (m==4,  «=2),  constitute  the  spectrum  that  must  be 
compensated.  Thus  in  this  particular  ca.se,  the  filter  structure 
can  be  implemented  following  the  schematic  of  Fig,  9.  Table 
II  lists  the  values  of  the  three  elements  numbered  in  the 
schematic  of  the  filter  .structure  shown  in  Fig.  8  that  cancel 
the  harmonics  (tfi=0,  ri“f),  (wi=2,  n^l),  {wi=4,  /i  =  i).  By 
symmetry,  the  potential  of  the  other  elements  arc 

= m , ,  <5a>7 = 

The  filter  structure  ba.scd  on  the  control  of  the  potential 
of  the  filter  elements  by  means  of  magnetic  material  is  the 
active  equivalent  of  the  passive  pole  piece, s  of  traditional 
magnets  whose  geometry  is  designed  to  achieve  the  desired 
field  configuration.  The  ability  to  control  the  amount  of  ma¬ 
terial  inside  each  element  of  the  filter  structure  extends  the 


TABLE  II.  I’okntial  of  the  titter  eleiiieiitN  reliilive  to  the  miiin  phite. 
<S<1>|/<1>„  (S'Vd),,  i5<Ii,/4>„ 

0.17  0.tK)16  -(l.0(>4 


use  of  the  filter  to  the  correction  of  the  effects  of  magnetic 
and  fabrication  tolerances.  The  final  shimming  of  tt  magnet 
can  be  performed  by  extracting  the  harmonics  from  the  mea¬ 
surement  of  the  field  in  the  fully  assembled  magnet  and  by 
correcting  the  potential  of  each  elemetit  of  the  filter  cither  by 
inserting  additional  magnetic  material  or  by  changing  the 
orientation  of  the  material  inside  each  element. 

V.  CONCLUDING  REMARKS 

The  new  design  approaches  arc  already  being  adopted 
for  the  commercial  development  of  permanent  magnets  and 
the  application  of  permanent  magnet  technology  to  the  field 
of  medical  imaging  is  expanding.  In  the  low-field  range,  a 
remarkably  compact  0.2  T  ferrite  magnet  has  been  success¬ 
fully  development  by  Esaotc  Bioniedica  of  Italy,  In  the  me¬ 
dium  field  range,  Sumitomo  Special  Metals  of  Japan,  which 
has  pioneered  the  use  of  permanent  magnets  in  medical  im¬ 
aging,  has  recently  developed  a  powerful  0.45  T  Nd.Fe.B 
magnet  designed  for  whole  body  imaging, 

As  new  higher-energy  product  materials  are  being 
developed,'''  smaller  and  more  efficient  magnetic  structures 
can  be  designed,  With  an  expanding  range  of  applications, 
the  cost  of  these  new  materials  is  bound  to  decline  steadily, 
and  as  the  cost  per  unit  energy  decreases,  more  powerful 
magnets  arc  becoming  a  viable  solution  in  large  scale  appli¬ 
cations  requiring  field  energies  of  the  order  of  lO"’  J/m^  m- 
larger. 
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The  emergence  of  high-energy-product  permanent  magnets  has  made  possible  the  generation  of 
extraordinarily  high  magnetic  fields  in  the  internal  working  spaces  of  relatively  small  structures.  The 
widespread  use  of  such  structures  has  been  hampered  by  the  variety  and  complexity  of  their 
magnetic  components  and  the  concomitant  difficulty  and  expense  of  manufacture.  This  paper 
describes  approaches  to  fabrication  and  assembly  that  should  significantly  case  both  fabricational 
and  economic  problems.  Examples  of  these  approaches  are  given  for  the  production  of  cylindrical 
multipolar  sources  (magic  rings,  quadrupolar  electron  beam  guides)  and  spherical  dipolar  sources 
(magic  spheres). 


I.  INTRODUCTION 

The  high-energy-product  permanent  magnet  materials 
afford  shell-like  structures  that  produce  in  their  internal 
chambers  fields  that  are  much  higher  than  those  obtainable 
from  the  conventional  structures  that  cun  be  made  of  the 
older  materials  such  as  the  alnicos.  Unfortunately  for  many 
such  structures  the  required  distributions  of  the  magnetiza¬ 
tion  are  complex  and  require  components  with  many  differ¬ 
ent  magnetic  orientations.  This  augments  the  difficulty  and 
expense  of  the  manufacture, 

T\\'o  particularly  useful  configurations  are  the  so-called 
magic  rings  (really  cylindrical  shells)  and  magic  spheres,''^ 
In  the  cylinder,  the  magnetization  is  uniform  in  magnitude, 
has  no  z  component,  and  varies  in  direction  y  with  the  azi¬ 
muthal  angle  us  y=2(/)  [sec  Fig.  l(u)].  If  a  circular  section  of 
such  a  cylinder  is  rotated  about  its  polar  axis,  its  locus  forms 
a  spherical  shell  or  magic  sphere  like  that  shown  in  Pig.  1(b), 

The  cylinders  and  spheres  produce  in  their  internal 
chambers  uniform  fields  of  \\\(,rjr^)  and 

=  Inirjrj ),  respectively.  Here  r„,  r^  arc  the 

magnetic  rcmancnce  and  outer  and  inner  radius,  respectively. 
These  formulas  show  that  fields  of  any  magnitude  are  pos¬ 
sible  for  either  structure  if  the  ratio  rjvj  is  made  large 
enough.  However,  the  field’s  logarithmic  dependence  on 
outer  radius  results  in  prohibitive  bulks  for  fields  much  in 
excess  of  20  kOe  in  the  cylinder  and  about  27  kOe  for  the 
sphere.  Within  these  limits,  however,  performance  is  quite 
impressive.  A  sphere  of  8  cm  diameter  produces  20  kOe  in  a 
cavity  of  2.5  cm  diameter  with  a  material  of  equal  to 
12  kO. 

II.  ASSEMBLY  OF  A  MAGIC  RING 

In  practice  the  continuous  magnetic  structure  of  rings 
and  spheres  is  approximated  by  an  array  of  segments  each  of 
uniform  magnetization  within  its  boundaries  which  changes 
abruptly  upon  passage  to  a  neighboring  segment  (Fig.  1). 
Therefore  many  different  orientations  are  needed  in  the 
magic  ring  and,  it  would  seem,  many  different  operations  to 
produce  them.  These  operations  can  be  reduced  to  one  by  the 
following  considerations. 

If  a  cylindrical  tube  is  aligned  and  uniformly  magnetized 
perpendicularly  to  its  principal  axis  one  notes  that  every  pos¬ 
sible  orientation  of  the  magnetization  relative  to  the  local 
radius  is  represented.  Therefore,  only  a  simple  rearrangement 
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of  cylindrical  segments  is  needed  to  form  the  desired  magic 
ring  [Fig.  2(a) j.'^  Alternatively  each  segment  can  be  rotated 
180”  about  its  local  radius  to  obtiiin  the  same  results  [Fig. 
2(b)].  Either  procedure  obviates  the  necessity  of  multiple 
magnetiziilions  on  many  different  cylindriciil  segments, 

III.  MULTIPOLAR  RINGS 

A  similar  procedure  may  be  used  to  form  rings  ;md  cyl¬ 
inders  of  higher  order  irolarity.  Of  these  probably  the  most 
useful  is  the  (luadrupolc.  which  is  extcn.sively  employed  in 
the  focusing  of  charged  particle  beams,'  A  typical  arrange¬ 
ment  is  that  of  Fig,  3  which  sliows  that  the  magnetic  orien¬ 
tation  goes  as  7  -4(/),  Uccau.se  the  orientation  cb.angcs  twice 
us  fust  with  </>  us  in  the  dipolar  structure,  it  follows  that  the 
orientation  increment  between  adjacent  .segments  of  given 
size  is  twice  as  great  while  twice  as  many  segmenli;  of  a 
given  orientation  arc  needed.  For  example,  the  initial  uni¬ 
form  magnetization  ol'  a  eyliiuler  yields  only  one  radially 
oriented  segment  that  points  inward  while  Ibr  a  quadrupole, 
two  .such  are  needed.  This  problem  can  be  solved  liv  the 
magnetization  of  two  cylimleis  and  then  lire  proeedure  of 
Fig,  4  to  form  two  slightly  ilifferent  seginenterl  approxiina 
tions  to  ideal  quadrupolar  cyliitdeis 


I'lCi.  t.  I’criuancnt  maniii;!  stiacUires  willi  sciiiiientcd  iippiaxitniitiiiii  '.A) 
magic  ring.  (1)1  magic  .splicrc. 
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FIG.  2.  Assembly  of  a  magic  ring  by  iA)  icarraiigctncnt  of  segments  after 
uniform  magnetization,  (U)  rolaliou  of  .'icgnienls  about  local  axes  after  mag¬ 
netization. 

Alternatively  a  ring  could  be  segmented  before  magne¬ 
tization  with  every  other  piece  elevated  above  the  original 
stack,  revolved  Ztt/zi  about  the  original  axis  and  stacked  as 
shown  in  Fig,  fi.  Tlie  .stack  would  then  be  uniformly  magne¬ 
tized  with  the  correct  number  of  each  type  of  required  seg¬ 
ment.  After  a  IT  rouitioii  of  cacii  segment  about  its  local 
radius  and  an  angular  contraction  of  the  gapped  stack  into  a 
half  cylinder  with  two  identical  semidisc  layers,  the  said  lay¬ 
ers  arc  appropriately  joined  at  tlicir  equatorial  planes  as  il¬ 
lustrated  in  I'ig.  5. 

Similar  procedures  are  used  to  form  multipolar  rings  of 
higher  order.  In  general  iil2  stack  layers  of  nt/n  segments 
each  are  useil,  where  n  is  (he  desired  multipolar  order  and  m 
is  the  total  number  of  segments  needed  to  attain  the  required 
structural  llncness. 

IV,  MAQiC  SPHERES 

A  magic  sphere  is  niiidc  from  magic  ring  slices  that  have 
been  beveled  to  form  the  melon-slice  shapes  of  Fig,  6.  These 
arc  then  assembled,  tangerine-like,  into  the  required  magic 
sphere,  IJnfortiinatclv  this  involves  the  possible,  but  incon¬ 
venient,  step  of  miLmining  a  magnetized  ring.  Unfortunately 
the  uniforni  magnetization  of  a  spherical  segment  and  its 
suhscquenl  rotation  about  the  local  radius  does  not  work  with 


Flo.  .1.  Cylilulriciil  quiulrupolar  cro.ss  ,>(00111)11. 
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FIG.  4.  formation  of  two  quudrupolc  sources  from  two  dipole  sources.  (A) 
Start  with  two  dipolar  structures.  (13)  Separate  every  other  segment  from 
adjacent  segments  to  form  two  new  structures  for  each  original  slructurc. 
(C)  Compress  strueturcs  B  in  direction  of  circular  arrows  to  form  structures 
C.  (U)  Assemble  structures  C  to  form  structures  D. 


FICi.  5.  Conversion  of  an  unmagneti/.ed  ring  into  a  qiiadrupolar  ring. 
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FIG.  ().  Fabricalion  of  a  magic  .'iphciv  by  a  lieveliii)’,  ol  magic  lings, 
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FIG.  7.  Manufacture  of  a  magic  sphere  without  the  machining  of  magne¬ 
tized  segments:  (A)  rotation  of  segments,  (B)  magnetic  field  applied,  (C) 
rotation  of  segments  back  to  initial  positions. 

the  sphere  as  with  the  ring.  The  lengths  of  the  areas  that 
subtend  the  width  of  a  segment  on  the  spherical  surface  de¬ 
pend  on  the  polar  angle.  This  results  in  a  mismatch  when  the 
required  rotation  about  the  local  radius  leaves  the  shorter  arc 


where  the  larger  should  be  and  vice  versa.  This  difficulty  can 
be  avoided  by  a  rotation  of  the  segment  prior  to  magnetiza¬ 
tion  as  in  Fig.  7.  After  magnetization  the  segments  are  ro¬ 
tated  back  into  their  initial  positions  with  the  correct  mag¬ 
netic  orientations. 

V.  SUMMARY 

Multipolar  cylinders  and  dipolar  spheres  can  all  be  mag¬ 
netically  oriented  in  a  single  uniform  magnetization.  In  the 
case  of  the  sphere  this  can  be  done  either  before  or  after  the 
necessary  machining.  The  machining  for  the  sphere  can  be 
minimized  to  a  single  bevelling  operation  on  magic  ring  seg¬ 
ments  instead  of  the  cutting  of  many  compound  angles  on  a 
multiplicity  of  different  spherical  segments, 

'  K.  Halbach,  Proceedings  of  the  8lh  International  Workshop  on  Rare-Earth 
Cobalt  Magnets,  University  of  Dayton,  Dayton,  OH,  1985,  p.  123. 

^H.  A.  Lcupold  and  E.  Potenziani,  IEEE  Trans.  Magn.  MAG-23,  3628 
(1987). 

■'H.  a.  Lcupold,  Mater.  Res.  Soc.  Symp.  Proc.  96,  279  (1987). 
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Kinetic  studies  on  soiid-HDDR  processes  in  Nd-Fe-B-type  ailoys 

0.  Gutfleisch,  M.  Verdier,  and  I.  R.  Harris 

School  of  Metallurgy  and  Materials  Science,  University  of  Birmingham,  Birmingham  BI5  21T, 

United  Kingdom 

The  kinetics  of  solid-HDDR  (hydrogenation,  disproportionation,  desorption,  recombination) 
processing  of  Nd-Fe-B-type  alloys  have  been  characterized  by  means  of  in  situ  electrical  resistivity 
measurements  and  hydrogen  absorption  and  desorption  studies  on  nondecrepitaied  samples.  The 
fundamental  differences  in  reaction  rate  and  mechanism  between  a  Nd,f,Fe7f,Bs  as-cast  and  a 
homogenized  stoichiometric  NdjFcnB  alloy  at  7’=800°C  and  p(H2)=0.7  bar  are  reported.  The 
disproportionation  and  recombination  rates  were  found  to  be  significantly  lower  in  the 
stoiehiometric  alloy,  particularly  in  the  case  of  the  latter.  The  onset  of  the  disproportionation  and 
recombination  reaction  in  Nd,(,Fc7f,Bj(  in  a  temperature  range  of  7=780-880  °C  under  hydrogen 
atmosphere  was  investigated  and  these  reactions  were  found  to  depend  critically  on  the  pressure. 
Low-temperature  recombination  at  7=620  °C  was  studied  by  the  development  of  the  Curie-point 
resistance  anomaly  of  the  Nd2Fe,4B  matrix  phase.  It  has  been  shown  mat  the  amount  of  reformed 
Nd2Fei4B  matrix  phase  during  recombination  can  be  monitored  by  this  method. 


I.  INTRODUCTION 

The  hydrogenation,  disproportionation,  desorption,  re¬ 
combination  (HDDR)  process  has  been  reported  as  a  method 
of  producing  highly  coercive  Nd-Fe-B-based  powder  via  a 
hydrogen-induced  structural  change;  this  powder  can  be  used 
for  the  production  of  Nd-Fe-B-type  hot  pressed  and  bonded 
magnets  (see,  for  example.  Refs.  1  and  2).  Heating  under  a 
hydrogen  atmosphere  results  in  the  decrepitation  of  the  ingot 
which  is  described  as  the  HD  process.'^  The  disproportion¬ 
ation  re  ion  occurs  at  elevated  temperatures  and  results  in 
the  formation  of  an  intimate  mixture  of  a-Fe,  Nd-hydride, 
and  Fe2B.  On  desorbing  the  hydrogen,  the  different  constitu¬ 
ents  recombine  to  form  the  thermodynamically  stable 
Nd2Fei4B  phase.  The  main  microstructural  feature  of  the 
HDDR  process  is  the  conversion  of  the  coarse  grained 
NdjFe^B  phase  into  a  material  with  submicron  grain  size. 

The  kinetics  of  the  disproportionation  and  recombination 
reactions,  which  depend  on  alloy  composition,  initial  micro¬ 
structure,  temperature,  and  hydrogen  pressure,  can  be  moni¬ 
tored  by  means  of  in  situ  electrical  resistivity  measurements 
of  the  noiidecrepitated  material  by  introducing  the  hydrogen 
at  elevated  temperatures  (7—800  °C).‘*''^This  type  of  reaction 
can  be  referred  to  as  solid-HDDR.^’  In  this  article  it  is  re¬ 
ported  how  in  situ  electrical  resistivity  measurements  during 
solid-HDDR  processing  can  be  employed  to  study  the  differ¬ 
ences  in  kinetics  and  reaction  mechanisms  in  Nd-Fe-B-type 
alloys  with  and  without  the  presence  of  Nd-rich  grain  bound¬ 
ary  material.  Other  factors  such  as  hydrogen  pressure  and  the 
absence  of  grain  boundary  melting  are  also  examined. 

II.  EXPERIMENT 

The  in  situ  electrical  resistivity  measurement  employed 
is  based  on  the  standard  four-probe  method  and  can  be  used 
up  to  1000  °C  under  vacuum  or  hydrogen  atmosphere.  De¬ 
tailed  procedures  have  been  given  elsewhere.'’  Materials  un¬ 
der  investigation  were  as-cast  Ndi(,Fe7(,Bn  and  stoichiometric 
Nd2Fe|4B  alloy  which  was  homogenized  at  1060  °C  for  264 
h  under  vacuum.’  After  homogenization,  a  small  area  frac¬ 
tion  of  —2%  free  Fe  dendrites  was  found  to  be  present  in  the 


material.  The  microstructure  of  the  Nd|f,Fe7(,Bn  alloy  is  typi¬ 
cal  of  “Neomax”-typc  alloys  with  this  composition,** 
whereas  the  stoichiometric  alloy  is  virtually  free  of  Nd-rich 
phase. 

The  overall  HDDR  kinetics  of  the  two  alloys  were  in¬ 
vestigated  at  7=800  °C  and  /;(H2)=0,7  bar.  The  electrical 
resistivity  and  hydrogen  absorption  and  desorption  pressures 
were  recorded  in  order  to  monitor  the  disproportionation  and 
recombination  reactions,  In  addition,  a  fully  disproportion- 
ated  Ndi(,Fe7(,BK  alloy  was  heated  from  700  to  1000  °C  under 
various  hydrogen  pressures  to  provide  further  information 
about  the  contributions  of  the  different  constituents  in  the 
disproportionated  mixture  to  the  overall  electrical  resistivity. 
In  order  to  investigate  the  onset  of  the  disproportionation  and 
recombination  reactions  of  a  Ndif,Fe7f,B)(  alloy  under  hydro¬ 
gen,  the  pressure  was  varied  at  different  isotherms  between 
7=780  and  880  “C.  The  resistivity  of  Nd2Fe,4BH;(  or 
NdH~2,  a-Fe,  and  Fe2B  as  a  function  of  hydrogen  content 
was  recorded.  Rapid  changes  in  resistivity  were  interpreted 
as  the  onset  of  the  disproportionation  or  recombination 
reactions.'*"'’  Controlled  recombination  at  7=  620  °C  was 
achieved  by  monitoring  the  hydrogen  desorption  behavior 
and  the  development  of  the  Curie-point  resistance  anomaly 
of  the  reformed  Nd2Fe,4B  matrix  phase.  At  this  temperature, 
the  desorption  of  the  hydrided  Nd-rich  grain  boundary  phase 
is  avoided  and  hence  melting  of  the  grain  boundary  material 
is  also  avoided.  The  observed  changes  in  resistivity  will  be 
derived  entirely  from  transformations  within  the  matrix 
phase.  The  disproportionated  material  was  then  cooled  under 
hydrogen  to  room  temperature  and  reheated  to  7  =  620  °C 
under  vacuum  to  desorb  for  2  h  and  cooled  again,  this  cycle 
was  repeated  until  the  material  was  fully  recombined. 

III.  RESULTS  AND  DISCUSSIONS 

A.  Comparison  of  HDDR  kinetics  between  a  Nd-rich 
and  a  stoichiometric  alloy 

A  schematic  diagram  for  a  complete  HDDR  experiment 
monitored  by  measuring  the  electrical  resist!, ity  has  been 
reported  previously.''  Resistivity,  hydrogen  absorption  and 
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FIG.  1.  Isothermal  part  of  the  electrical  resistivity  vs  time  monitoring  the 
S-HDDR  process  at  7’=800'C  and  p(H2)=0.7  bar  for  an  as-cast 
Ndi(Fc7(;Bj  (solid  line)  and  a  stoichiometric  Nd2Fc|4B  alloy  (dashed  line); 
hydrogen  introduction  at  /  =0  min  and  vacuum  at  r  =75  min.  Inset  shows  the 
initial  variations  in  more  detail. 


desorption  pressures,  and  temperature  are  recorded.  During 
heating  and  cooling  the  magnetic  and  phase  transitions  are 
delineated.  The  rapid  decrease  in  resistivity  after  the  intro¬ 
duction  of  hydrogen  at  elevated  temperatures  corresponds  to 
the  disproportionation  process  and  can  be  attributed  mainly 
to  the  formation  of  free  iron.  Another  contribution  arises 
from  the  formation  of  the  Nd-hydride.  On  evacuating  the 
system,  the  NdH2±^  phase  desorbs  and  the  sudden  decrease 
in  resistivity  can  be  attributed  to  the  dissociation  of  Nd- 
hydride  into  Nd  which  subsequently  recombines  with  the 
other  constituents  resulting  in  an  increase  in  resistivity. 

Figure  1  shows  the  isothermal  part  of  the  electrical  re¬ 
sistivity  versus  time,  which  delineates  the  S-HDDR  process 
at  r=800  ®C  and  p(H2)=0.7  bar  for  the  NdigFeyjBg  as-cast 
and  the  stoichiometric  Nd2Fe|4B  alloy.  It  can  be  seen  that  the 
disproportionation  and  recombination  reaction  rates  are 
higher  for  the  Ndi6Fe7(iB8  alloy.  Shortly  after  the  introduc¬ 
tion  of  hydrogen  a  small  maximum  (see  inset  in  Fig.  1)  in  the 
resistivity  curve  of  the  Ndi^Fev^Bg  alloy  can  be  observed, 
and  this  can  be  related  to  the  rapid  hydrogenation  of  the 
Nd-rich  grain  boundary  resulting  in  the  formation  of 
NdH2±,(.  Further  studies,  which  will  be  published  elsewhere, 
have  shown  that  the  hydrogenation  of  the  grain  boundary 
phase  results  in  the  solidification  of  this  phase,  which  has  its 
melting  point  at  7=650  “C.'*  For  the  stoichiometric  alloy  no 
such  maximum  is  observed,  consistent  with  the  absence  of 
the  Nd-rich  grain  boundary  phase  in  this  alloy.  Microstruc- 
tural  characterization^  has  shown  that  the  material  is  fully 
disproportionated  when  a  constant,  equilibrium  resistivity  is 
attained  and  the  same  applies  for  the  recombination  reaction. 
The  resistivity  data  indicate  that  the  NdjgFe7gB8  alloy  is  fully 
disproportionated  after  19±2  min  of  exposure  to  hydrogen  at 
p(H2)  =  0.7  bar  and  fully  recombined  after  20  ±2  min  of  de¬ 
sorption  at  T =800  °C.  The  corresponding  times  for  the  stoi¬ 
chiometric  Nd2Fei4B  alloy  are  29±2  and  71  ±2  min,  respec¬ 
tively  (for  identical  sample  thicknesses  of  t=0.8  mm).  Thus, 
both  reactions  are  much  slower  for  the  stoichiometric  alloy. 
These  changes  in  resistivity  correspond  to  the  hydrogen  ab¬ 
sorption  and  desorption  pressure  behaviors  shown  in  Fig.  2. 
The  slightly  smaller  quantity  of  hydrogen  absorbed  in  the 


tims  [min] 


FIG.  2.  Hydrogen  absorption  and  desorption  behavior  during  disproportion¬ 
ation  and  recombination  of  a  Ndj^Fey^B,!  as-cast  (solid  line)  and  a  stoichio¬ 
metric  Nd2Fci4B  alloy  (dashed  line)  at  2=800  “C  and  /j(H2)=0.7  bar. 

Stoichiometric  Nd2Fei4B  alloy  can  be  attributed  to  the  ab¬ 
sence  of  Nd-rich  phase  in  this  material. 

These  studies  could  indicate  that  the  Nd-rich  grain 
boundary  phase  has  a  significant  influence  on  the  kinetics  of 
the  HDDR  reactions.  It  was  reported  earlier'’  that  the  hydro¬ 
gen  diffuses  either  in  the  hydrided  Nd-rich  phase  or  at  the 
interface  between  this  phase  and  the  matrix  phase.  It  was 
shown'’  that  the  disproportionation  reaction  begins  at  the 
Nd-rich/Nd2Fei4B  boundaries  and  proceeds  towards  the  cen¬ 
ter  of  the  original  grains.  For  the  stoichiometric  Nd2Fei4B 
alloy  no  such  fast  transport  paths  exist,  which  could  explain 
the  lower  reaction  rates  in  this  material.  A  reverse  mecha¬ 
nism  can  be  assumed  for  the  desorption  of  hydrogen  during 
the  recombination  reaction.  However,  it  is  interesting  to  note 
that,  in  particular,  the  latter  process  is  much  slower  in  the 
N'l2.''  '.4B  alloy,  which  could  indicate  that  the  Nd-rich  grain 
boundary  phase  plays  an  additional  role  in  the  recombination 
process. 

B.  Onset  of  disproportionation  and  recombination  In 
as-cast  NduFersBe 

Figure  3  shows  the  electrical  resistivity  and  the  hydrogen 
desorption  behavior  of  a  disproportionated  NdH_2,  a-Fe, 
Fe2B  mixture  between  7  =  750  and  1000  °C  under  an  initial 
pressure  of  p(H2)=35  mbar.  The  measurements  revealed  the 
Curie-point  resistance  anomaly  of  a-Fe  at  7  =  770  ±5  °C  and 


tsmpsraturs  ['’Cj 


F'G.  3.  Electrical  re.sistivily  and  hydrogen  desorpitjn  behavior  between 
T =750  and  1000  °C  under  an  initial  pressure  of  p(H2)  =  35  mbar  of  a  dis¬ 
proportionated  NdH  2,  a-Fc,  Fe2B  mixture. 
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FIG.  4.  Ratio  of  [Mr)-p(250 ‘’a]/[M4(M)  “C)-;)(250  'C)]  vs  Icmpcmturc 
monitoring  the  development  of  the  Curie  point  of  an  as-cast  Nd|,,Fe,,,H„ 
alloy  for  different  stages  of  recombination  at  7'=fi2t)  °C. 

a  major  desorption  at  7'=810±5  °C  causing  another  change 
in  slope  in  the  resistivity  curve.  This  event  can  be  interpreted 
as  recombination  under  a  hydrogen  atmosphere.  It  was  ob¬ 
served  that,  the  higher  the  pressure,  the  higher  the  tempera¬ 
ture  for  die  dc.,orption  event.  The  pressure  changes  at  higher 
temperatures  can  be  attributed  to  the  desorption  of  the  Nd- 
rich  grain  boundary  phase  (to  be  published)  and  this  corre¬ 
sponds  with  a  fall  in  the  resistivity. 

Starting  from  a  recombined  material,  the  hydrogen  pres¬ 
sure  was  increased  step  by  step  and  the  “equilibrium”  resis¬ 
tivity  was  measured  at  different  isotherms.  It  was  found  that, 
at  7’=880''C,  for  example,  the  2-14-1-hydride  shows  a 
Sieverts’-type  behavior  before  the  sliarp  onset  of  the  dispro¬ 
portionation  reaction  at  p(H2)=0.4r)  bar.  These  studies  indi¬ 
cate  that  the  .start  of  the  disproportionation  and  recombina¬ 
tion  reactions  depend  critically  on  the  stability  of  NdHj, 
which  is  determined  by  hydrogen  pre.ssure  and  processing 
temperature.  A  hysteresis  effect' ‘  for  the  NdH2  was  found  as 
the  data  for  the  onset  of  disproportionation  and  recombina¬ 
tion  were  derived  from  absorption  and  desorption  isotherm.s, 
respectively.  These  results  arc  in  agreement  with  work  by 
Takeshita  and  Nakayama,''^  who  reported,  on  the  basis  of 
x-ray  diffraction  measurements,  tliat  the  disproportionated 
mixture  will  recombine  above  lUOO  °C  under  a  hydrogen 
pressure  of  1  bar. 

C.  Low-temperature  recombination  In  as-cast 

Nd^gFe7eBg 

At  conventional  HDDR-processing  temperatures  (750- 
850  °C)  it  can  be  assumed  that  the  Nd-i '  h  grain  boundary 
phase  will  remclt  after  the  hydrogen  is  fully  drsorbed, 
whereas  at  T =620  °C  the  microstructural  changes  wiil  occur 
in  a  solid-solid  reaction  as  the  Nd-rich  grain  boundary  phase 
remains  in  the  solid,  hydrided  state.  Figure  4  shows  the  de¬ 
velopment  of  the  Curie-point  anomaly  by  evaluating  the  re¬ 
sistivity  data  during  the  heating  stage  of  the  cycling  proce¬ 
dure  described  in  part  II.  The  ratio  [p(7)-p(250  °C)]/ 
[p{400  °C)-p(250  °C)]  is  plotted  over  the  temperature  range 
of  T =250-400  °C.  At  7'=620  °C,  the  different  stages  during 
recombination  can  be  monitored  and  the  amount  of  reformed 


Nd2Fei4B  matrix  phase  can  be  estimated,  because  the  ob¬ 
served  changes  are  due  entirely  to  tran.sformations  in  the  ma¬ 
trix  pha.se.  After  18  h  at  T =620  °C,  no  further  changes  occur 
and  therefore  it  can  be  assumed  that  the  material  is  fully 
recombined.  The  pattern  in  the  overall  resistivity  behavior  is 
similar  to  that  of  a  stoichiometric  alloy  at  7’=80()°C.  The 
development  of  the  magnetic  properties  and  the  micro.struc- 
tural  changes  during  the  different  stages  of  recombination 
will  be  reported  el.scwhcre.''’ 

IV.  CONCLUSIONS 

The  fundamental  differences  in  HDDR-rcaction  kinetics 
and  mechanisms  between  a  Nd|f,Fe7f,Bx  as-cast  and  a  homog¬ 
enized  stoichiometric  Nd2Fe|4B  alloy  at  7’=800°C  and 
p(H2)=0.7  bar  have  been  characterized  by  means  of  in  siiu 
electrical  resistivity  measurements  and  hydrogen  sorption 
studies  on  nondecrepitated  samples.  The  absence  of  the  Nd- 
rich  grain  boundary  phase  in  the  stoichiometric  alloy  causes 
the  disproportionation  and  recombination  rates  to  be  signifi¬ 
cantly  lower.  The  Nd-rich  phase  not  only  acts  as  a  transport 
path  for  the  hydrogen,  but  effects  in  particular  the 
dc.sorption/recombination  reaction.  The  onset  of  the  dispro¬ 
portionation  and  recombination  reactions  under  hydrogen  at¬ 
mosphere  in  a  temperature  range  of  7'=78()-88()  °C  depend 
critically  on  the  hydrogen  pressure.  Desorption  at  7’ =620  “C 
revealed  the  different  stages  during  re-formation  of  the 
Nd2Fei4B  matrix  phase.  At  this  temperature  the  rcconibina- 
iion  process  is  a  solid-solid  reaction. 
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Study  of  desorbed  hydrogen-decrepitated  anisotropic  Nd-Fe-B  powder 
using  x-ray  diffraction 
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The  intrinsic  magnetic  cocrcivity  (//^.j)  of  Nd-Fc-B-based  permanent  magnet  material  is  profoundiy 
affected  by  hydrogen  absorbed  during  the  hydrogen  decrepitation  (HD)  process  for  producing 
anisotropic  powders  from  buik  anisotropic  hot-deformed  MAGNEQUENCH  (MQ)  magnets. 
Hydrogen  (H)  content  and  x-ray  diffraction  measurements  clarify  the  effects  of  H  and  desorption 
temperature  (Tj)  on  tire  intrinsic  magnetic  anisotropy  (IMA)  of  the  Nd2Fei4B'type  phase  and  the 
nature  of  the  intergranular  phases,  both  of  which  are  crucial  for  high  H^-, ,  The  Nd-rich  intergranular 
phase  disproportionates  during  HD,  initially  forming  a  microcrystalline  Nd-hydride  phase,  possibly 
Nd2H5.  For  7’,;=s220  °C,  H  remains  in  the  Nd2Fe,,iB-type  phase,  severely  degrading  the  IMA,  which 
causes  a  low  H,.^,  For  220  °Cs;7’,/^25() °C,  enough  H  desorbs  from  the  Nd2Fei4B-lype  phase  and 
the  IMA  recovers  its  large  prehydrided  value,  and  the  microstructure  supports  a  high  kOe 

in  spite  of  the  H  disproportionuted  intergranular  plia.se.  Only  for  7',/>25()  “C  is  II degraded  by  the 
microstructure,  corresponding  to  further  H  desorption  and  the  microcrystallinc  Nd-liydridc  phase 
becoming  wclUcrystallized  NdH2.  The  NdH2  pha.se  dccompo.scs  with  continued  H  dc.sorption  and  at 
7',/>.58()  °C  recombines  to  re-form  the  Nd-rich  intergranular  phase  of  prehydrided  MQ  material.  11 
is  completely  desorbed  above  580  °C  and  H,.i>  1 1  kOe,  nearly  that  of  the  prehydrided  MO  magnets. 


Anisotropic  permanent  magnet  powder  is  of  consider¬ 
able  importance  in  high  performance  bonded  magnet  produc¬ 
tion.  The  Nd2Fui4B-type  phasc''^  of  Nd-Fc-B  based  magnets 
has  a  very  large  intrinsic  magnetic  anisotropy’  (IMA)  that 
orients  the  magnetic  moments  uniaxially  in  the  tetragonal 
lattice,  and  such  magnets  potentially  have  a  very  large  hulk 
magnetic  ani.sotropy.  Melt-spun  Nd-Fe-B  ribbons  are  easily 
crushed  into  powder  and  used  in  bonded  magnets  directly  but 
arc  nearly  isotropic,  consisting  of  randomly  oriented 
crystallites.'*'’  Hot-pressing  ribbons  followed  by  hot- 
deformation  results  in  substantial  crystallite  alignment'*'’ 
w'ithout  degrading  the  high  intrinsic  magnetic  cocrcivity 
(7/^,i),  yielding  highly  anisotropic  permanent  magnets.  Fabri¬ 
cation  of  hot-deformed  magnets  with  specillc  shapes  and 
alignment  directions  while  achieving  grain  alignment 
throughout,  however,  is  difficult.  Powders  produced  from 
hot-deformed  Nd-Fe-B-based  magnets  remain  anisotropic, 
and  bonded  magnets  using  such  powder  can  be  made  highly 
anisotropic  by  aligning  the  powder  grains  in  an  applied  mag¬ 
netic  field  during  the  bonding  process,*'"''’ 

Powders  of  Nd-Fe-B-based  material  can  be  mechanically 
ground,"""  a  difficult  process'’  that  degrades  //,.j  of  the 
smallest  powder  grains,'"  and  the  magnetic  properties  of  the 
powder  are  not  consistent  from  lot  to  lot."’  An  alternate 
method  is  hydrogen  decrepitation  (HD)'’"'’  where  hydrogen 
(H)  absorbing  interstitially  in  the  Nd2Fci4B-type  phase 
causes  spontaneous  pulverization.  Incorporation  of  H  into 
the  Nd2Fe|4B-type  lattice,  however,  dramatically  reduces  the 
IMA'’  which  in  turn  greatly  degrades  11^.-,.  Desorption  of  H 
after  HD  is  therefore  necessary  to  recover  high  performance 
magnetic  properties.  In  previous  work,'**  we  studied  H  de¬ 
sorption  and  magnetic  properties  of  HD  hot-deformed  Nd- 
Fc-B-based  (MQ3)  magnets.  In  this  paper  we  pre.sent  chemi¬ 
cal  analysis  and  x-ray  diffraction  measurements  on  HD  M03 


anisotropic  powders  as  a  function  of  desorption  temperature 
('/■,/)• 

The  Nd-Fe-B-ba,scd  material  for  this  study  was 
H-containing  powder  of  HD*'*  M03-E  alloy.’"  Direct  chemi¬ 
cal  analysis’'  yielded  the  H  content  in  HD  M03  powder  as  a 
function  of  7',/ .  These  results  along  with  the  curve  for  H,.,  ,'** 
arc  shown  in  Fig.  1  where  four  7',/  regions  are  quite  apparent. 
X-ray  diffraction  spectra,”  Fig.  2,  correspond  to  the 
Nd2FC|4B-type  major  phase  plus  a  few  diffraction  peaks 
from  minor  phases.  For  7',;^24()  ®C,  Figs,  2(a)-2(c),  the 
peaks  for  the  Nd2Fei4B-lype  phase  arc  slightly  broadened 
and  shifted  to  lower  angles.  The  shift  is  considerably  less 
than  for  the  fully  hydrided  state,  Fig,  3(a),  but  quite  evident 
Iron  the  position  of  the  (301)  peak.  A  small  amount  of  H 
evidently  remains  in  the  Nd2Fe|4B-iype  phase  until 
7’,,s24()  °C. 


Desorption  Temperaluro  |C) 


l•'Ki.  1.  llyilrin;i;ii  l'diiIoiI  aiiU  ni.igiiclic  cncrcivily  vs  Ucscrplioii  tem¬ 
perature  ■/',(  Irir  IID  MO.a  powder.  Vertical  dashed  lines  delineate  four  re¬ 
gions  of  dc.sorption  teniperatare,  vertical  arrows  indicate  It  contents  grealcr 
than  0.1  wt  %,  and  .solid  liites  are  guides  for  the  eye. 


J.  Appl.  Phys.  76  (10),  15  November  1994 


OO21-0979/94/76(1O)/6259/3/$6.OO 


©  1994  American  Institute  of  Physics  6259 


Angle  (two  theta) 

FIQ.  2.  X-ray  diffraction  spectra  for  HD  M03  powders  desorbed  at  (a) 
200  °C,  (b)  220  “C,  (c)  240  °C.  (d)  250  ‘C,  (c)  280  ‘C,  (f)  350  ”C,  (g) 
4(X)°C,  (h)  475  “C,  (i)  520  "C,  (j)  550  °C,  (k)  580  »C,  (1)  620  °C,  (m) 
660  ’C,  and  (n)  720  °C.  The  vortical  line  at  36.55°  indicate.s  the  (301)  peak 
of  the  NdjFci^B-lypc  phase  and  at  35.2°  indicates  the  (111)  peak  of  NdN. 

The  minor  phase  peaks  are  obvious  from  a  comparison 
of  the  ob, served  spectra,  Fig.  2,  with  a  calculation  for  unhy- 
drided  NdjFciaB,  Fig.  3(b).  The  peak  near  35.2”,  which  in¬ 
creases  in  intensity  monotonically  with  'f ^ ,  is  the  (111)  peak 
of  NdN  due  to  a  small  amount  of  nitrogen  contamination, 
and  this  has  been  observed  previously  in  heat-treated  Nd-Fe- 
B-based  materials.^’^  Another  minor  phase  peak  occurs  near 
32.8°.  In  the  fully  hydrided  material,  Fig.  3(a),  the  (220) 
peak  of  the  NdjFciiB-type  phase  shifts  from  ~33.3°  to 
~33.0°  and  obscures  this  minor  phase  peak.  In  the  desorbed 


30  32  34  36  38  40 

Angle  (two  theta) 


FIG.  3.  X-ray  diffraction  spectra  for  (a)  fully  hydrided  HD  MQ3  powder 
(not  desorbed),  (b)  the  NdjFci4B-type  phase  (calculation)  where  (6k/)'s  arc 
the  Miller  indices  of  the  diffraction  peaks,  and  (c)  H  disproportionated 
Nd72Fc2s:  fully  hydrided,  desorbed  at  240  °C,  and  desorbed  at  520  °C. 
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samples,  the  32.8°  p-iak  is  a  broad  shoulder  and  has  low 
intensity  at  low  Tj  values.  Figs.  2(a)-2(d).  It  becomes  a  true 
peak  at  280  °C,  Fig.  2(e),  grows  in  intensity  and  sharpens. 
Figs.  2(f)-2(j),  until  580  °C  where  it  disappears.  Figs.  2(k)- 
2(n).  This  dependence  on  of  the  intensity  and  shape  of 
this  minor  phase  peak  at  32.8°  correlates  very  well  with  H 
content  and  Fig.  1.  This  minor  phase  peak  corresponds 
to  a  binary  Nd-hydride  phase  and  is  evidence  that  H  dispro¬ 
portionation  during  HD  occurs  for  .some  part  of  the  sample, 

A  Nd-ricli  alloy  approximating  the  intergranular  phase  in 
MO  materials,  Nd72Fe2n,  was  induction  melted  and  then 
hydrided.^'*  The  spectra  for  this  alloy  after  hydriding  and 
after  desorbing  at  240  and  520  °C  consist  of  Nd-hydride  and 
iron  peaks,  confirming  H  disproportionation  of  this  alloy. 
The  Nd-hydridc  peaks  foi  the  fully  hydrided  Md72Fe2K  phase 
arc  broad  and  have  low  intensity,  but  as  H  is  removed  at 
higher  7',j ,  the  peaks  increa.se  in  intensity  and  move  slightly 
to  lower  diffraction  angles.  Fig.  3(c).  Although  the  Nd- 
hydridc  peaks  increase  their  intensity  by  a  factor  of  ~7.5 
compared  to  the  fully  hydrided  state,  the  iron  peak  (not 
shown)  remains  at  a  very  low  intensity,  approximately  that  of 
the  peak  at  ~38.1°  for  fully  hydrided  Nd72Fe2HH4. .  H  dispro¬ 
portionation  of  the  Nd2Fe|4B-type  phase,  however,  results  in 
a  very  high  intensity  iron  peak.^'^  Because  iron  peaks  are  not 
observed  in  the  spectra  for  any  of  the  desorbed  samples,  we 
conclude  the  Nd-hydride  pha,se  in  HD  M03  desorbed  pow¬ 
der  is  a  disproportionation  product  of  the  Nd-rich  intergranu¬ 
lar  phase  and  not  of  the  Nd2Fei4B-type  phase. 

The  cocrcivity  of  of  M03  materials  arises  from  both 
the  large  IMA  of  the  Nd2Fci4B-type  phase  that  provides  ri¬ 
gidity  to  the  underlying  magnetism,  and  a  suitable  micro¬ 
structure  involving  grain  boundaries  and  intergranular  phases 
that  provide  effective  pinning  sites  for  magnetic  domain 
walls.^^  The  independent  effects  of  H  on  these  two  condi¬ 
tions  for  large  cause  the  dramatic  behavior  of  HD 
MQ3  powder  as  a  function  oiT^  shown  in  Fig,  1,  In  the  HD 
process”  the  Nd2Fei4B-type  phase  and  tlie  Nd-rich  inter¬ 
granular  phase  absorb  a  considerable  amount  of  H.  The  H 
content  can  be  estimated  from  the  total  rare-earth  (RE) 
content^'*  to  be  0.43  wt  %  for  a  molar  concentration  RE:H 
-1:2  (i.e.,  corresponding  to  RE2Fe|4BH,.  with  a:=4).  Con¬ 
versely,  with  no  H  in  the  Nd2Fei4B-type  phase  and  assuming 
that  the  intergranular  phase  disproportionates  into  REH2,  the 
H  content  estimated  from  the  amount  of  RE  exceeding 
RE2Fei4B  .stoichiometry  in  the  MQ3  alloy  is  0.074  wt  %. 
Thus,  the  measured  H  content  of  0.055  wt  %,  region  II  of 
Fig.  1,  is  consistent  with  all  the  H  desorbed  from  the 
Nd2Fei4B-type  phase  and  the  residual  H  only  in  the  inter¬ 
granular  phase.  The  profound  degrading  effect  of  H  on 
via  the  IMA  of  the  Nd2Fei4B-type  phase  is  therefore  limited 
to  low  7'c,  region  I,  and  this  result  agrees  with  our  previous 
conclusions  based  on  first  quadrant  magnetization  data  for 
these  materials.^'’ 

The  nature  of  the  hydrided  intergranular  phase  also  has  a 
profound  effect  on  .  The  intergranular  phase  H  dispropor¬ 
tionates  during  HD  and  only  degrades  slightly  for 
7'j<2H0  °C,  regions  I  and  H.  The  low  //^j  in  region  I  is  due 
only  to  the  low  IMA  of  the  hydrided  Nd2Fei4B-type  phase. 

G.  P.  Meisner  and  V.  Panchanathan 


The  microstructural  contribution  to  i.c.,  strong  domain 
wall  pinning,  remains  suitable  for  high  although  different 
from  that  of  prehydrided  MQ3  magnets.  Once  the  IMA  of  the 
Nd2Fei4B-type  phase  has  recovered  its  large  value,  region  11, 
//(•i  regains  a  high  value  of  ^10  kOe.  The  value  of  Wj.j>14 
kOe  of  the  prehydrided  MQ3  magnet  is  not  quite  achieved, 
however,  implying  that  H  disproportionated  intergranular 
phase  microstructure  is  less  effective  in  domain  wall  pinning 
tl.an  the  original  M03  inicrostructure. 

Because  of  the  broad  Nd-hydride  peak  at  32.8°  in  Figs.  2 
and  3(c),  it  is  po.ssible  that  a  H-induced  ainorphous-like 
phase  exists  in  the  intergranular  areas  below  230  °C,  regions 
I  and  II,  or  a  microcrystalline  Nd2H,-typc  phase,  which  is  a 
tetragonal  superstructure  of  the  face-centercd-cubic 
NdH2-type  phase.  Cry.stallization  of  the  disproportionated  in¬ 
tergranular  phases  occurs  above  280  °C,  region  111,  and  cor¬ 
responds  to  //el  decreasing  strongly,  some  of  the  residual  H 
desorbing,  and  the  shoulder  in  x-ray  diffraction  spectra  at 
32.8°  in  Fig.  2  shifting  and  sharpening  into  a  well-defined 
peak.  This  behavior  is  also  evident  in  the  diffraction  spectra 
of  hydrided  Nd72Fe2(i,  Fig.  3(c),  as  H  is  desorbed.  This  result 
suggests  a  microcrystalline  Nd2Hj,-lype  phase  decomposes  to 
a  well-crystallized  NdH2-type  phase,  where  the  lattice  con¬ 
stants  of  NdjHc,  0=0.54322  nm  and  c72  =0.5454  nni,^’  arc 
slightly  smaller  than  that  of  NdH2,  0=0.54678  nm.^**  Even¬ 
tually,  sufficient  H  desorbs  at  higher  temperatures  causing 
the  NdH2-type  phase  itself  to  decompose  and  react  with  the 
other  disproportionated  intergranular  phases  to  recombine 
and  form  the  a  Nd-rich  intergranular  phase  similar  to  that  of 
the  prehydrided  MQ3  alloy.  This  accounts  for  the  gradual 
recovery  of  above  475  °C,  Fig.  1,  and  the  correspond¬ 
ingly  gradual  decrease  in  H  content.  Some  of  the  degradation 
of  in  region  111  occurs  because  of  annealing  effects  on  the 
microstructure.  This  has  been  ob.servcd  for  MQ3  materials 
annealed  without  but  H  seems  to  cause  a  much 

greater  degradation  of  . 

Above  580  °C,  region  IV,  Ndll?  diffraction  peaks  arc 
absent.  Fig.  2,  H  is  completely  desorbed,  and  is  high, 
Fig.  1.  Although  is  higher  in  region  IV  than  region  1,  it 
does  not  return  to  the  prehydrided  value  of  S*l4  kOe.  We 
conclude  that  H  disproportionation  desorption  and  recombi¬ 
nation  of  the  intergranular  phase  cause  a  nunrecovciable  de¬ 
crease  in  domain  wall  pinning  strength  of  the  intergranular 
phase  relative  to  prehydrided  MQ3  magnets.  Also,  the  NdN 
contamination  indicates  a  nonrecoverable  decomposition  of 
the  Nd-rich  intergranular  phase  has  occurred  and  is  presum¬ 
ably  detrimental  to  //ti.  Finally,  the  drop  in  //(,|  at  800  °C  in 
region  IV  of  Fig.  1  is  undoubtedly  due  to  the  detrimental 
effects  of  annealing  and  grain  growth  on  the  microstructure 
of  MQ3  material  generally. 
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The  electrochemical  hydrogenation  of  NdFeB  sintered  aiioys 
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Tuscaloosa,  Alahama  35487 

The  absorption  of  hydrogen  by  NdFcB  alloys  in  aqueous  solution  has  been  investigated  using  dc 
electrochemical  methods  and  x-ray  diffraction.  Immersion  of  the  NdFcB  alloy  in  0.1  M  H2SO4 
results  in  the  formation  of  the  Nd2Fei4BH2,7  hydride  phase  as  indicated  by  x-ray  diffraction  analysis. 
The  hydrogen  entering  the  NdFeB  lattice  is  believed  to  result  from  the  preferential  acid  dissolution 
or  etching  of  the  Nd-rich  phase.  The  hydrogen  ab.sorption  and  desorption  behavior  of  sintered 
NdFcB  alloys,  (NdDy),5Fe7H  2Al(|  7B(,  and  (NdDy)|5Fef,7Co5V4Al2B7,  have  been  compared  with  that 
of  a  LaNi,  alloy  utilizing  an  electrochemical  technique.  LaNij  is  capable  of  absorbing  extremely 
high  quantities  of  hydrogen  as  a  metal  hydride.  The  level  of  hydrogen  ab.sorbcd  by  the  three  alloys 
was  compared  by  “charging"  electrodes  of  each  alloy  in  6  M  KOH  at  a  constant  cathodic  current, 
followed  by  a  constant  anodic  “discharge”  current.  An  arrest  in  the  resulting  potential  versus  time 
curve  during  discharge  indicates  the  oxidation  of  the  hydride,  i.e.,  of  absorbed  hydrogen,  formed 
during  the  cathodic  charging  process.  Re.sults  indicate  that  both  NdFcB  alloys  absorb  hydrogen  in 
aqueous  solution.  Similar  experiments  performed  on  a  set  of  samples  with  varying  total  rare-earth 
(TRE)  content  showed  that  the  amount  of  hydrogen  absorbed  is  proportional  toTRE  content.  Anodic 
potcntiodynamic  polarization  after  charging  shows  that  the  corrosion  rate  increases  as  the  level  of 
absorbed  hydrogen  increases. 


I.  INTRODUCTION 

The  magnetic  properties  of  NdFeB  and  similar  alloys  arc 
significantly  affected  by  the  hydrogen  absorption  of  the 
Nd2Fei4B  phase.'  Therefore  tin  understanding  of  the  hy¬ 
drogen  absorption  behavior  of  NdFeB  materials  is  important. 
Cast  NdFcB  alloy  can  absorb  significant  amounts  of  hydro¬ 
gen  relatively  easily  at  room  temperature  even  at  hydrogen 
pressures  as  low  as  1  bar.**  The  reactive  nature  of  the  NdFcB 
alloy  with  respect  to  hydrogen  has  also  been  attributed  to  the 
presence  of  the  neodymium-rich  phase  at  the  grain  bound¬ 
aries,  and  the  amount  of  hydrogen  ab.sorbcd  by  the  NdFcB 
alloys  increases  with  rare-earth  content.''  It  has  also  been 
suggested  that  the  poor  corrosion  resistance  of  the  .sintered 
NdFeB  alloys  is  due,  at  least  in  part,  to  the  presence  of  the 
Nd-rich  phase.*’’’  However,  until  now  a  correlation  between 
hydrogen  absorption  and  corrosion  behavior  of  the  sintered 
NdFeB  alloys  has  not  been  demonstrated. 

The  preferential  dissolution  of  the  Nd-rich  phase  in  the 
grain  boundaries  in  acidic  solutions,  due  to  its  lower  electro¬ 
chemical  potential  with  respect  to  the  Nd2Fei4B  phase,’  re¬ 
sults  in  the  simultaneous  evolution  of  hydrogen.  Results  pre¬ 
sented  in  this  work  suggest  that  part  of  this  hydrogen  is 
absorbed  by  the  Nd2Fe|4B  matrix,  producing  a  lattice  expan¬ 
sion  of  the  Nd2Fe,4B  unit  cell  which  can  be  measured  by 
x-ray  diffraction  analysis.** 

Hydrogen  absorption  of  similar  rare-earth  matcritils,  e.g., 
LaNis,'*’'**  have  been  widely  examined  using  an  electro¬ 
chemical  charge/discharge  technique.  The  method  involves 
the  application  of  a  constant  (galvanoslatic)  cathodic  current 
resulting  in  hydrogen  evolution,  a  portion  of  which  forms  a 
metal  hydride.  Stored  hydrogen  can  then  be  removed  by  re¬ 
versing  the  current  flow.  This  reaction  can  be  represented  by 
the  redox  equation 

M  +  a:H20  +  xe  ^  MH,  -t-  aOH  , 


where  x  represents  the  number  of  hydrogen  atoms  absorbed 
by  the  alloy  and  MH,.  is  the  hydride  phase  of  the  alloy.  A  plot 
of  the  potential  versus  time  during  discharge  shows  an  arrest 
(a  region  of  constant  potential)  characteristic  of  materials 
which  absorb  hydrogen  and  which  represents  the  oxidation 
of  the  hydride.  The  charge  pu.ssed  during  this  arrest  is  a  mea¬ 
sure  of  the  hydrogen  absorbed.'*' 

This  technique  has  been  used  to  examine  the  tendency  of 
NdFcB  alloys  to  absorb  hydrogen  from  aqueous  solution,  to 
compare  NdFcB  with  the  known  behavior  of  LaNi,,  and  to 
exanrine  its  potential  effect  on  the  corrosion  behavior  of 
NdFeB.  Results  presented  here  show  that  the  corrosion 
mechanusm  of  NdFer3  must  involve  hydrogen  and  thal  ab¬ 
sorbed  hydrogen  has  a  detrimental  effect  on  trorrosion  resis¬ 
tance. 

II.  EXPERIMENTAL  MATERIALS  AND  TECHNIQUES 

Four  types  of  mateiials  were  utilized  in  this  investiga¬ 
tion,  as  follows:  (1)  (NdDy)|^Fe7x,3Al||  yB,,,  in  both  powder 
and  sintered  form,  subsequently  referred  to  as  NdFeB  alloy, 
(2)  (NdDy)|5Fe,,7CosV4Al2B7  in  both  powder  and  sintered 
form,  subsequently  referred  to  as  NdFeB-Co-V  alloy,  (3)  cast 
UrNi,,  containing  about  t).  14  wt  %  of  a  catalyst,  and  (4)  a  set 
of  four  sintered  NdFeB  alloys,  similar  to  those  in  (I),  but 
with  varying  total  rare-earth  (TRE)  content  (29,  31,  33,  and 
37  wt  %).  All  samples  were  .supplied  by  Rhone  Poulenc  Ba¬ 
sic  Chemicals  Co.  A  Rigaku  D/Max-2BX  x-ray  diffracto¬ 
meter  with  C'u  K,,  radiation  was  used  for  structure  determi¬ 
nations  of  NdFeB  powders  before  and  after  etching  in  0.1  M 
H.SO4.  A  Nikon  optical  microscope  with  image  analysis  sys¬ 
tem  was  used  for  microstructural  observations,  dc  electro¬ 
chemical  techniques  were  performed  using  an  EG&G  model 
273 A  potentiostat,  and  a  three  electrode  glass  cell.  Working 
electrodes  were  prepared  using  samples  of  the  sintered  or 
cast  materials  described  above.  The  reference  electrode  was 
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FIG.  1.  X-ray  diffraction  patterns  for  (NdDyjuFci^  jAlnjB,,  powders  before 
and  after  etching  in  0.1  M  MnS04. 


FKi.  2.  Galvanostiitic  charge/dischiirge  data  for  NdFcB,  NdlcB-C'o-V,  and 
LaNi,  alloys  in  b  M  KOI  I. 


saturated  calomel,  and  the  countcrclectrode  was  Pt.  The  a  M 
KOH  electrolyte  was  purged  with  nitrogen  for  at  least  I  h 
prior  to  each  experiment.  The  working  electrode  was  pol¬ 
ished  to  600  grit,  rinsed,  dried,  immer.scd  in  the  electrolyte, 
and  the  open  circuit  or  rest  potential  allowed  to  equilibrate 
for  at  least  1  h.  Current  densities  were  obtained  by  dividing 
measured  current  by  the  geometric  cross-sectional  area. 

111.  RESULTS 

A.  Hydrogen  absorption  from  aqueous  solution 

Upon  immersion  of  the  NdFcB  alloy  powder  (38-53  /tm 
diameter)  in  0.1  M  sulfuric  acid  solution,  gas  evolution  was 
observed  to  occur.  After  filtering,  the  powders  were  thor¬ 
oughly  rinsed  with  distilled  water,  and  dried  in  a  dcssicalor 
for  24  h.  Dry  powders  were  then  pressed  into  pellets  for 
x-ray  diffraction  analysis.  Figure  1  shows  x-ray  diffraction 
data  of  NdFeB  alloy  powders  after  immersion  in  H2SO4  for  1 
and  10  min.  For  comparison,  patterns  arc  also  included  for 
as-received  powder  and  Nd2Fe|4B,  As  can  be  seen,  the  pat¬ 
terns  are  similar  but  show  a  distinct  shift  toward  smaller 
diffraction  angles  as  etching  time  increases.  This  shift  reveals 
that  the  overall  tetragonal  structure  of  the  NdFeB  is  retained 
but  with  measurably  larger  lattice  parameters.  Lattice  con¬ 
stants  were  calculated  from  the  x-ray  data  and  are  presented 
in  Table  1.  Results  indicate  that  the  amount  of  hydrogen  ab¬ 
sorbed  oy  the  NdFeB  powder  increases  in  the  first  minute, 
rapidly  achieving  “saturation”  and  relatively  constant  a-  and 
c-axis  lattice  parameters.  The  changes  in  total  volume  during 
the  etching  process  for  as-received  and  hydrided  NdFeB  al¬ 
loys  are  in  good  agreement  with  those  reported  by 


TABIX  1.  Cry.stallogriipliic  data  for  NdFcB  alloy.s  and  their  hydrides. 


Compounds 

a  (A) 

c  (A) 

V  (A’) 

A  VIV  {%) 

(NdDy),5Fc™„,Al„,7B„ 

8.80 

12.29 

951 

(NdDy),5Fc„,3Al„,7B„tl4 

8.94 

12.39 

990 

4.1 

Nd^FcuB  (Ref,  13) 

8.79 

12.17 

94(1 

Nd2Fc,4BH27  (Ref.  13) 

8.93 

12.3f) 

985 

4.8 

Oesterrcicher.''^  Based  on  these  results  the  hydride  phase 
formed  after  etching  in  (1.1  M  H2SO,i  is  close  to 
Nd2Fc,4BH2,7. 

B.  Electrochemical  absorption/desorption  of 
hydrogen 

The  rclationsh.p  between  the  charge/discharge  process 
for  the  sintered  NdFcB  and  LaNi,  alloy.s  was  compared  using 
the  galvanostatic  charge/discharge  technique.  Samples  were 
charged  for  5  h  at  a  constant  cathodic  current  of  -0,5  mA, 
immediately  followed  within  30  s  by  the  application  of  a  0.5 
mA  constant  anodic  current  until  the  sample  was  fully  dis¬ 
charged  as  indicated  by  an  increase  in  potential  to  about  0.45 
V.  Additional  cycles  were  obtained  by  repeating  the  process. 
Experimental  results  for  the  first  cycle  of  the  NdFeB, 
NdFeB-Co-V,  and  LaNi^  alloys  are  shown  in  Fig.  2.  The 
lengthy  arrest  in  potential  of  the  LaNis  alloy  at  -1.0  V  is 
characteristic  of  the  discharge  of  stored  hydrogen  and  is  the 
basis  for  the  proposed  use  of  this  material  in  metal  hydride 
batteries.''*  By  comparison,  lire  NdFcB  and  NdFcB-Co-V  al¬ 
loys  also  show  evidence  of  hydrogen  absorption,  though  to  a 
lesser  degree  than  LuNi5  in  this  measurement. 

C.  Effect  of  total  rare-earth  content 

Since  previous  researchers  have  shown  that  hydrogen 
absorption  increases  with  TRE’  and  have  suggested  a  con¬ 
nection  between  TRE  and  corrosion  resistance,'’  this  effect 
has  also  been  investigated.  Results  of  the.  microstructural  ex¬ 
amination  and  image  analysis  of  a  set  of  samples  with  vary- 


lABLE  II.  The  volume  fraelion  and  the  average  grain  size  of  the  Nd2  Fe,4B 
phase  for  sintered  NdFeB  alloys  with  varying  TRE. 


TRE 
(wt  %) 

TRE 

(al.%) 

Vol.  fraction  of  the 
Nd,Fe|.|B  phase 

Avg.  of  grain  size  of 
the  Nd.FeuB  phase 

29.(1 

0.83 

25.().t9.5  /um 

31.0 

0,79 

19.5±5.8  /zm 

33.0 

15.2 

0.77 

18.5  ±5.8  /xm 

37.0 

0.73 

15.8±4,8  zini 
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FIG.  3.  Potential  v.s  time  for  sintered  NdP'eB  (20  and  ,37  wt  %  TRE)  during 
anodic  discharge  (1  niA)  in  h  M  KOH  with  and  without  prior  cathodic 
charging. 

ing  TRE  (29,  31,  33,  and  37  wt  %)  after  polishing  to  0.05 
/i.m  and  a  10  s  etch  in  10%  nita!  arc  given  in  Table  II.  As 
expected,  the  volume  fraction  of  the  Nd2Fe|4B  phase  de¬ 
creases  with  TRE,  corresponding  to  an  increase  in  the  Nd- 
rich  grain-boundary  phase.^  A  slight  decrease  in  grain  size  of 
the  Nd2Fe|4B  matrix  with  increasing  TRE  was  also  observed. 

These  samples  were  also  subjected  to  a  charge/discharge 
process.  Charging  was  accomplished  with  a  cathodic  current 
of  -1.0  mA  for  30  min,  followed  by  discharging  v/ith  an 
anodic  current  of  1.0  mA.  The  potential  during  discharge  was 
measured  and  results  are  shown  in  Fig.  3  for  sintered  NdFeB 
alloys  with  29  and  37  wt  %  TRE,  respectively.  For  compari¬ 
son  data  are  also  shown  for  the  same  samples  but  without 
prior  cathodic  charging.  Interestingly,  the  samples  without 
cathodic  charging  show  some  evidence  of  a  discharge  pro¬ 
cess,  which  likely  indicates  the  presence  of  a  small  amount 
of  absorbed  hydrogen  even  in  the  as-received  state.  Figure  3 
also  shows  a  clear  increase  in  hydrogen  absorption  with  in¬ 
creasing  TRE.  Over  the  range  of  TRE  contents  examined,  the 
increase  in  hydrogen  absorbed  is  roughly  linear  with  TRE. 

D.  ENect  of  hydride  formation  on  anodic  polarization 

Anodic  potentlodynamic  polarization  curves  were  also 
measured  for  the  four  alloys  with  varying  TRE  before  and 
immediately  after  the  charge/discharge  process.  Results  for 
the  37  wt  %  TRE  alloy  are  shown  in  Fig.  4;  behavior  of  the 
other  samples  was  generally  the  same.  Three  curves  are 
shown  in  Fig.  4:  (1)  as-received,  without  charging  or  dis¬ 
charging,  (2)  with  charging  only  but  without  anodic  dis¬ 
charging,  and  (3)  with  charging  and  discharging.  As  can  be 
seen,  after  a  complete  charge/discharge  cycle  the  observed 
current  at  low  applied  potentials  is  significantly  higher  than 
that  of  the  as-received  sample.  This  suggests  that  the  corro¬ 
sion  resistance  of  the  sintered  NdFeB  alloys  is  degraded 
upon  absorbing  and  desorbing  hydrogen. 

IV.  CONCLUSIONS 

(1)  The  (NdDy)i5Fe7)j3Al,)7Bf,  powder  has  been  shown 
to  absorb  hydrogen  upon  exposure  to  0.1  M  H2SO4.  Based 
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FIG.  4.  Anodic  polarizulion  curves  for  sintered  NdFeB  (.37  wt  %  TRE)  in  6 
M  KOH;  scan  rate =2  mV/s, 


on  the  change  in  lattice  constants  the  level  of  hydrogen  ab¬ 
sorbed  corresponds  fairly  closely  to  an  overall  composition 
of  Nd2Fe|4BH2,7. 

(2)  This  study  clearly  shows  that  the  sintered  NdFeB  and 
NdFeB-Co-V  alloys  both  absorb  hydrogen  during  the  appli¬ 
cation  of  a  cathodic  current.  Furthermore,  these  results  sug¬ 
gest  that  the  amount  of  hydrogen  absorbed  increases  with 
increasing  TRE  as  has  been  suggested  by  Scholz.* 

(3)  A  compari.son  of  anodic  potentiodynamic  polariza¬ 
tion  on  samples  before  charging,  after  charging,  and  after 
complete  discharging  shows  that  the  corrosion  resistance  of 
the  sintered  NdFeB  alloys  is  degraded  upon  absorbing  and 
desorbing  hydrogen. 
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For  sintered  permanent  magnets  based  on  Nd2Fei4B  having  magnetically  oriented  crystallites,  a 
simple  method  of  measuring  the  degree  of  alignment  by  x-ray  diffraction  is  described,  using  the 
inverse  pole  figure  technique.  The  results  are  related  to  a  distribution  function  for  the  easy  axis 
which  is  a  direct  measure  of  remanence.  The  fraction  of  the  ideal  [001]  texture  component  in  both 
Nd-Fe-B  and  Nd,Dy-Fe,Co-B  magnets  is  enhanced  by  doping  with  oxygen,  resulting  in  a 
measurable  increase  in  remanence  and  improved  loop  squareness.  The  observed  increase  of  the 
intrinsic  coercivity  with  better  crystallite  orientation  is  also  discussed. 


I.  INTRODUCTION 

The  remanence  in  sintered  permanent  magnets  based  on 
the  phase  Nd2Fei4B  is  maximized  by  aligning  the  powdered 
particles  of  the  magnet  alloy  in  a  magnetic  field  before  prcs.s- 
ing.  While  this  results  in  a  large  fraction  of  crystallites  with 
the  easy  axis  in  or  near  the  Held  direction,  the  orientation  is 
never  perfect.  The  purpose  of  this  study  is  twofold;  (i)  to 
describe  a  simple  method  of  measuring  the  degree  of  align¬ 
ment  and  relate  it  to  the  remanence  and  (ii)  to  report  ti 
method  of  enhancing  the  fraction  of  the  ideal  [1)01]  texture 
component  by  doping  with  oxygen.  In  particular,  it  will  be 
shown  what  improvement  in  the  remanence  can  be  expected 
when  the  easy  axis  lies  within  a  cone  described  by  an  orien¬ 
tation  distribution  of  a  given  angular  width.  The  effect  of 
orientation  on  the  intrinsic  coercivity  will  also  be  dis- 
cu.sscd. 

II.  TEXTURE 

The  methods  of  quantitatively  assessing  the  crystal  ori¬ 
entation  in  a  sintered  magnet  arc  essentially  twofold;  (i)  The 
intensity  of  an  x-ray  reflection  corresponding  to  the  easy 
axis,  i.e.,  (00/)  for  Nd-Fe-B  magnets,  is  measured  directly 
as  the  magnet  axis  is  tilted  out  of  the  reference  orientation, 
the  normal  to  the  magnet  surface.  The  angle  at  which  the 
intensity  drops  to  1/2  is  a  measure  of  the  textural  quality.  A 
way  of  doing  this  by  using  a  pole  figure  device  for  full  ori¬ 
entation  has  been  described  by  Chang  ct  al. '  A  simpler  modi¬ 
fication  of  this  technique  utilizes  the  decoupled  0  scan  for  an 
(00/)  reflection  and  describes  a  line  through  a  p.:lc  figure 
which  is  assumed  to  be  that  of  a  fiber  texture.^  Again,  the 
width  of  tilt  at  half  maximum  is  a  measure  of  texture,  (ii)  A 
specimen  with  the  reflecting  surface  normal  to  the  magnet 
axis  is  subjected  to  a  standard  Bragg  20  scan.  In  an  aniso¬ 
tropic  magnet  only  reflections  with  low  (,lt,k)  and  high  (/), 
including  (00/),  are  observed.  Then  the  orientation  is  de¬ 
rived  from  the  known  angles  between  the  observed  {hkl) 
and  (00/),  or  their  poles,  and  the  orientation  distribution  is 
derived  by  comparing  their  intensities  to  the  corresponding 
intensities  in  a  specimen  with  random  orientation  of  the  crys¬ 
tallites.  Meisner  and  Brewer^  have  performed  a  more  sophis¬ 


ticated  analysis  in  which  two  reference  directions  arc  used. 
They  have  also  shown  that  calculated  powder  intensities  arc 
in  good  agreement  with  those  measured  on  a  random  powder 
sample  of  Nd-Fc-B,  and  our  analysis  will  use  the  former. 
This  method  has  been  described  by  Tenaud  ct  ul^  and  used 
by  Kawai  et  al.^  in  connection  with  axial  to  conical  spin 
reorientation  in  Nd-Fe-B.  The  technique  has  been  known  to 
metallurgists  for  .some  time  as  the  “inverse  pole  figure" 
method.'’'^  It  uses  a  single  reference  direction  (the  axis  of  the 
anisotropic  magnet),  which  is  assumed  to  bo  the  direction  of 
the  scattering  vector.  In  the  present  study,  the  fraction  of 
(()()/)  in  a  direction  tilted  by  a  given  angle  from  the  scatter¬ 
ing  vector  is  determined  from  the  set  of  available  (hkl)  and 
is  used  to  determine  the  cause  of  remanence  enhancement 
resulting  from  the  addition  of  oxygen  under  otherwise  equal 
experimental  conditions.  It  should  be  pointed  out  that  the 
texture  difference  between  specimens  observed  here  can  be 
seen  by  visual  inspection  of  a  pair  of  diffraction  patterns.  The 
goal  is  to  make  this  observation  more  quantitative  and,  spe¬ 
cifically,  to  determine  whether  the  improvement  in  rema- 
nenee  can  be  accounted  for  by  the  sharpening  of  the  texture. 
As  for  the  distribution  function  u.sed  in  Sec,  IV,  it  has  not 
been  suggested  previously  but  has  the  advantage  of  math¬ 
ematical  simplicity. 

III.  EXPERIMENT 

Sintered  magnets  were  prepared  with  two  compositions, 
in  wl%,  3().5Nd,  2.5Dy,  63.4Fc,  2.5Co,  I.IB  (in  at.  % 
14.()Nd,  l.ODy,  7.5.4Fe,  2.8Co,  6.8B)  referred  to  as  A  and  B 
and  32.5Nd,  66.4Fe,  I.IB  (M.^Nd,  78.4Nd,  6,7B),  .rpeci- 
mens  C  and  D.  Of  each  composition  one  batch  (A  and  C) 
was  prepared  by  conventional  methods,  employing  rigid  tool 
compaction  of  the  powder,  and  another  batch  (B  and  D)  was 
subjected  to  additional  oxygen  pickup  during  powder  pro¬ 
cessing  prior  to  pressing.  The  final  oxygen  analyses  of  the 
magnets  (in  wt  %)  were;  A  (0.22),  B  (0.50),  C  (0.24),  D 
(0.41).  The  method  of  adding  oxygen  was  apparently  not 
critical  to  its  effect  on  grain  orientation  and  it  could  be  in¬ 
troduced  during  jet  milling  or  following  milling.  The  hyster¬ 
esis  loops  were  measured  on  a  hysteresisgraph,  indepen¬ 
dently  at  both  laboratories.  The  x-ray  diffraction  patterns 
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TABLE  I,  Ratio  ./,/7,  of  rcmancncc  to  saturation  polarization  for  orientation 
distributions  /(0)=cos"'  0  liavini;  cone  angle  width  fl',,,,  at  /(fl)=  1/2. 
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were  taken  on  a  standard  diffractometer  {Cu  Ka  radiation). 
The  specimen  surface  that  was  perpendicular  to  the  magnet 
axis  was  plaeed  in  the  Bragg  reflecting  orientation  to  provide 
a  measure  of  the  deviation  from  the  ideal  grain  orientation. 
No  useful  intensities  arc  obtained  unless  the  samples  are 
inctallographically  polished  to  remove  the  surface  layer  dis¬ 
turbed  by  grinding  (it  is  known  that  the  2-14-1  phase  can 
undergo  plastic  deformation”).  The  intensities  of  the  six 
prominent  reflections  were  normalized  to  calculated  intensi¬ 
ties  for  a  random  orientation  of  the  crystallites  following  the 
procedure  for  obtaining  inverse  pole  figures.'’'’ 

iV.  ORIENTATION  AND  REMANENCE 

If  the  magnet  were  a  single  crystal,  or  had  an  ideal  grain 
orientation  with  the  easy  axis  normal  to  the  surface,  the  dif¬ 
fraction  pattern  would  show  only  retlcctions  (00/)  with  even 
values  of  /,  namely  (004)  and  (000)  in  the  range  investigated 
(Bragg  26^50°).  Because  of  the  imperfect  orientation,  addi¬ 
tional  reflections  having  low  (li,k)  and  high  /  are  observed 
and  permit  the  assessment  of  the  preferred  orientation.  In  a 
cylindrical  magnet  the  crystal  orientation  represents  a  fiber 
texture  with  the  magnet  axis  as  the  fiber  axis.  For  a  given 
(hkl)  the  corresponding  tetragonal  c  axis  (001)  lies  on  a 
cone  with  half-angle  0,  where  0  is  now  the  colatitude  in 
spherical  polar  coordinates.  Therefore  the  observation  of  re¬ 
flections  having  high  /  that  arc  aligned  with  the  magnet  axis 
contain  information  on  the  distribution  of  the  (001)  poles. 
This  is  necessarily  so  because  in  the  tetragonal  system  there 
exi.sts  one  and  only  one  off-axis  (001)  pole  for  every  pole 
{hkl)  that  is  in  line  with  the  magnet  axis. 

The  distribution  of  (001)  poles  can  be  modeled  to  de¬ 
scribe  the  impact  of  misorientation  on  the  remunence.  In  the 
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FIG.  I.  Hypolliuticul  and  cxpuriincntiil  distribution  ot  lutrugonal  (001) 
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range  (X/M'7r/2,  let  this  distribution  be  f{0).  Then  the  num¬ 
ber  of  poles  in  a  ring  of  width  dO  on  the  surface  of  a  unit 
sphere  is  27r/((’/)sin  OdO.  The  contribution  of  these  poles  to 
the  magnetization  in  the  direction  of  the  magnet  axis  is  ob¬ 
tained  by  multiplying  with  cos  0.  It  follows  directly  that  the 
ratio  of  remancnce  to  saturation  polarization  for  an  assumed 
square  hysteresis  loop  must  be 

//cos  l/dfJ 

0dir~  ’ 

where  the  denominator  serves  to  normalize  the  expression  to 
a  constant  total  number  of  poles  ih  the  hemisphere.  A  useful 
distribution  function  is  cos"'  (I  because  for  it  the  integrals 
have  simple  .solutions  so  that  the  ratio  J^/Jx  takes  on  the 
form  (wi-t- l)/(/M -(-2).  It  is  immediately  obvious  that  for 
m  =  (K  (familiar  result  for  random  orientation) 

and  for  /«— *•»,./ 1  (delta  function,  perfect  orientation). 
Table  1  gives  some  examples  for  various  orientation 

distributions  f{0)  characterized  by  the  cone  angle  at  half 
maximum  (/—  1/2),  It  shows  the  improvement  in  remancnce 
that  can  be  expected  from  sharpening  the  orientation.  For 
example,  when  the  cone  angle  is  decreased  from  18°  to  ^,5°, 
Jr/J.x  increases  by  4.6%.  A  corresponding  set  of  plots  of 
f{0)~cos"‘  0  is  shown  in  Fig.  1;  the  significance  of  the  data 
points  is  discussed  in  the  next  section. 


TABt.B  II.  Observed  rufluclioiis  with  low  {h,k)  and  high  I  showing  (i)  uiilcuhitud  intuositics  for  a  random 
oriuiilation,  nurmulizud  to  ///„-ltl()  for  the  .strongest  relkclioii  (14(1),  (ii)  angles  between  (hkl)  and  (Dill) 
poles,  and  (lii)  expcrinicniul  intensities  treated  as  inverse  pole  figure  data. 
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FIG.  2.  Hysteresis  loops  of  undoped  (A  and  C)  and  oxygen-doped  (U  and  D) 
sintered  magnets. 

V.  EXPERIMENTAL  RESULTS 

The  intensities  as  proce.ssccl  for  an  inverse  pole  figure 
are  proportional  to  the  volume  fraction  of  grains  v.'ith  (likl) 
poles  in  the  direction  of  the  magnet  axis  and,  conversely,  to 
the  volume  fraction  of  (001)  poles  in  a  direction  tilted  away 
from  the  axis  by  0.  Therefore  they  can  be  plotted  directly 
over  the  distributions  of  Fig,  1,  Table  11  shows  the  angle  Ohy 
which  the  easy  axis  [00 1  ]  is  tilted  against  the  magnet  axis  for 
a  given  (hkl),  It  is  derived  from  tg^0={cla)^(li^  +  k^)/l^, 
and  obviously  the  higher  the  {li,k)  and  the  lower  the  /,  the 
larger  6  will  be.  Table  il  also  contain.s  information  on  the 
four  test  specimens  A,  13,  C,  D;  calculated  intensities  for  a 
powder  pattern‘d  with  a  random  orientation  of  the  crystallites 
and  inverse  pole  figure  intensities  normalized  by  setting  a 
weighted  average  intensity  of  (004)  and  (006)  equal  to  1 ,  The 
reduction  in  the  non-(00/)  reflections  by  going  from  A  to  B 
and  from  C  to  D  is  evident.  It  is  also  seen  that  the  particle 
alignment  in  the  Co-,  Dy-containing  magnets  A  and  B  is 
superior  to  that  in  the  simpler  ternaries.  The  reduced  inten¬ 
sities  in  Table  II  represent  a  distribution  for  which  the  data 
points  are  plotted  in  Fig.  1.  It  is  obvious  from  Fig.  1  that  the 
experimental  data  show  considerable  scatter  and  do  not  fol¬ 
low  the  cos"'  0  distribution  clo.scly  (nor  do  they  fit  a  Gauss¬ 
ian  distribution  function)  but  tend  to  have  steeper  hanks. 
Nevertheless,  the  trend  is  clear:  untreated  specimens  A  and  C 
have  a  broader  orientation  distribution  than  the  correspond¬ 
ing  oxygen-treated  specimens  B  and  D.  Fitting  the  data  to  the 
curves  allows  a  rough  e.stimate  of  the  expected  improvement 
in  remanence  A-*B  and  C--*D,  namely,  3.6%  and  3.9%,  re¬ 
spectively.  The  corresponding  experimental  increments  are 
4.2%  and  4.7%.  Supporting  magnetization  curves  are  shown 
in  Fig.  2.  The  improvement  in  loop  squareness  in  the 
oxygen-doped  magnets  B  and  D  is  evident. 

VI.  COERCIVITY 

The  coercivity  is  also  affected  by  the  oxygen  treatment 
that  causes  the  sharpening  of  the  orientation.  In  the  Co-, 
Dy-containing  specimens  A  and  B,  one  sees  a  concomitant 
increase  in  ,7/,,  that  is  intuitively  plausible  from  the  orienta¬ 
tion  effect  in  the  Stoner-Wohlfarth  theory  for  a  single¬ 


domain  particle.  The  detailed  model  of  Schrefl  el  al. de¬ 
scribing  the  reduction  of  the  nucleation  field  for  reversed 
domains  al  the  grain  boundaries  of  Nd2Fe,4B  also  predicts 
this  orientation  effect  for  coercivity.  The  crossing  of  the 
magnetization  curves  C  and  D  in  Fig,  2  is  contrary  to  this 
behavior  so  that  the  curve  with  the  higher  remanence  and  the 
better  alignment  now  has  the  lower  intrinsic  coercivity.  Un¬ 
like  the  pair  A  and  B,  magnets  C  and  D  apparently  have  an 
orientation  dependence  of  the  critical  field  for  magnetization 
reversal  that  docs  not  decrease  with  the  loss  of  alignment.  It 
has  to  be  conceded  that  the  influence  of  oxygen  on  coercivity 
may  well  be  a  more  complex  one  and  simply  results  from 
changes  in  the  “grain  boundary  phase,"  which  is  known  to 
be  fee  rather  than  hexagonal  in  many  magnets,  an  effect  that 
has  long  been  attributed  to  the  oxygen  impurity,  see  e.g., 
Yang  et  al.  ‘  ‘ 

Vll.  CONCLUSIONS 

It  has  been  shown  that  by  using  a  simple  powder  diffrac¬ 
tometer  technique,  information  on  grain  alignment  in  sin¬ 
tered  magnets  can  be  obtained  without  resorting  to  a  full  pole 
figure  determination.  The  trend  cf  permanent  magnet  prop¬ 
erties  found  in  the  Co-,  Dy-con!aining  magnets  is  already 
present  in  Stoner-Wohlfarth  theory  for  single-domain  par¬ 
ticles.  For  it  the  remanence  goes  with  cos  0,  and  both 
remanence  and  coercivity  decrea.se  together  when  the  orien¬ 
tation  deviates  from  tf=().  Therefore  it  is  plausible  that  the 
remanence  enhancement  resulting  from  the  oxygen  treatment 
is  an  orientation  effect,  and  the  x-ray  diffraction  data  support 
this  interpretation.  To  what  should  the  observed  ability  of  the 
oxygen-treated  magnets  to  show  improved  orientation  be  at¬ 
tributed?  This  cun  only  be  speculated,  but  it  appears  to  be 
based  on  the  ability  of  the  powder  particles  to  better  maintain 
their  magnetic  orientation  in  the  pressing  operation.  This 
might  be  loo.sely  described  as  a  reduction  in  friction  between 
the  particles  that  results  from  the  oxygen  treatment  of  the 
powder.  It  is  remarkable  that  the  ability  of  the  powders  to 
retain  their  orientation  during  pressing  is  so  sensitive  to  alloy 
chcmi.stry,  as  seen  not  only  in  the  effect  of  oxygen  doping 
but  also  in  the  difference  between  the  alloys  containing  Co 
and  Dy  and  the  simpler  ternary  alloys, 
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The  singular  point  detection  (SPD)  technique  as  well  as  a  least-mean-square  procedure  of  fitting  trial 
texture  functions  to  demagnetization  curves  (DMC)  were  applied  in  order  to  determine  the 
orientation  density  of  the  tetragonal  axes  of  the  Nd2Fei4B  crystallites  in  sintered  Nd-Fe-B  magnets 
with  different  degrees  of  grain  alignment.  Both  methods  are  less  complicated  than  calculating  the 
texture  function  from  x-ray-diffraction  data.  The  orientation  densities  obtained  by  both  methods 
agree  fairly.  Analytically,  they  can  be  described  as  a  Gaussian  or  a  sum  of  cosine-power  functions 
of  the  angle  between  the  local  tetragonal  axis  and  the  texture  axis.  This  agreement  is  a  test  for  the 
DMC  method  which  can  also  be  used  for  materials  showing  much  larger  anisotropy  fields  than  the 
maximum  available  measuring  field.  The  SPD  and  DMC  methods  can  also  be  applied  to  measure  the 
temperature  dependence  of  the  anisotropy  field  of  fhe  magnetic  main  phase  in  noncompletely 
textured  polycrystalline  materials.  By  means  of  the  DMC  method  additionally  the  spontaneous 
polarization  y,.  as  well  as  the  anisotropy  constants  K^  and  Af,  can  be  determined.  As  expected,  the 
values  of  of  our  sintered  Nd-Fe-B  samples,  measured  up  to  140  °C,  are  nearly  independert  of 
the  degree  of  texture  and  are  in  agreement  with  those  reported  in  literature.  This  confirms  that  SPD 
as  well  as  DMC  can  be  used  to  measure  intrinsic  magnetic  properties  for  materials  which  can  nardly 
be  prepared  as  single  crystals,  such  as  interstitial  compounds  made  by  gas-solid  reactions. 


I.  INTRODUCTION 

In  typical  modern  permanent  magnet  materials  such  as 
sintered  Nd-Fe-B  the  magnetic  main  phase  is  crystallo- 
graphically  uniaxial  and  the  crystal  c  axis  is  a  magnetically 
easy  one.  The  orientation  density  of  the  easy  axis  is  rotation- 
ally  symmetric  in  a  good  approximation  and  can  be  dc- 
.scribed  by  a  texture  function  f(a),  normalized  by 


where  a  is  the  angle  between  the  local  easy  axis  and  the 
texture  axis.'  The  classical  procedure  to  calculate  f{a)  from 
an  adequate  set  of  x-ray-diffraction  data^  is  expensive.  Alter¬ 
native  methods,  based  on  magnetic  measurements,  have  been 
reported. The  angular  dependence  of  remanence  induc¬ 
tion  Bf  can  be  used,  as  described  in  Ref.  1,  if  B,.  is  controlled 
by  rotational  demagnetization  processes  only.  Unfortunately, 
the  remanence  of  nucleation  controlled  materials  such  as  sin¬ 
tered  Nd-Fe-B  or  Zn-bonded  Sm2Fe|.;N;,  is  affected  by  the 
presence  of  domains  in  the  grains  of  the  sample  surface.  This 
difficulty  is  avoided  by  the  singular  point  detection  (SPD) 
technique''  which  was  applied  to  texture  analysis  in  Ref.  3,  In 
fact,  by  this  method  one  detects  a  sharp  peak  in  the  second 
derivative  d^j/dH^  of  the  polarization  J  versus  the  applied 
magnetic  field  H,  exactly  located  at  the  anisotropy  field  . 
The  amplitude  of  the  peak  is  proportional  to  the  volume 
fraction  of  crystallites  oriented  with  their  easy  axes  perpen¬ 
dicular  to  H.  In  Ref.  4  the  width  of  a  Gaussian  density, 


/(a)~exp( -a“/2f/^),  (2) 

was  fitted  to  major  demagnetization  curves  in  the  first  quad¬ 
rant  of  the  J-W  plane,  where  H  is  the  applied  field  corrected 
for  demagnetization  effects.  Additionally,  this  fitting  proce¬ 
dure  yields  the  anisotropy  constants  K^,  K2  and  the  sponta¬ 
neous  polarization  (if  the  volume  fraction  of  the  main 
phase  is  known)  and  works  even  for  measuring  fields  H  con¬ 
siderably  smaller  than  Hj^  =  (2K^  +  4K2)IJ,,  •  It  was  success¬ 
fully  applied  to  bonded  Sm2Fe|7N,''’'’  and  sintered  Nd-Fe-B.’ 

Fitting  parameters  such  as  from  Eq.  (2)  are  texture 
parameters  summarizing  the  information  included  in  f{a). 


l''Ki.  I .  SIT)  peak  ampiiiuik-  (<(  y)  ol  the  sink-rcil  Nd|,,l'e7„IJ,,  sample  A2  anil 
ics  filled  lexliire  rimctiim  ){n)  (I.IOd  1 11.34  ei)s“  11 1  (1.22  cii.s’"  rt. 
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Intsrnal  field  hqH  (T) 

FIG.  2.  Demagnelizalion  curves  of  the  sintered  NdifiFc^^D,,  samples  A1-A4 
with  different  deg..es  of  texture,  measured  at  7'=2n“C,  parallel  (1|)  and 
perpendicular  (1)  to  ‘he  texture  axis.  The  solid  lines  arc  fitted  demasnetiza- 
tian  c;.tvcs  based  on  the  trial  texture  function  from  tZq.  (2). 

The  definition  of  a  texture  parameter  may  also  be  indepen¬ 
dent  of  the  special  type  of  fia),  as  in  the  case  of  the  standard 
deviation  c,  which  is  given  by 

_  f  -nn 

0-2=  jj,2_  gjj^  Q,  f{a)cr.  (3) 

Jo 

II.  EXPERIMENTAL  AND  THEORETICAL  METHODS 

Sintered  Nd,f,Fe7sB(,  magnets  v.'ere  prepared  in  the  usual 
pr.wdv’.  metalliiigical  way.^  To  obtam  four  samples  A1-A4 
•»  'lilt  different  degrees  of  texture,  various  value.s  of  the  mag¬ 
netic  field  were  used  during  the  compacting  process.  Mag¬ 
netic  properties  from  room  temperature  up  to  140  °C  were 
measured  by  a  vibrating  sample  magnetometer  v.'ith  applied 
fields  up  to  8  T. 

The  3PL  mea.‘  '  ements  were  performed  as  described  i,i 
Ref.  3.  A  computer  program  has  been  developed  for  the  au- 


Angle  a  (deq.) 


MG.  r  icxtuic  fenctio...  ‘or  samples  .\2,  A.1,  and  A4.  SI’D:  f(n)  ==  l)„ 
+  bf  cut'”' a  I);  cos"’ a  titled  to  Sl’O  data.  IJMC:  f[a) 

— exp(-(>’'2(;p  r.-.cd  'o  tlie  curves  of  Fig.  2. 
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Standard  deviation  a  (deg.) 


FIG.  4,  Anisotropy  field  and  texture  parameter  a  from  Eq.  i3).  Open 
symbols:  values  from  a  fit  to  the  dcmagnctizatioii  ei;.''es  of  the  samples 
A1-A4  for  different  temperatures;  closed  symbols:  the  corresponding  room- 
temperature  .alucs  obtained  from  SPD  data. 

tomatic  measurement  of  the  amplitude  of  the  SPD  peak.  The 
adopted  criterion  is  to  measure  the  difference  in  the  slope  of 
d^JidH^  at  the  two  inflection  points  located  at  both  sides  of 
tiie  peak.  The  applied  field  H  forms  an  angle  y  with  the 
texture  axis  z  and  is  in  the  x-z  plane.  The  SPD  peak  ampli¬ 
tude  G(y)  is  proportional  to  the  volume  fraction  of  crystal¬ 
lites  having  their  c  axes  in  a  plane  perpendicular  to  H.  If  </> 
denotes  the  azimuth  of  the  c  axis  with  respect  to  x-z  plane, 
we  have  cos  q;=cos  r^sin  y  and 

r-n/2 

G(y)  =  2/Tr  def)  F {cos  (p  sin  y),  (4) 

Jo 

where  F{cos  a)=f{a)  is  the  texture  function  from  Eq.  (1). 

The  integral  equation  (4)  was  numerically  solved  by  fit¬ 
ting  the  power  series 

F(cos  0')  =  X  COS'"'  a  (5) 

/ 

to  measuicd  values  of  Giy),  where  a  small  number  of  terms 
turns  out  to  be  sufficient. 

Trial  demagnetization  curves  were  computed  taking  into 
consideration  only  coherent  rotational  processes  based  on  an- 
rsoirupy  constants  up  to  JCn,  neglecting  the  internal  magnetic 


Temperature  T  (°C) 

FIG.  .S.  Temperature  dependence  of  the  anisotropy  con.slanl.s  A,  and  /fj  uf 
samples  A1-A4,  calculated  from  fitted  demagnetization  curves. 
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stray  fields,  using  the  trial  texture  function  of  Eq.  (2),  Then 
the  calculated  7  vs  W  curves,  depending  on  trial  values  of 
a-g and  K2,  were  fitted  by  a  least-me? •'-square  fit  to 
the  experimental  curves,  measured  above  =  1 .5  T  in  or¬ 
der  to  avoid  domain-wall  processes.  Three  criteria  were  used 
to  test  the  applicability  of  the  trial  function:  (i)  the  remaining 
variance  of  the  numerical  fit  should  be  sufficiently  small,  (ii) 
the  texture  parameter  must  not  depend  on  temperature,  and 
(iii)  the  fitted  values  of  /C,,  K2, must  not  depend  on  the 
degree  of  easy-axis  alignment.  Finally,  the  fitted  texture 
function  as  well  as  the  obtained  anisotropy  field  were 
compared  with  those  determined  by  the  SPD  method. 


III.  RESULTS  AND  DISCUSSION 

In  Fig.  1  the  angular  dependence  of  the  measured  peak 
amplitude  G(y)  of  the  little  textured  sample  A2  and  the  cor¬ 
responding  fitted  texture  function  f(a)  are  shown  as  a  typical 
example  for  the  SPD  analysis. 

The  Gaussian  lexture  function  (2)  yields  a  very  good  fit 
for  the  demagnetization  curves  (DMCs)  of  our  samples  Al- 
A4,  measured  perpendicularly  and  parallel  to  the  texture  axis 
(see  Fig.  2).  A  typical  value  of  the  residual  variance  of  the 
numerical  calculation  i;’.  10  ’  T". 

The  texture  functions  obtained  from  demagnetization 
curves  are  fairly  similar  to  those  calculated  from  SPD  data, 
as  shown  in  Fig.  3.  This  is  an  encouraging  result  because 
very  different  experimental  procedures  arc  used.  Due  to  the 
normalization  factor  sin  a  in  Eqs.  (1)  and  (3),  the  deviations 
of  /(a)  at  a*»0  in  Fig.  3  have  only  a  small  weight  for  physi¬ 
cal  quantities. 

As  a  consequence  of  this  result,  the  values  of  standard 
deviation  cr  summarized  in  Table  I  do  not  much  depend  on 
the  type  of  the  applied  measuring  procedure. 

Figure  4  presents  the  temperature  dependence  of  the  an¬ 
isotropy  field  and  the  standard  deviation  a,  both  obtained 
from  demagnetization  curves,  as  well  as  the  corresponding 
room-temperature  values  calculated  from  SPD  data.  For  alt 
the  samples,  a  shows  a  small  temperature  dependence  as 
expected  for  a  correct  texture  parameter.  The  small  differ¬ 
ence  in  the  values  of  obtained  from  SPD  and  DMC  mea¬ 
surements,  respectively,  may  be  due  to  the  magnetostatic  in¬ 
teraction  between  the  Nd2Fe|4B  particles,  which  was 
neglected  in  this  study.  The  effect  of  this  interaction  on  SPD 
measurements  was  considered  in  Ref.  8.  In  the  case  of  DMC 


TABLli  I.  Texture  parameter  it  [from  Eq.  (.t)]  (itted  to  SPD  and  DMC 
mcasurementx.  In  the  case  of  SPD  data  Eq.  (4)  was  approximately  solved 
using  the  .scries  expansion  (.S)  us  well  as  the  Gaussian  (2). 


Sample 

SPD 

SO,  cos-"'  a 
(deg) 

SPD 

Gaussian 

(deg) 

DMC 

Gaussian 

(deg) 

Ideally 

isotropic 

01.2 

Al 

•»-ol 

*=01 

00.7 

A2 

45.8 

47.5 

45.4 

A3 

27.8 

28.0 

29.2 

A4 

15,7 

15.8 

18.0 

Ideally 

textured 

0.0 

analysis  the  influence  of  internal  magnetostatic  fields  has  not 
yet  been  systematically  investigated. 

The  DMC  results  of  the  anisotropy  constants  Ky  and  /Cj 
determined  from  differently  textured  samples  yield  .suffi¬ 
ciently  small  variations  for  all  investigated  temperatures 
(Fig.  5).  The  temperature  dependence  of  Ky  and  K2  is  in 
good  agreement  with  the  data  from  Ref.  9.  The  roor.i- 
temperature  value  of  is  comparable  to  that  presented  in 
Ref.  10  for  a  single  crystal,  but  ^2=0  at  7=293  K  was 
obtained  there. 

In  summary,  DMC  as  well  as  SPD  analysis  yield  fairly 
correct  data  on  texture  and  intrinsic  magnetic  properties  be¬ 
cause  both  techniques  are  based  on  reversible  rotation  of  the 
local  magnetic  polarization.  Contrary  to  other  elementary 
magnetization  processes,  reversible  rotation  is  not  very  sen- 
.sitive  to  chemical  and  topological  details  in  the  nanometer 
range  of  microstructure. 
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Magnetic-field  orientation  and  coercivity 
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The  relationship  betv/ecn  the  coercive  force  and  the  angle  of  the  applied  field  of  an  infinite  magnetic 
medium  containing  a  planar  defect  have  been  analyzed.  A  domain-wall  pinning  dominated 
coercivity  was  assumed  and  the  spatial  dependence  of  the  magnetization  in  the  direction  normal  to 
the  plane  of  the  defect  was  taken  into  account.  The  results  show  that  the  coercivity  must  be  about 
two  orders  of  magnitude  smaller  than  the  annsotropy  field  for  the  inverse  cosine  curve  to  be  a  good 
approximation.  Some  of  the  results  with  experimental  work  on  Fe77Nd|5Bj  are  compared.  In 
addition,  the  existence  of  a  decrease  in  the  domain-wall  pinning  coercivity  as  a  function  of  the  angle 
between  the  applied  magnetic  field  and  the  anisotropy  for  certain  ranges  of  parameters — a  behavior 
previously  thought  to  have  only  occurred  in  the  angular  dependence  of  a  nucleation  dominated 
coercivity — is  shown. 


A  central  issue  in  the  study  of  permanent  magnets  .such 
as  NdFeB  and  SmCo  has  been  the  understanding  of  the  mag¬ 
netic  reversal  mechanism  at  the  coercive  field  H^}'~ 

An  important  aspect  of  this  problem  is  the  angular  de¬ 
pendence  of  the  coercive  field.  The  angular  dependence  in 
sintered  RFeB  magnets  has  been  measured  by  the  group  at 
CNRS  in  Grenoble.^  They  find  that  for  kOe  at  room 

temperature  the  increase  of  with  the  angle  of  the 
applied  field  with  respect  to  the  easy  direction  of  magnetiza¬ 
tion,  corresponds  approximately  to  a  l/cos((9/7)  relationship, 
a  theoretical  derivation  of  which  had  been  carried  out  in  a 
previous  paper.'*  For  kOe,  there  is  a  reduced  increa.se 

in  //(.  with  Of, .  Finally,  a  decrease  in  as  6^i  increases 
occurs  at  small  values  in  PrFeB  magnets.  The  authors  of 
Ref.  3  state  that  they  are  unable  to  understand  the  last  result 
on  the  basis  of  either  coherent  rotation  or  domain-wall 
propagation. 

Results  by  both  Sakuma  et  al.^  and  Kronmuller  el  al}' 
indicate  that  there  exists  ranges  of  magnetic  parameter  values 
wherein  coercivity  limited  by  the  nucleation  of  domain  walls 
shows  deviations  from  the  \lco^{6„)  or  inverse  cosine  angu¬ 
lar  dependence,  but  it  is  generally  accepted  that  coercivity 
limited  by  domain-wall  pinning  follows  the  inverse  cosine 
relation,  thus  yielding  insight  into  the  mechanism  of  mag¬ 
netic  reversal  through  analyzing  the  angular  dependence  of 
the  coercivity  of  different  materials.  We  shall  show  that  this 
is  not  so,  that  there  also  exist  strong  deviations  from  the 
inverse  cosine  relation  when  domain-wall  pinning  is  the 
mechanism  limiting  magnetization  reveisal. 

In  1990,  Sakuma  era/.'*’  presented  theoretical  deriva¬ 
tions  of  the  coercivity  as  a  function  of  the  angle  of  the  ap¬ 
plied  field  for  the  case  of  a  domain-wall  nucleation  domi¬ 
nated  coercivity  in  a  material  containing  a  defect.  Their 
methods,  first  introduced  by  Friedberg  and  Paul,’  took  into 
account  the  spatial  dependence  of  the  magnetization. 

In  this  paper,  we  derive  the  angular  dependence  of  the 
coercive  force  for  domain-wall  pinning.  We  also  take  into 
account  the  spatial  dependence  of  the  magnetization. 

Let  us  consider  an  array  of  magnetic  dipoles  represent¬ 
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ing  the  host  magnetic  material  containing  a  defect  lying 
within  the  region  a  =  -D/2  to  x  =  DI2.  The  host  matrix  has 
uniform  magnetization  M , ,  first-order  anisotropy  constant 
Kf,  and  first-order  exchange  energy  constant  A^.  The  im¬ 
pediment  has  entirely  independent  magnetic  properties  K2, 
M2,  and  A2.  The  easy  axis  of  magnetization  is  in  the  direi:- 
tion  of  the  2  axis  and  an  external  magnetic  field  H  is  being 
applied  at  an  angle  On  as  measured  from  the  z  axis  in  the  y-z 
plane.  The  orientation  of  a  given  dipole  in  the  array  is  taken 
as  the  angle  measured  from  the  z  axis  in  the  y-z  plane.  We 
assume  a  one  dimensional  spatial  dependence  for  the  angle 
0.  The  orientations  of  the  end  dipoles  are  fixed  with  ^=0°  at 
x=-<x>  and  6>=180°  at  x-’^,  signifying  the  presence  of  a 
Bloch  wall  along  the  array.  We  wish  to  find  the  value,  ,  of 
the  external  magnetic  field  for  which  the  wall  can  no  longer 
be  held  by  the  impediment  and  thus  magnetic  reversal  of  the 
entire  medium  occurs.  This  model  has  already  been  dis¬ 
cussed  for  the  case  in  which  the  external  magnetic  field  is 
applied  in  the  same  direction  as  the  easy  axis  of  magnetiza¬ 
tion 

The  total  energy  for  the  /th  region  (/  =  1,2,3)  is  given  by 


Ki  sin'(6')“///W,  ci,K{O-0„}+Ai 


dx. 

(1) 


Minimizing  the  energy  in  the  three  regions  using  the 
boundary  conditions  that  0=V,  and  180“  at  a=  and  -x*, 
respectively,  and  that  Aj^dOldx)  is  continuous  at  x  =  -DU 
and  D/2,  we  get  Eq.  (2)  where  77  is  given  by  Eq.  (3); 


f  cost  ) 

W=  (sin  f/)  '[sitr(f/)-/iy’E  '  cosiO-On) 

J  O2  ) 

-I-  77]  ''’d  cos(  0),  (2) 

77=(/i  '  -  1  )siir( //) )  -/(E'  '(  1  - /'Tcosi //,  -  ^77) 

+  hE  '  cosiOii).  (3) 
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FIG.  I.  Ratio  of  the  normalized  coercive  forcc.s  as  a  function 

of  the  angle  of  the  external  field  with  respect  to  the  ani.sotropy  axe.s  ,  for 
a  constant  normalized  defect  width  11^=2  and  constant  ratio  ^=0.8.  Curve 
(1)  is  for  E  =0.4,  curve  (2)  is  for  £=0,5,  and  curve  (3)  is  for  E  =0.fi.  Curve 
(4)  shows  the  l/cos(fl„)  angular  dependence  generally  accepted  to  be  char¬ 
acteristic  of  a  domain-wall  pinning  dominated  coercivity.  The  soiid  circles 
are  measurements  on  the  angular  dependence  of  Fe7)Nd|5Bs  (sec  Ref.  6). 

The  relationship  between  the  quantities  6i|  and  02  (the  orien¬ 
tation  of  the  dipoles  at  a;  =  -  Dll  and  D/2,  respectively),  are 
given  by 

(!-£-')  sin^C  t/j)  +  /lE  ' '  ( 1  -  F)cos(  02 “  ^//) 

+  /iE"‘ cos(6>/,)+77=0,  (4) 

along  with  the  condition  cos(6i)>cos(02)' 

Here  we  have  also  introduced  the  dimensionless  param¬ 
eters  E,  F,  h,  and  W: 

A2K2  A',M2  HM,  D 
AiKi’  AiMi'  Ki'  <5’ 

used  in  Ref,  8,  where  D  is  the  actual  width  of  the  defect  and 
5=  (<4  2/^2)'^^  is  domain-wall  half-width  within  the  defect 
region. 

Given  a  value  for  the  normalized  external  field  h  and 
dn,  there  is  a  set  of  6^1 ’s  for  which  a  62  ‘>1  satisfy¬ 

ing  Eq.  (4)  will  exist  and  ^2)<'”,  where  IV( , O2)  is 
determined  by  Eq.  (2).  This  gives  rise  to  a  set  {ITgi}  of 
normalized  defect  widths.  These  are  values  of  IV  for  which 
there  exists  a  .static  domain-wall  solution  that  satisfies  the 
given  boundary  condition.  In  particular,  and 

=  180°  are  satisfied  and  thus  a  domain  wall  is  still  present. 
Thus,  for  all  widths  W  in  {IVai},  the  field  h  is  insufficient  to 
drive  the  wall  over  the  defect. 

The  minimum  IV^  of  the  set  corresponds  to  the 
critical  width  at  which  h  is  sufficient  to  drive  the  wall  over 
the  defect  region  and  magnetic  reversal  begins.  As  one 
would  suspect,  it  was  found  that  W,.  increases  as  a  function 
of  h.  Thus  any  field  smaller  than  h  would  be  insufficient  to 
drive  the  wall  across  a  defect  of  width  W^(/i)  as  contrasted 
to  a  field  greater  than  h.  Therefore  =  is  the  coercive 
force  corresponding  to  the  given  defect  width  WAh)- 

Figure  1  shows  the  ratio  of  the  normalized  coercive 
forces  hA^ij)  and  versus  the  angle  of  deviatioii  v//  of 
the  external  field  with  respect  to  the  anisotropy  axes.  The 
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FIG.  2.  Same  as  Fig.  1  with  the  normalized  defect  width  W=2.  Curve  (1)  is 
for  £  =  F=0.l,  curve  (2)  is  for  t'  =  F=0.05,  and  curve  (3)  is  for  E  =  F 
=0.025. 


normalized  defect  width  W  and  ratio  F  are  held  constant  at 
values  2  and  0.8,  respectively.  The  ratio  E  ranges  from  0.4  to 
0.6,  corresponding  to  a  large  change  in  the  magnetic  param¬ 
eters  Aj  and/or  /f,  across  the  boundaries  x=-DI2  and 
x=DI2.  We  have  included  for  comparison  the  normalized 
angular  dependence  /j^(0h)/^c(O)  =  1/cos(O;/  ),  generally  ac¬ 
cepted  as  the  angular  dependence  curve  characteristic  of  a 
domain-wall  pinning  dominated  coercivity.  We  notice  that 
our  curves  deviate  significantly  from  the  inverse  cosine 
curve  for  this  range  of  E  and  value  of  F  and  W  with  the 
deviation  decreasing  as  E  approaches  unity.  Also  included  in 
this  figure  are  measurements  of  the  normalized  angular  de¬ 
pendence  of  the  coercive  force  for  Fe77Ndi5B(j  done  by 
Kronmullcr  et  al.^ 

In  Fig,  2,  the  ratios  E  and  F  take  on  very  small  values 
ranging  from  0,025  to  0.1  and  the  normalized  defect  width  W 
is  again  held  constant  at  the  value  of  2,  This  range  for  E  and 
F  corresponds  to  differences  within  the  material  parameters 
4,,  Kj,  and  M,  between  the  host  matrix  and  the  defect 
region  of  up  to  two  orders  of  magnitude.  For  these  small 
values  of  E  and  F,  we  see  a  very  pronounced  decrease  in 
/i,.(0//)//?,(O)  as  On  increases  from  zero.  Physically,  the  ex¬ 
ternal  field  required  to  drive  the  domain  wall  across  the  de¬ 
fect  is  decreased  when  applied  in  directions  deviating  from 
the  anisotropy  axes,  with  the  minimum  required  field  occur¬ 
ring  at  (//7=»50°.  Note  that  for  F  =  F  =  0.025,  applying  the 
external  magnetic  field  at  55°  with  respect  to  the  anisotropy 
axes  will  reduce  the  coercive  force  by  approximately  one 
half  that  required  to  demagnetize  the  material  with  a  field 
parallel  to  lire  anisotropy  axes. 

The  last  figure,  Fig.  3,  plots  /i^,  vs  W  rather  than 
/!j.(^//)//jf(0)  vs  H,j .  We  do  this  for  the  values  of  9ff  ranging 
from  5°  to  80”.  The  ratios  E  and  F  are  held  constant  at  0.5 
and  0.75,  respectively.  Notice  that  for  a  given  value  of  O^i , 
when  IF  is  greater  than  approximately  1 .5,  there  are  essen¬ 
tially  no  further  changes  in  h^.. 

In  Fig,  1  as  well  as  in  subsequent  work  we  see  that  as  £ 
and  F  approach  1,  the  angular  dependence  approaches  the 
inver.se  cosine  relation.  Physically,  the  parameters  £  and  F 
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FIG.  3.  Normalized  coercive  force  a.s  a  function  of  the  normalized  defect 
width  IV  tor  the  values  £=0.5  and  £=0.75.  Curve  (1)  i.s  for  ^t(y=80'’,  curve 
(2)  is  for  9n—6y,  curve  (3)  is  for  9;j=35°,  and  curve  (4)  is  for 


approach  1  when  the  changes  in  the  magnetic  parameters  A,  , 
Ml,  and  AT;  between  the  host  material  and  defect  become 
negligible.  This  is  the  basic  criterion  for  the  l/cos(dfi)  angu¬ 
lar  dependence  to  take  over.  In  the  analysis  of  the  normalized 
coercive  force  for  done  by  Friedberg  and  Paul,^  it 

was  shown  that  as  E  and  F  converge  to  goes  to 

zero.  Therefore  the  criterion  mentioned  above  is  similar  to 
the  arguments  made  in  previous  works  for  the  occurrence  of 
a  1/cos{6h)  curve  for  values 

We  find  that  a  change  in  A  i  between  the  host  and  defect 
material,  causing  a  decrease  in  both  E  and  F,  produces  the 
greatest  deviation  from  the  inverse  cosine  curve  while  a 
change  in  Ki,  causing  a  decrease  in  E  alone,  produces  a 
slightly  smaller  deviation,  and  finally,  the  smallest  deviation 
is  produced  by  a  change  in  Mi  between  the  host  and  defect 
material,  causing  a  decrease  in  F  alone.  Therefore  the  ex¬ 
change  energy  seems  to  be  the  most  influential  in  determin¬ 
ing  the  appearance  of  the  inverse  cosine  angular  dependence. 

As  seen  in  Fig.  3,  at  any  given  On,  h^iOn)  as  a  function 
of  W  becomes  essentially  constant  for  W>  1.-5.  This  asymp¬ 
totic  behavior  in  h,.{6f])  as  a  function  of  W  was  shown  for 
by  Paul.**  We  see  now  that  it  is  exhibited  at  values  of 
dif  other  than  0°  and  from  this  conclude  that  the  behavior  of 
an  angular  dependence  curve,  hc(,0n)/hc{O),  is  only  a  func¬ 
tion  of  W  for  W  less  than  approximately  1.5. 

Figure  2  shows  a  “dip”  in  the  normalized  coercive  force 
as  Off  increases.  Indeed,  not  only  is  the  increase  with  Oif 
shown  in  our  model  not  as  great  as  that  predicted  by  the 
inverse  cosine  curve,  but  for  small  E  and  F  (<0.5  if  W~2), 
he  actually  decreases  as  9^  increases  from  0°.  Physically, 
this  means  that  for  these  values  of  the  parameters  E,  F,  and 
VF  it  is  easier  in  general  to  demagnetize  the  material  by  ap¬ 
plying  the  external  field  in  directions  other  than  along  the 
anisotropy  axes.  The  maximum  decrease  in  for  small  E 
and  F  occurs  at  Of/ —50°. 


We  have  found  that  little  or  no  dip  is  seen  in  the  angular 
dependence  when  either  E  or  F  has  value  close  to  unity.  It 
appears  that  both  E  and  F  must  be  small  together  in  order  for 
a  significant  dip  to  be  present.  This  suggests  that  the  ex¬ 
change  energy,  present  in  both  of  the  parameters  E  and  F, 
takes  on  a  dominant  role  in  the  cau.sc  of  this  dip. 

It  has  been  shown  by  Friedberg  and  Paul^  that  as  W 
approaches  zero,  the  value  of  He{0)IH/i  approaches  zero. 
Therefore  we  would  expect  that  for  small  values  of  VF,  the 
angular  dependence  curve  will  be  close  to  l/cos((^//).  How¬ 
ever,  the  “critical  width”  above  which  the  angular  depen¬ 
dence  significantly  deviates  from  l/cos(t^/y)  will  depend  on 
the  values  of  A;,M  i ,  H2IH 1 ,  and  Mi/M^ .  In  particular,  we 
have  found  that  if  A  ilA ,  decreases  from  0.75  to  0.03  (a 
factor  of  25),  this  critical  width  is  reduced  by  one  order  of 
magnitude.  Calculations  along  these  lines  suggest  that  it  is 
necessary  for  //,.  to  be  approximately  two  orders  of  magni¬ 
tude  smaller  than  //^  for  l/cos(^/^)  to  be  a  good  approxima¬ 
tion  for  the  angular  dependence. 

The  normalized  angular  dependence  of  the  coercivity 
measured  as  a  function  of  the  applied  field  angle  for 
Fe77Nd|5B/  has  been  included  in  Fig.  2  for  comparison  with 
our  theoretical  curves.  As  will  be  noticed,  the  fit  of  this  data 
to  our  curves  leaves  something  to  be  desired,  as  was  the  case 
when  this  data  was  compared  to  other  theoretical  work.^’^ 
There  needs  to  be  more  experimental  work. 

The  nucleation  dominated  angular  dependence  curves 
derived  in  Ref.  5  as  well  as  the  pinning  dominated  curves  in 
this  paper  show  a  decrease  in  /i^.  as  a  function  of  9n  for 
certain  parameter  values.  Although  for  given  values  of  E,  F, 
and  IF,  the  model  in  Ref.  5  and  our  model  may  give  entirely 
different  looking  curves;  as  a  whole  one  cannot  look  at  an 
angular  dependence  curve  to  determine  the  coercive  force 
mechanism  without  explicit  knowledge  of  the  parameters  E, 
F,  and  VF.  These  qualitative  similarities  are  seen  to  be  true 
when  comparing  our  curves  to  nucleation  dominated  angular 
dependence  curves  derived  from  other  models  as  well.*’'^ 
This  indicates  that  caution  must  be  used  if  one  is  trying  to 
determine  whether  a  certain  material’s  coercivity  is  pinning 
or  nucleation  dominated  by  comparing  its  angular  depen¬ 
dence  curve  with  theory. 
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Ho/Y  and  Ho/Er  superlattices  have  been  grown  by  ir.olecular-beam  epitaxy  using  a  Balzers  UMS 
630  instrument.  The  superlattices  were  grown  on  a  sapphire  substrate  with  an  Nb  buffer  and  Y  seed 
layer.  X-ray-diffraction  techniques  were  used  to  characterize  the  crystallographic  structure  and 
neutron-diffraction  techniques  to  determine  the  magnetic  structures.  The  results  for  the  Ho/Y 
systems  were  consistent  with  long-range  order  being  formed  coherently  through  the  whole 
superlattice.  The  moments  in  the  Ho  layers  were  aligned  in  the  basal  plane  and  most  of  the  structures 
could  be  described  by  helical  structures  with  a  turn  angle  between  holmium  planes  of  '1^ n  and 
between  nonmagnetic  Y  planes  found  to  be  largely  independent  of  temperature  or 

superlattice,  while  decreases  with  decreasing  temperatures  and  at  low  temperatures  takes  a 
commensurate  value,  so  as  to  take  advantage  of  the  basal  plane  anisotropy.  The  results  for  the  Ho/Er 
superlattices  differ  because  the  Er  has  a  magnetic  moment  and  the  anisotropy  favors  alignment 
along  the  c  axis.  Between  the  ordering  temperature  of  bulk  Ho  and  bulk.  Er,  the  results  are  similar 
to  those  of  the  Ho/Y  superlattices.  The  ordering  propagates  through  the  Er  layers  but  the  Er 
moments  are  not  ordered.  At  lower  temperatures  the  Er  moments  order  in  a  cycloidal  (a/c)  structure 
with  the  basal  plane  components  having  fairly  long-range  coherence  with  the  Ho  moments,  but  the 
c-axis  components  having  no  coherence  from  one  Er  layer  to  the  next. 


I.  INTRODUCTION 

Rare-earth  superlattices  show  a  number  of  novel  and  in¬ 
teresting  properties  as  has  been  reviewed  by  Majkrzak  el  a/.' 
We  have  extended  this  work  particularly  to  the  superlattices 
containing  Ho,  and  have  studied  supiirlattices  of  Ho  v/ith  the 
nonmagnetic  elements  Y^  and  Lu,^  and  also  Ho  and  the  mag¬ 
netic  element  Er.  Bulk  Ho  orders  magnetically  below  132  K 
into  a  helical  magnetic  phase  in  which  the  moments  align 
ferromagnetically  in  each  basal  plane  but  rotate  from  one 
plane  to  the  next  by  an  angle  'V„  which  decreases  on  de¬ 
creasing  temperature  from  52°  at  the  T/v  average  of  30° 
below  18  K,  when  the  moments  also  lip  out  of  the  basal 
plane  to  form  a  cone  phase.  One  of  the  interesting  aspects  of 
Ho  is  the  existence  of  a  series  of  long  period  commensurate 
spin-slip  structures,"*  due  to  the  basal  plane  anisotropy.  Our 
choice  of  Ho  superlattices  was  therefore  made  to  see  if  Ho/Y 
superlattices  behaved  similarly  to  tiie  Dy/Y  superlattices  pre¬ 
viously  studied,  to  determine  the  effect  of  the  basal  plane 
anisotropy  on  the  magnetic  structures,  and  to  determine  the 
structures  of  the  Ho/Er  superlattices  in  which  the  Ho  and  Er 
have  competing  anisotropies. 

The  superlattices  were  grown  by  molecular-beam  epi¬ 
taxy  in  Oxford  using  a  Balzers  UMS  630  facility.  The  tech¬ 
nique  followed  was  developed  by  Kwo  el  al.^  and  has  been 
de.scribed  in  detail."  The  superlattices  are  grown  on  a  sap¬ 
phire  substrate  with  a  500  A  Nb  buffer  layer  and  a  1000  A  Y 


“'Hcrinancm  address;  Physics  Dept.,  Danish  AEK,  Rissi,  Roskilde,  I)K  4tKK) 
Denmark. 


seed  layer  before  the  superlaltice  and  capped  by  a  300  A  Y 
layer  to  prevent  oxidation  of  the  magnetic  material.  The 
chemical  and  crystallographic  quality  of  the  superlattice  is 
then  determined  using  x-ray  diffraction.  Topically  the  super- 
lattices  have  a  mosaic  spread  of  0.16°,  a  chemical  coherence 
length  of  about  2200  A,  and  an  interface  width  of  about  5 
atomic  planes. 

The  magnetic  structures  were  determined  by  neutron¬ 
scattering  techniques  using  triple  axis  spectrometers  at  the 
DR3  reactor  of  the  Risd  National  Laboratory.  Typically,  5 
meV  incident  neutrons  were  selected  with  a  pyrolytic  graph¬ 
ite  monochrometci,  and  second-order  contaminant  neutrons 
were  suppressed  with  a  cooled  Be  tilter.  A  pyrttlytic  graphite 
analyzer  was  used  to  ensure  that  only  elastically  scattered 
neutrons  were  detected,  The  collimaiion  was  typically  from 
reactor  to  detector  60'— 30' -30'  — 120'  and  gave  a  resolu¬ 
tion  in  the  .scattering  plane  of  0,0 1  A  ' .  The  samples,  whose 
growth  direction  is  always  perpendicular  to  the  c  axis,  were 
aligned  with  the  [hoi)  plane  in  the  scattering  plane  and 
mounted  in  a  variable-temperature  cryostat  so  that  the  tem¬ 
perature  could  be  controlled  to  0.1  K.  The  scattered  intensity 
was  determined  as  the  wave-vector  transfer  was  scanned 
along  the  (00/)  and  (10/)  directions.  The  former  provides 
information  about  the  basal  plane  ordering  of  the  magnetic 
moments,  while  the  latter  gives  intensities  dependent  on  both 
the  basal  plane  and  c-axis  moments. 

II.  RESULTS  FOR  HO/Y  SUPERLATTICES 

The  results  for  the  Ho/Y  superlattices  have  been 
published"  and  so  the  results  will  only  be  briefly  summarized 
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FIG.  1.  The,  neutron-scattering  intensity  (Ref.  2)  ob.scrvcd  from  a 
(Ho4qY|;)5o  superiatticc  along  (00/)  nl  a  series  of  temperatures  at  intervals 
of  10  K  from  130  to  10  K.  The  nuclear  (002)  scattering  is  temperature 
independent  and  the  magnetic  scattering  grows  with  decreasing  temperature. 
Note  that  even  at  120  K,  the  magnetic  scattering  is  two  peaks  showing 
long-range  coherence. 


here.  The  neutron  scattering  as  a  function  of  temperature 
from  the  Ho4nYi5  superlattice  is  shown  in  Fig.  1  and  shows 
the  growth  of  the  magtietic  scattering  with  decreasing  tem¬ 
perature.  The  magnetic  scattering  at  every  temperature  shows 
several  separate  peaks  showing  that  the  ordering  is  always 
coherent  through  the  nonmagnetic  Y  blocks.  In  tliis  respect 
the  result  is  similar  to  that  found  for  the  Dy/Y  system.' 

A  more  detailed  description  requires  a  model.  We  have 
used  a  model  in  which  there  is  a  turn  angle  between  the 
magnetic  moment  direction  on  successive  Ho  planes 
and  one  between  successive  Y  planes  ''Fy  >  ^nd  moments  on 
both  the  Ho  and  Y  planes.  The  fiis  showed  that  the  data  were 
consistent  with  no  moment  on  the  Y  planes,  and  the  same  Ho 
block  lengths  and  interface  widths  as  the  crystallographic  fits 
to  the  x-ray  data.  Consequently,  in  the  final  fits,  only  'Vfj, 
'Py.  and  the  moment  on  the  Ho  planes  were  allowed  to  vary 
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FIG.  2.  The  tempciatuie  dependence  (Ref.  2)  of  the  turn  miglcs  'I';;  (A),  't'y 
(O)  for  the  Ho4i,Yi,  superlattice.  Also  shown  is  (0)  for  an  epitaxially 
grown  Hi  film  and  for  bulk  Ho  (solid  line).  The  errors  of  the  fitting  arc 
shown  oy  the  point  size. 
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FIG.  3.  The  turn  angle  (Ref.  2)  'J';,  for  Ho  in  various  superlatticcs  showing 
that  at  least  for  tliick  supcriattices,  'i' n  Is  largely  independent  of  the  Y 
tliickncss  and  llial  Y n  is  close  to  a  commensurate  spin-slip  value.  The  solid 
line  is  a  guide  to  the  eye,  and  the  errors  arc  about  the  symbol  size. 


while  the  block  lengths  and  interface  thicknesses  were  taken 
from  ihe  x-ray  results. 

The  model  gave  a  good  description  of  the  results  and  the 
parameters  for  the  Ho4(,Y  ,5  sample  are  shown  in  Fig.  2.  The 
Y  turn  angle  ^y  is  independent  of  temperature  and  was  in¬ 
deed  found  to  be  the  same  and  constant  for  all  the  Ho/Y 
superlattices.  The  Ho  turn  angle  'F  was  found  to  decrease 
with  decreasing  temperature  but  less  markedly  than  for  a 
pure  Ho  film  or  bulk  Ho.  Presumably  the  decrease  with  de¬ 
creasing  temperature  arises  largely  from  the  effect  of  the 
ordering  on  the  turn  angle'*  as  in  bulk  Ho,  while  the  differ¬ 
ence  between  the  behavior  of  bulk  Ho  and  the  Ho  superlat¬ 
tices  is  due  at  least  in  part  to  the  clamped  lattice  parameters 
and  consequent  strain  of  the  Ho  in  the  superlattice,  as  found 
in  DyA*  superlattices.' 

The  low-temperature  Ho  turn  angles  for  several  Ho/Y 
superlattices  arc  shown  in  Fig.  .t,  and  are  largely  independent 
of  the  Y  block  thickness  and  inci  ease  steadily  with  decreas¬ 
ing  Ho  block  thickne.s,s.  The  samples  with  more  than  eight 
Ho  planes,  for  which  interdiffusion  is  not  too  severe,  all  have 
'F//  clo.se  to  the  turn  angle  for  a  commensurate  spin-slip 
structure,  40°,  42,9°,  4.5°,  and  48°.  These  spin-slip  structures 
also  show  higher  harmonics  of  the  magnetic  satellites,  but 
interestingly  these  did  not  show  the  separate  peaks  of  the 
main  magnetic  satellites,  only  a  single  broad  peak,  whose 
width  was  consistent  with  the  scattering  from  an  isolated  Ho 
block.  The  conclusion  is  that,  while  tne  primary  magnetic 
satellites  show  coherence  in  phase  and  chirality  through  the 
nonmagnetic  Y  blocks,  the  extra  .spin-slip  features  of  the 
structures  are  not  coherent  from  one  magnetic  block  to  the 
next. 

Similar  measurements’  have  been  made  for  the  Ho/Lu 
.system.  The  basic  results  are  very  similar  to  those  obtained 
for  the  Ho/Y  system  except  for: 

(1)  The  Lu  turn  angle  'F/  is  40°  and  possibly  varies  more 
from  system  to  system  than  that  of  'Fy . 

(2)  The  turn  angles  for  1,  are  less  than  tho.se  of  bulk  Ho  at 
the  same  temperature. 
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FIG.  4.  'Fhc  temperature  depentlence  of  the  coherence  lengtli  for  the  basal 
plane  ordering  of  Ho/Er  supcrlatticcs.  The  data  were  obtained  from  the 
scattering  along  (00/)  and  have  been  corrected  for  the  resolution  effects 
(Ref.  10). 

(3)  A  basal  plane  ferromagnetic  phase  with  '!''//= 0  was  ob¬ 
tained  at  low  temperatures  below  30  K  in  samples  such 
as  H020LU1S,  and  successive  Ho  blocks  then  ordered  par¬ 
allel  or  antiparallel,  dependent  on  the  number  of  Ho  lay¬ 
ers.  This  structure  does  not  occur  in  bulk  Ho  and  prob¬ 
ably  results  from  the  strain  of  the  Ho  in  Ho/Lu 
superlattices  as  shown  for  Dy/Lu  superlattices.^ 

III.  RESULTS  OF  Ho/Er  SUPERLATTICES 

The  Ho/Er  superlattices  are  of  interest  because  the 
crystal-field  anisotropy  for  Er  favors  alignment  of  the  mag¬ 
netic  moments  along  the  c  axis.  Bulk  Er  has  a  longitudinally 
modulated  structure  below  K,  which  on  cooling  be¬ 

low  52  K  becomes  a  cycloidal  phase**  with  the  moments 
largely  confined  to  the  ale  plane  above  18  K  and  a  cone 
phase  below  18  K.  Thus,  between  84  and  20  K,  the  crystal 
fields  in  Er  and  Ho  favor  alignment  in  different  directions. 

We  have  studied  several  different  Ho/Er  superlattices.  At 
high  temperatures,  above  the  ordering  temperature  of  bulk 
Er,  the  results  are  qualitatively  similar  to  those  of  the  Ho/Y 
systems.  There  is  a  long-range  coherent  basal  plane  helical 
structure,  and  fits  suggest  that  there  is  a  negligible  moment 
associated  with  the  Er  atoms  and  that  the  turn  angle  in  the  Er 
is  51  ±1°.  The  turn  angle  associated  with  the  Ho  is  similar  to 
that  of  bulk  Ho.  This  result  shows  that  the  long-range  basal 
plane  order  propagates  through  the  Er  layers  even  without 
simultaneously  ordering  the  Er  moments.  The  magnetic  co¬ 
herence  length  of  the  structure  is  many  superlattice  periods 
—600  A.  Similar  results**  have  been  found  in  Dy/Er  superlat¬ 
tices  above  85  K. 

On  cooling  below  the  erbium  transition  temperature  the 
scattering  changes.  First,  the  width  of  the  peaks  along  (00/) 
increased,  showing  that  the  correlation  length  associated 
with  the  basal  plane  structure  decreases;  see  Fig.  4.  Second, 
the  scattering  along  (10/)  consisted  of  sharp  peaks,  presum¬ 
ably  associated  with  the  basal  plane  structure  and,  in  addi¬ 
tion,  a  broad  peak,  as  shown  for  the  Ho2(/Er22  sample  at  8  K 
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FIG.  5.  The  scaltcring  (Ref.  10)  obsctveil  for  a  scan  along  (10/)  for  the 
l'lo2uEr22  system  at  8  K.  The  fit  is  to  a  series  of  Gaussian  peaks;  the  narrow 
peaks  arise  from  the  basal  plane  ordering  and  the  broad  peak  from  the 
longitudinal  ordering.  The  latter  peak  gives  a  correlation  length  of  about  the 
thickness  of  a  single  Er  layer. 

in  Fig.  5.  Fits  to  Gaussian  peaks  show  that  the  widths  of  the 
sharp  components  increase  in  the  same  way  with  decreasing 
temperatures  as  the  peaks  observed  along  (00/),  while  the 
broad  peak  has  a  width  corresponding  to  scattering  from  a 
single  Er  block  and  a  position  to  a  turn  angle  similar  to  that 
of  bulk  Er  at  the  same  temperature,  see  Fig.  6. 

A  model  which  accounts  for  this  behavior  assumes  that 
the  Ho  moments  align  in  a  basal  plane  helix,  while  the  Er 
moments  align  in  an  a /c  cycloid  with  the  basal  plane  com¬ 
ponents  of  the  cycloid  coherent  with  the  Ho  moments,  but 
the  sense  of  rotation  of  the  cycloid  is  randomly  clockwise  or 
anticlockwise,  destroying  any  coherence  of  the  c-axis  mo- 
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FIG.  6.  The  turn  angles  and  'F^.  for  the  holinium  and  erbium  moments 
(from  the  broad  longitudinal  peak).  The  Ho  values  are  the  filled  symbols  and 
solid  tine  for  the  bulk  while  the  Er  values  are  the  dashed  line  and  open 
symbols.  The  symbols  correspond  to  Ho2oEr22  (A),  Ho|i|Er2(i  (*),  and 
Ho43Er,„  (Oj. 
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ments  between  the  different  Er  layers.  Thi.s  model  is  clearly 
consistent  only  if  the  Ho  and  Er  turn  angles  have  values  such 
that  the  different  structures  match  up  at  the  boundaries  of  the 
layers.  Full  details  of  the  models  will  be  published 
elsewhere.'^ 

The  lack  of  the  long-range  coherence,  particularly  for 
the  c-axis,  was  surprising  because  long-range  coherence  has 
been  observed  in  the  ErA'  system." 

IV.  SUMMARY  AND  DISCUSSION 

The  magnetic  structures  of  Ho/Y,  Ho/Lu,  and  Ho/Er  su¬ 
perlattices  have  been  determined  using  neutron-scattering 
techniques.  The  results  for  HoA  and  Ho/Lu  superlattices  are 
qualitatively  siniilar  to  those  of  Dy/Y  and  other  superlattices, 
in  that  long-range  t  oherent  magnetic  structures  are  produced 
in  which  the  order  propagates  through  the  nonmagnetic  lay¬ 
ers.  As  for  Dy/Y  and  Dy/Lu  superlattices,'’’  the  strain  in  the 
HoA  layers  means  that  the  Ho  turn  angle  is  larger  than  in 
bulk  Ho,  while  in  the  Ho/Lu  layers  it  is  smaller.  The  basal 
plane  anisotropy  leads,  at  low  temperatures,  to  spin-slip 
commensurate  structures  within  each  Ho  layer,  but  there  is 
no  coherence  of  the  spin-slip  aspecis  of  the  structure  from 
one  layer  to  the  next.  In  the  ca.se  of  the  Ho/Lu  superlattices, 
there  is  a  new  phase  in  which  the  Ho  forms  basal  plane 
ferromagnetic  layers  which  are  oriented  either  ferromagneti- 
cally  or  antiferromagnetically  with  neighboring  layers. 

The  Ho/Er  structures  are  more  complicated  because  the 
Er  moments  are  aligned  by  the  crystal  field  along  the  c  axis. 
Above  the  ordering  temperature  of  Er,  the  structure  is  a  long- 
range  helical  ordering,  similar  to  that  of  the  Ho/Y  superlat¬ 
tices  but  with  zero  net  moment  on  the  Er  atoms.  On  cooling 
Er  below  the  ordering  temperature,  the  correlation  length  de¬ 
creases  for  the  basal  plane  ordering  and  the  results  are  con¬ 
sistent  with  the  holmium  ordering  us  a  basal  plane  helix  and 
the  erbium  in  a  cycloidal,  a/c-planc  structure.  The  ba.sal 
plane  moments  of  both  the  Ho  and  Er  are  coherent  over 
several  superlattice  repeats,  but  the  c-axis  Er  moments  are 
coherently  ordered  only  over  single  Er  layers.  Different  parts 
of  the  cycloidal  ordering  are  randomly  clockwise  or  anti¬ 
clockwise  in  sense. 

Part  of  the  importance  of  these  results  lies  in  the  infor¬ 
mation  they  provide  about  the  nature  of  the  magnetic  inter¬ 
actions  in  the  superlattices.  Conventionally  the  magnetic  in¬ 
teractions  are  taken  to  be  of  the  RKKY  form,  which  suggests 
an  interaction  of  the  form  S1.S2,  of  a  magnitude  which  os¬ 
cillates  in  sign  with  a  period  determined  by  the  Fermi  sur¬ 
face.  This  interaction  is  of  long  range  and  has  usually  been 
taken  to  explain  the  propagation  of  the  magnetic  ordering 
through  quite  large  nonmagnetic  Ho  blocks.  In  the  absence 
of  more  detailed  calculations,  however,  we  do  not  find  this 
wholly  convincing.  The  long-range  order  propagates  through 
Y  and  Lu  layers  containing  as  many  as  .3(1  planes  of  Y  in 
each  layer.  This  is  much  longer  range  than  the  exchange 
constants  deduced  from  spin-wave  measurements  of  the  bulk 
rare  earths"  which  we  believe  give  a  better  estimate  of  the 
RKKY  interaction  than  the  calculations.'  Furthermore,  the 
transition  temperatures  of  the  Ho/Y  superlattices  decrease 
only  slightly  as  the  Ho  layer  thickness  decreases,  and  are 


largely  independent  of  the  Y  layer  thickness.’  They  are  con¬ 
sistently  higher  than  those  of  the  Ho/Y  alloys  with  the  same 
average  composition.  Finally,  when  the  Ho/Lu  supcriattices’ 
or  the  Gd/Y  or  Dy/Y  superlattices'  order  into  basal  plane 
ferromagnetic  layers,  the  ordering  through  the  Lu  layers 
changes  from  propagation  of  a  helical  ordering  to  an  order¬ 
ing  which  is  either  ferromagnetic  or  antifcrromagnctic.  Thi.s 
change  in  the  effect  of  the  Y  layers  is  inconsistent  with  the 
simple  RKKY  interaction,  and  not  convincingly  explained  by 
existing  calculations.'" 

The  results  for  the  Ho/Er  system  are  also  not  readily 
understood.  How  does  the  order  propagate  through  the  Er 
layers  above  T for  Er  without  producing  ordering  in  the  Er 
layers?  Once  the  Er  moments  begin  to  order,  it  is  difficult  to 
understand  why  the  coherence  length  of  the  basal  plane  or¬ 
dering  decreases,  or  why  there  is  no  propagation  of  the  lon¬ 
gitudinal  ordering  through  the  Ho  layers,  as  would  be  ex¬ 
pected  if  the  interaction  had  the  simple  Sj.S,  form. 

One  possible  explanation  of  the  results  is  to  consider  the 
band  structure  of  the  magnetically  ordered  structure,  when 
the  electrons  at  the  new  superzone  gaps  must  have 
conduction-band  spin-wave  functions  associated  with  the  na¬ 
ture  of  the  magnetic  ordering.'’  This  then  leads  to  a  long- 
range  interaction  only  if  the  metals  have  similar  band  struc¬ 
tures  and  for  only  the  spin  ordering  which  forms  the  initial 
.spin-density  wave.  We  intend  exploring  this  model  else¬ 
where. 
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We  have  studied  structural  and  magnetic  properties  of  epitaxial  MnAs  thin  films  with  various 
thicknesses  (L  =  1.0-200  nm)  on  GaAs  substrates.  The  MnAs  thin  films  were  grown  at  200-250  °C 
on  an  As-rich  disordered  c(4x4)  (001)  GaAs  surface  by  molecular-beam  epitaxy  (MBE).  The 
growth  direction  of  the  MnAs  was  found  to  be  along  the  [1100]  axis  of  the  hexagonal  unit  cell. 

X-ray  spectra  of  the  MnAs  at  room  temperature  have  two  peaks,  indicating  that  the  present 
MBE-grown  MnAs  films  consist  of  the  hexagonal  ferromagnetic  phase  and  orthorhombic 
paramagnetic  phase.  Magnetization  measurements  revealed  that  the  MnAs  thin  films  have  perfectly 
square  hysteresis  characteristics  with  relatively  high  remnant  magnetization  =300-567  emu/cm'^ 
and  low  coercive  field  //^.=65-‘)26  Oe,  compared  with  those  of  epitaxial  MiiGa  and  MnAl  thin 
films  reported  previously. 


Epitaxial  ferromagnetic  thin  films  grown  directly  on 
semiconductors  have  generated  much  interest,  since  (1)  high 
structural  quality  and  submicrometer  uniformity  is  expected 
in  epitaxial  monocrystalline  thin  films,  leading  to  high  reli¬ 
ability  in  small  scale  devices  and  (2)  such  heteroepitaxy  of 
dissimilar  materials  can  lead  to  a  new  class  of  device  appli¬ 
cations  having  properties  both  of  ferromagnetic  materials 
and  of  semiconductors,’  Among  a  number  of  materia! 
choices,  using  III-V  compound  semiconductors  like  GaAs  as 
a  .substrate  allows  the  coupling  of  magnetism  with  high¬ 
speed  semiconductor  clectronics/photonics,  offering  a  wide 
range  of  possibilities  for  the  fabrication  of  new  hybrid 
magnetic-semiconductor  devices.  However,  none  of  the  el¬ 
emental  metals  can  meet  the  following  stringent  require¬ 
ments:  the  ferromagnetic  metals  must  grow  epitaxially  on 
GaAs,  must  be  thermodynamically  stable  with  no  reaction 
with  GaAs,  and  must  be  morphologically  stable  on  GaAs."’ 

We  have  found  that  some  metallic  compounds  can  sat¬ 
isfy  these  requirements,'^"^’  Ferromagnetic  tetragonal  MnAl’''* 
and  MnGa,'^'^’  Mn-based  metallic  compounds  having  com¬ 
mon  Ill-column  atoms  with  AlAs  and  GaAs,  have  been 
grown  by  molecular-beam  epitaxy  (MBE)  on  GaAs  sub¬ 
strates,  Furthermore,  very  recently,  we  have  successfully 
grown  another  ferromagnetic  metallic  compound,  MnAs,  by 
MBE  on  GaAs  substrates.^  This  magnetic  binary  compound 
based  on  arsenic  is  more  compatible  with  conventional  Ul-V 
MBE.  Though  we  have  reported  the  initial  results  on  the 
MBE  growth  on  MnAs  thin  films  on  GaAs,’  no  detailed  and 
systematic  studies  have  been  done  on  the  MnAs/GaAs  sys¬ 
tem.  In  this  paper,  we  present  structural  and  magnetic  prop¬ 
erties  of  the  epitaxial  Mn.\s  with  various  thicknesses  (Z, 
=  l.()-2()()  nm)  grown  on  (001)  GaAs  substrates. 

In  the  bulk  Mn-As  system,  Mr, As  at  the  stoichiometric 
composition  (MiijoAs^,,)  has  a  thermodynamically  stable  fer¬ 
romagnetic  phase  (cr  phase)  at  rc-om  temperature.’^  The  Curie 


temperature  of  the  ferromagnetic  aMnAs  is  40  °C,  slightly 
above  room  temperature.  The  crystal  structure  of  the  ra'MtiAs 
is  hexagonal  of  NiAs  type,  with  lattice  constants  of 
a  =0.3725  nm  and  c =0.5713  nm,  as  shown  in  Fig.  1.  At  the 
stoichiometric  composition,  this  ferromagnetic  MnAs  phase 
extends  up  to  40  °C,  and  paramagnetic  ;8MnAs  of  a  MnF- 
type  orthorhombic  structure  (with  lattice  constants  of 
a  =0.366  nm,  6=0.636  nm,  and  c =0.572  nm)  and  paramag¬ 
netic  yMtiAs  of  a  NiAs-type  hexagonal  structure  exist  at 
40-125  °C  and  above  125  ®C,  respectively. 

The  MBE  growth  was  performed  in  a  conventional  111-V 
MBE  machine  (Riber  2300)  with  a  Mn  effusion  cell.  After 
growing  a  100  run  thick  undoped  GaAs  buffer  layer  on  a 
(001)  GaAs  substrate  at  580  “C,  the  substrate  temperature 
was  cooled  to  —200  °C,  watching  the  reflection  high-energy 
electron-diffraction  (RHEED)  patterns.  During  the  cooling 
process,  the  surface  reconstruction  of  the  GaAs  changed 
from  (2X4)  to  c'(4x4)  in  the  RHEED,  When  the  Ast  flux 
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I'Ui.  I.  TIk’  crystal  siiticliiic  i)|  the  I'criitntafUiclic  MnAs  is  licxa^ciital  ol 
“’Present  address:  Department  ol'  l.lectrical  liitgineering,  Univer.sity  of 'lo-  NiAs  type,  with  lattice  conManis  of  u  ()..172.‘'  nm  and  c  l)..S71.t  nm.  The 
kyo,  7-.t-l  Hongo,  llnnkyo-ku,  Tokyo  11.7,  Japan.  growth  direction  is  also  sitowrt  irt  the  ligirre. 
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FIG.  2,  X-ray  spectrum  of  a  MBE-grown  50  nm  thick  MnAs  film  along  the 
direction  perpendicular  to  the  substrate,  measured  at  room  temperature 
(20  -C). 


was  supplied  to  the  c(4X4)  GaAs  surface  for  a  few  minutes 
at  200  °C,  the  surface  reconstruction  changed  from  c(4x4) 
to  disordered  c(4X4)  surface  [r/(4X4)],  where  the  half  or¬ 
der  streaks  in  the  RHEED  are  weakened,  indicating  disorder 
caused  by  the  accumulation  of  extra  As  atoms.*^  Then  the  Mn 
shutter  was  opened  to  grow  MnAs  thin  films  with  various 
thicknesses  (L  =  1.0-200  nm)  on  the  rf(4x4)  GaAs  surface  at 
200-250  °C  with  a  growth  rate  of  ~50  nm/h.  The  As/Mn 
ratio  was  set  at  2.0-5.0.  Under  these  growth  conditions,  the 
growth  rate  of  MnAs  is  determined  only  by  the  Mn  flux  as  in 
the  growth  of  GaAs  and  related  III-V  semiconductors. 

Figure  2  shows  an  x-ray  spectrum  of  a  50  nm  thick 
MnAs  along  the  direction  perpendicular  to  the  substrate, 
measured  at  room  temperature  (20  '’C).  Similar  x-ray  results 
were  obtained  for  all  the  other  MnAs  thin  films  grown  under 
the  same  growth  procedure  and  conditions.  A  huge  peak  at 
31.6°  is  the  (002)  reflection  of  the  GaAs  substrate.  The  other 
two  peaks  around  28°  are  from  the  MnAs  thin  film.  The 
stronger  peak  shows  a  lattice  spacing  of  d  =  0.321  nm,  cor¬ 
responding  to  the  (ilOO)  reflection  of  hexagonal  aMnAs. 
This  indicates  that  the  growth  direction  of  the  ferromagnetic 
MnAs  is  along  the  [1 100]  (see  Fig.  1).  A  minor  peak  is  also 
seen  at  the  shoulder  of  the  major  peak,  showing  a  lattice 
spacing  of  0.317  nm,  which  corresponds  to  the  (020)  reflec¬ 
tion  of  the  orthorhombic  /3MnAs.  In  bulk  MnAs,  the 
hexagonal-orthorhombic  transition  is  known  to  occur  at  the 
Curie  temperature  (7’j=40°C)  through  very  slight  lattice 
distortions,  since  the  two  structures  are  very  similar.  In  the 
present  MBE-grown  MnAs  films,  the  paramagnetic  /SMnAs 
coexists  with  ferromagnetic  aMnAs  at  room  temperature 
(20  °C),  though  the  major  part  of  the  film  is  the  a  phase.  The 
reason  for  the  existence  of  the  f3  phase  below  T,.  is  unclear, 
but  its  formation  might  be  the  way  MnAs  relaxes  the  strains 
caused  by  the  misfit  to  the  GaAs  substrate. 

To  investigate  the  epitaxial  relationship  in  the  pre.sent 
MnAs/GaAs  system,  RHEED  patterns  were  observed  along 
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FIfl.  3.  M-H  characteristics  of  a  50  nm-thick  MnAs  at  room  temperature 
(20  “C),  when  the  magnetic  field  was  applied  along  the  [i  i20J  axis  of  MnAs 
(//[no]  GaAs).  Almost  perfectly  square  hysteresis  characteristics  arc  seen. 


various  azimuths  during  the  growth.  The  RHEED  measure¬ 
ments  showed  that  the  in-plane  lattice  constants  are  very 
close  to  those  of  hexagonal  aMnAs,  and  the  epitaxial  rela¬ 
tionship  was  found  to  be  [1120]  [0001]  MnAs//[110][il0] 
GaAs. 

We  have  performed  magnetization  measurements  on  the 
MnAs  thin  films,  with  the  thicknesses  ranging  from  1  to  200 
nrn,  at  room  temperature  using  vibrating  sample  magnetom- 
etry.  All  the  MnAs  films  have  strong  magnetic  anisotropy, 
and  the  easy  magnetization  axis  was  found  to  be  in  plane, 
along  the  [1120]  axis  of  the  hexagonal  lattice  of  MnAs, 
which  is  parallel  to  the  [110]  axis  of  GaAs.  Almost  perfectly 
square  hysteresis  characteristics  were  seen  as  shown  in  Fig. 
3,  which  is  taken  from  the  50  nm  thick  MnAs,  when  the 
magnetic  field  was  applied  along  the  [1120]  axis  of  MnAs 
(//[llOjGaAs),  whereas  almost  no  hysteresis  v/as  observed 
when  the  field  is  applied  along  the  [0001]  (c  axis)  of  MnAs 
(//[110]GaAs)  or  perpendicular  to  the  film  plane.  This  indi¬ 
cates  that  the  MBE-grown  MnAs  thin  films  have  strong  mag¬ 
netic  anisotropy.  We  find  this  to  be  true  for  all  thicknesses 
studied  (1.0-200  nm).  The  values  of  remnant  magnetization 
Mr  and  coercive  field  of  the  50  nm  MnAs  are  567 
cmu/cm’  and  396  Oe,  respectively,  as  shown  in  Fig.  3.  This 
Mr  value  is  slightly  lower  than  that  of  bulk  MnAs  (600-700 
emu/cm’),  but  much  higher  than  the  best  values  (225-270 
emu/cm^)  we  have  obtained  for  MBE-grown  MnGa^  and 
MnAl'*’  thin  films.  The  H^.  value  of  the  MnAs  is  much  lower 
than  that  (T.1-.5.0  kOe)  of  the  MnGa  and  MnAl.  The  high 
Mr  and  low  H,.  with  perfect  squareness  in  the  hysteresis 
characteristics  are  very  attractive  for  future  device  applica¬ 
tions  including  magnetic  digital  memory. 

Figure  4  shows  the  thickness  dependence  of  the  room- 
temperature  (20  °C)  magnetic  properties,  saturation  magneti¬ 
zation  Af and  coercive  field  //,.  of  the  epitaxial  MnAs  thin 
films  on  GaAs  Tire  thickness  u^.pendence  of  the  M,.  is  pecu¬ 
liar,  haviiig  its  maximum  value  at  a  'hickness  of  50  nm.  The 
decrease  of  A/,,  when  the  thickness  i.;  greater  than  50  nm 
could  be  related  to  the  increase  of  suilace  roughness  and 
deterioration  of  the  epitaxial  quality,  as  observed  in  the 
RHEED.  The  value  of  H,.  increases  from  65  Oc  at  1  nm  to 
926  Oe  at  10  nm,  taking  the  maximum  value,  and  then  de¬ 
creases  again  to  108  Oe  at  200  nrn.  Some  very  thin  films  of 
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FIG.  4.  Thickness  dependence  of  the  room-temperature  (20  °C)  magnetic 
properties,  saturation  magnetization  Af  ,  and  coercive  field  //,.  of  the  epitax¬ 
ial  MnAs  thin  films  on  GaAs. 


Fe  and  Co  have  been  reported  to  show  low  coercive  fields 
that  increase  with  thickness."’’^  On  the  other  hand,  the  de¬ 
crease  of  //(,  may  result  from  structurally  related  phenomena 
that  affect  the  nucleation  and  movement  of  magnc.c  do¬ 
mains.  These  behaviors  of  A/j  and  coercive  field  are  not 
fully  understood  at  this  stage,  but  it  is  important  for  some 
applications  to  achieve  high  A/^,(>.300  emu/cm'^)  and  tailor- 
able  (50-1000  Oe)  in  the  low-field  range  (<1  kOe). 

In  summary,  we  have  obtained  epitaxial  ferromagnetic 
MnAs  thin  films  on  (001)  GaAs  substrates  by  MBE.  The 
growth  direction  of  the  ferromagnetic  aMnAs  was  found  to 
be  along  the  [ilOO]  axis.  X-ray  measurements  showed  that 
the  MBE-grown  MnAs  films  consist  of  ferromagnetic 
aMnAs  and  paramagnetic  /SMnAs.  Magnetization  measure¬ 


ments  revealed  that  the  MnAs  thin  films  have  perfectly 
square  hysteresis  characteristics  with  relatively  high  remnant 
magnetization  A/ r  =  30 1-567  emu/cm'^  and  low  coercive  field 
W^=65-926  Oe. 
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Co/CoAl  magnetic  superlattices  on  GaAs 
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Co/CoAl  multilayers  are  grown  by  molecular  beam  epitaxy  on  AlAs/GaAs  (001).  CoAl  is  used  as 
a  template  for  the  epitaxy  of  Co.  From  RHEED  and  lattice  matching  considerations  bcc  Co  is 
expected,  but  thicker  Co  layers  are  probably  fee  with  stacking  faults.  The  cry.stallographic  structure 
of  the  Co  layers  is  unclear  at  present.  Room-temperature  magnetization  and  magnetoresistance  data 
are  pre.sented.  Co/CoAl  multilayers  with  various  CoAl  thickness  all  show  in-plane  magnetic 
anisotropies  along  {110).  Uniaxial  anisotropy  along  (110)  is  found  to  increa.se  with  increasing 
thickne.ss  of  the  CoAl  layers  in  the  multilayers.  The  magnetoresistive  effect  as  a  function  of  the 
orientation  of  the  current  path  and  the  applied  Held  is  ascribed  to  domain-wall  effects  and  internal 
Lorentz  magnetoresistancc. 


I.  INTRODUCTION 

Metal  epitaxy  on  semiconductors  has  received  great  in¬ 
terest  over  the  past  years,  motivated  by  the  need  for  stable 
ohmic  contacts  and  Schottky  barriers  for  submicrometer  de¬ 
vice  structures  and  buried  metal  layers  for  novel  devices.' 
Recently,  progress  has  been  made  in  epitaxy  of  ferromag¬ 
netic  metal  thin  films  on  III-V’s  such  as  elemental  Fe‘  and 
Co^'"'  and  Mn-Ill  compounds  such  as  MnAI,*'  MnGa'’  on 
GaAs,  The  combination  of  ferromagnetic  thin  films  and 
semiconductor  heterostructures  is  expected  to  lead  to  novel 
device  concepts,  Epitaxy  of  elemental  metals  on  III-V  is  a 
problem  because  single-variant  epitaxy,  morphological 
smoothness,  and  thermodynamical  stability  arc  never  simul¬ 
taneously  achieved.  Fe  and  Co  are  known  to  react  with  the 
semiconductor  at  relatively  low  temperatures  and  buried  thin 
films  coalesce  upon  regrowth.  Intermetallic  phases,  however, 
are  more  suitable  as  candidates  for  stable  metal  epitaxy  on 
semiconductors  and  a  lot  of  effort  has  been  invested  in  the 
study  of  transition-metal  aluminides  (TMAl)  such  as  NiAl 
and  CoAl.’'*  The  lattice  parameter  of,  e.g.,  CoAl  (a(,=0.2861 
nm)  is  close  to  half  the  lattice  parameter  of  GaAs  and  to  that 
of  bcc  Co  («()=().2819  nm),  while  the  large  fraction  of 
group-111  elements  reduces  the  reactivity  at  the  metal/lll-V 
interface.  Furthermore,  the  use  of  TM  aluminides  as  tem¬ 
plates  and  interlayers  in  magnetic  .superlattices  has  shown  to 
be  succe.ssful  in  ferromagnetic/metallic  thin-film  heterostruc¬ 
tures  such  as  MiiAl/NiAl  on  AlAs/GaAs,''  In  this  work  we 
study  the  use  of  CoAl  as  a  template  for  Co  epitaxy  on  GaAs 
and  as  interlayer  in  a  magnetic  Co/CoAl  multilayer  and 
present  data  on  the  magnetic  properties  of  multilayers  with 
varying  CoAl  thicknesses, 


II.  EXPERIMENT 

The  samples  were  grown  using  a  Riber  2300  molecular- 
beam  epitaxy  system  equipped  with  a  10  keV  electron  gun 
for  reflection  high-energy  electron-diffraction  (RHEED)  ob¬ 
servations  during  growth,  For  the  evaporation  of  Co  an  EPl 


‘’LTHV-Calliolit  University  Leuven,  C'elcsiijnenluim  20(11),  n.WOl  Ixiiveii, 
Belgium. 


high-temperature  cell  is  used  with  either  a  BeO  or  AEO^ 
crucible.  For  the  III-V  growth,  standard  K  cells  and  an  EPI 
valved  As-cracker  source  are  employed. 

The  structure  of  the  samples  is  characterized  using  trans¬ 
mission  electron  microscopy  (TEM)  and  the  magnetic  prop¬ 
erties  are  studied  using  an  alternating  gradient  field  magne¬ 
tometer  (AGFM  2900,  Princeton  Mcas.  Corp.)  in  addition  to 
magnetoresistancc  measurements. 


III.  RESULTS  AND  DISCUSSION 

Prior  to  the  metal  epitaxy,  a  GaAs  buffer  is  grown  on  the 
GaAs  (001)  undoped  substrates.  On  top  of  the  GaAs  buffer 
an  AlAs  layer  of  10  nm  is  grown,  the  thickness  of  which  is 
controlled  using  RHEED  oscillations.  The  substrate  is  sub¬ 
sequently  cooled  to  about  150  °C  while  the  As  background 
pressure  is  reduced  by  shutting  the  As  valve  and  reducing  the 
temperature  in  the  cracking  zone  to  about  300  °C.  At  that 
time  the  Co  cell  temperature  is  increased  to  the  operating 
point.  Co  and  Al  beam  equivalent  pre.ssures  are  equalized  for 
CoAl  growth  using  a  Bayard-Alpert  gauge.  The  background 
pressure  was  reduced  below  3X10“"’  Torn 

For  the  CoAl  template,  we  have  adopted  the  grow’h  se¬ 
quence  as  described*  by  Tanaka  et  al.  Upon  the  AlAs  (001) 
f(4x4)  reconstructed  surface,  a  ML  of  Co  is  deposited,  fol¬ 
lowed  by  CoAl  codeposition.  Although  CoAl  can  be  grown 
at  350  °C  on  AlAs,  the  lower  sub.strate  temperature  (150  °C) 
is  chosen  in  an  attempt  to  stabilize  Co  “bcc,”'*  In  this  paper 
we  report  on  a  set  of  samples  with  a  heterostructure  of 
1()X(6  /  Co/r  A  CoAl)  with  2.5  A<r<  15  A.  The  Co  thick¬ 
nesses  are  estimated  from  CoAl  RHEED  o.scillations  and  as¬ 
suming  a(j(Co)=().2819  nm.  All  samples  are  terminated  by  a 
CoAl  layer. 

The  growth  of  the  heterostructurc  is  monitored  using 
RHEED.  The  intensity  of  the  RHEED  specular  spot  de¬ 
creases  during  cobalt  deposition  at  150  '’C  on  the  AlAs 
bufl'er.  Upon  deposition  of  the  CoAl  layer,  the  intensity  re¬ 
covers  and  clear  oscillations  are  visible.  CoAl  adopts  the 
structure  of  the  ordered  variant  of  the  bcc  CsCI  (a,)- 0.2861 
nm).  Initially,  the  RHEED  streaks  are  relatively  broad,  sug¬ 
gesting  that  initial  roughness  is  present,  probably  due  to  in¬ 
teraction  of  the  Co  with  the  As  present  on  the  AlAs  <  (4  X  4) 
surface.  The  RHEED  patterns  demonstrate  the  desirable  ep- 
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FIG,  1,  RHEBD  images  of  (a)- (c)  Co  and  (d)-(f)  CoAl  layers,  forming  lire 
last  pcnofl  >f  a  ((>  A  Co/5  A  CoADXH)  multilayer  on  AlAs/CiaAs.  The 
images  are  taken  along  different  azimuths;  (a)  and  (d/  (llID),  thi  and  (c> 
(110),  and  (e)  and  (f)  tl  10). 


itaxial  relation  (OOl)illOl  CoAll|(()()l)[l  I()]AIA.s.  Both  the 
interface  roughness  and  the  epitaxial  relation  are  confirmed 
by  TEM, 

A  first  Co  layer  was  Jiubsequcntly  deposited  on  the  CoAl 
template  while  rotating  tlie  sample  holder  for  optimum  uni¬ 
formity  until  completion  of  the  heterostructiire.  The  rest  of 
the  structure  is  fabricated  by  keeping  the  Co  cell  open  and 
shutting  the  Al  periodically.  The  deposition  times  for  each 
layer  are  in  the  range  of  3t)-yo  ,s.  The  RHEED  images  dur¬ 
ing  growth  ot  all  multilayer  samples  are  indiciilivc  of  epitaxy 
in  a  cubic  phase  for  both  the  Co  and  CoAl  layers.  Figure  I 
shows  a  set  of  RHEED  pictures  taken  from  Co  [Figs.  1(a)- 
1(c)]  and  CoAl  [Figs,  1(d)- 1(f)],  forming  the  last  period  of  a 
I0X(P  A  Co/'P  A  CoAl)  multilayer. 

The  crystallographic  structure  of  the  Co  layers  is  pres¬ 
ently  still  unclear.  Given  the  close  lattice  match  to  CoAl  and 
the  RHEED  data  suggesting  cubc-on-cvibe  epitaxy,  one 
would^^  expect  the  bcc  Co  phase  to  appear.  Preliminary 
NMR  data  on  multilayer  samples  with  thicker  C'o  («=d  A) 
layers  where  RHEED  showed  addiiional  spots  around  the 
central  streak  for  Co  suggest  that  the  Co  structure  is  fee  with 
stacking  faults,  which  is  surprising  given  the  lattice  constant 
ot  fee  Co  (U|,  =  t). 3.345  nm)  wliieh  docs  not  corres(wnd 
closely  to  CoAl  (misfit'=  =  24%).  A  more  detailed  structural 
investigation  is  under  way. 

Figures  2(a)-2(f)  show  the  results  of  the  room- 
temperature  in-planc  magnetization  measurements  (MIMs) 
as  a  lunction  ot  crystallographic  direction,  for  samples  with 
diff'erciii  CoAl  spacer  thicknesses.  For  all  tlie  samples  we 
find  an  anisotropy  in  the  plane.  'I'hc  saturation  magnetization 
(Ms)  typically  ranges  between  fi5()  and  700  emu/cc. 
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Oil-  CoAl  thickness  /  is  v.iried:  .S  (No.  1),  10  (No.  2).  and  l.S  A  (No.  3), 


Till'  samples  with  5  A  CoAl  spacers  [Figs.  2(a)  and  2(b), 
No.  I]  exhibit  a  steplike  M-H  behavior  with  very  little  rema- 
nence  in  all  directions.  A  difference  between  the  two  or¬ 
thogonal  (110)  directions  is  visible.  One  of  these  direciious 
has  a  saturation  field  which  is  ti  factor  of  3  larger  (H.s[])l)] 
=  120  Oe,  9,55  kA/tn)  compiired  to  the  orthogonal  [lioj, 
With  increasing  thickness  of  the  CoAl  spacers  {No.  2:  It)  A 
[(c), (d)]  and  No,  3:  15  A  [(e),(0jl,  the  uniaxial  anisotropy 
becomes  more  pronounced.  The  renianence  of  the  [110]  di¬ 
rection  increases  to  nearly  100%  (Mr  =  A/,v)  for  CoAl- 15 
A,  while  a  steplike  hysteresis  willi  small  remanence  is  ob¬ 
served  in  the  orthogonal  direction.  Tlic  (100)  directions  rep¬ 
resent  a  hard  magnetic  axis  of  the  thin  lilm  as  illustrated  by 
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FIG.  4.  Ki)()ni-lcmpi;raturc  mugnclorcsisliincL'  diitu  Irimi  two  Co/CiiAl  imil- 
tilaycr.s  [(a)  and  (b),  No.  1  and  (c)  and  (d).  No.  2;  see  text  and  Fig.  2|  with 
different  CoAl  thieknesscs.  In  all  eases  the  applied  magnelie  field  {II)  is 
orthogonal  lo  the  easy  axis  ([11(1]).  and  either  (al  and  (e)  orthogonal  or  (hi 
and  (d)  parallel  to  the  eurrent  direction. 


the  dotted  curves  in  Fig.  2  [(a)  and  (e)].  Similar  uniaxial 
anisotropic  behavior  has  been  observed  for  single  layers  of 
Fe“  on  GaAs  (110)  and  Co*  on  GaAs  (001). 

Besides  the  thickness  of  the  CoAl  spacer  layer,  its  mag¬ 
netic  properties  will  influence  the  magnetic  and  transport  be¬ 
havior  of  the  hete.ostructure.  It  is  known'*  that  Co-rich  CoAl 
behaves  ferromagnetically.  AGFM  measurements  (300  K)  on 
a  60  A  thick  CoAl  layer  on  AlAs/GaAs  show  a  very  weak 
ferromagnetic  behavior  of  about  17  emu/cc  [Figs.  3(a)  and 
3(b)].  V/e  also  tested  a  36  A  thick  Co  layer  on  a  CoAl  tem¬ 
plate.  RHEED  showed  a  complex  pattern  of  additional  .spots 
indicating  structural  changes  in  the  cobalt  layer.  AGFM  mea¬ 
surements  of  this  sample  are  shown  in  Figs.  3(c)  and  3(d). 
These  thicker,  single  layers  of  Co  and  CoAl  display  the  same 
in-plane  anisotropic  behavior  as  the  Co/CoAl  multilayers 
discussed  above. 

Figure  4  shows  the  in-plane  magnetoresistance  curves 
(300  K)  for  samples  No.  1  and  No.  3  (see  Fig.  2).  The  mag¬ 
netic  field  is  applied  perpendicular  to  the  easv  direction. 
When  the  current  is  along  the  easy  axis  (and  orthogonal  to 
the  applied  field),  the  resistance  increases  from  its  zero-field 
value  to  its  saturation  value  (-1-0.3‘X)  [Figs.  4(a)  and  4(c)J, 
When  the  current  and  the  applied  field  are  parallel,  the  resis¬ 
tance  at  saturation  is  about  ().39f  lower  than  the  zero-field 
resistance  [Figs.  4(b)  and  4(d)].  In  each  case,  when  the  mag¬ 
netic  field  is  applied  in  the  direction  of  the  easy  axis,  ihe 


resistance  of  the  film  does  not  change  appreciably  around 
//  =  ().  For  the  measurements  repeated  at  77  K  identical  re¬ 
sults  were  observed.  This  resistance  behavior  is  attributed  to 
a  combined  effect  of  domain  wall  and  carrier  interaction  and 
I-orentz  magnetoresistance."  In  the  case  of  resistance  de¬ 
crease.  the  internal  Loreniz  magnetoresistance  is  removed  at 
saturation.  In  the  case  of  resistance  increase,  a  larger  Torentz 
action  is  present  al  saturation.  The  influence  of  the  domain 
(wall)  structure  ('n  the  resistance  can  he  important,  but  the 
actual  domain  configuratitm  is  unkiurwn  at  present. 

IV.  SUMMARY 

The  epita.xial  growth  of  ('o/C'oAl  multihiyers  im  AlAs/ 
CiaAs  is  described,  using  C’o.M  as  a  template  for  cobalt  epi¬ 
taxy.  The  crystallographic  structuie  of  the  Co  layers  is  un¬ 
clear  at  present,  From  RllFT-.D  and  lattice  matching 
considerations  bee  Co  is  expected  but  thicker  Co  layers  are 
probably  fee.  Co/CoAl  multilayers  with  various  CoAi  thick¬ 
ness  all  show  in-plane  magnetic  anisotropies  along  MIO). 
Magnetoresistive  effects  iit  low  fields  are  ascribed  to  domain- 
wall  effects  and  internal  Lorentz  magneloresistance. 
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investigations  of  the  interpiay  between  crystaiiine  and  magnetic  ordering 
in  FesO^NiO  superiattices 

D.  M.  Lind,  J,  A.  Borchers,®’  R,  W.  Erwin,®*  J.  F,  Ankner.*’*  E.  Lochner,  K.  A.  Shaw, 

R.  C.  DiBari,  W.  Portwine,  P.  Stoyonov,  and  S.  D.  Berry 

lyeparimt'nl  of  I'hy^ia,  I'cntfr  for  Mulcrmh  Kosoun  lt  ami  h-t  linoloxv  iSf.MH i(  Ih  ami  l/ir  S'alioniil  llivh 
Maf;iU'li(  I'U’ld  t.aboratorw  ilorula  Slaio  I’nivi  r'iiiv,  /iW/d/nnsrc.  I  lonJa 

Using  SQUID  niagnctoniclry  and  holli  \  ra\-  and  ncuiron-ditlnK'iion  lum-  siudiial 

the  structural  and  magnetic  ordering  ol  a  senes  ol  (•ed)!  NtO  superiattices  grown  In  Mli!-.  \-i.i\ 
diffraction  reveals  that  the  su|ierliiiticcs  tire  coherent,  single  phase  crysttiK  with  nariou  intcitaces 
Symmetry  differences  tx'twccn  the  IciO,  spinel  and  NiO  rocksall  siiuetuies  lead  to  intert.icial 
stacking  faults,  manifested  in  vnne  diffraction  intensities.  Analysis  ol  the  ncuiron-dilliaclion  s|X'clta 
show  that  the  NiO  antilerroinagneiic  ordeiing  is  coherent  through  seseitil  sii(KTlattice  Inlay eis. 
while  the  I  ciOj  magitetie  ordering  is  eontineii  to  nulls  idual  intetl.iseis  In  stacking  laiills  in  .dl 
sniH'rlattiees  hut  those  with  thinnest  |-  Id  At  NiO  interl.iseis  Neutron  ditlr.ietion  .ind  Stfl  ID 
magnetornetry  have  heen  used  to  studs  the  le,Oi  VVrnes  phasi  transition  in  llnn-l.isered 
su|Krlattiecs.  Ifie  charge  ordering  in  su|Krlalliees  such  as  lle,0,  05  ,Ai  NiO  i‘)  .Ai|m.i.  I'cIoss  ihe 
Versvey  transition,  direeily  oPseisalde  in  i4.(l.  1  Ji  neution  iniensiiies.  indie.iies  ,i  shdi  to  highet 
temtxrature  ol  the  charge  ordeiing  liaiisiiion  Irom  the  hulk  1 1  lOi  f  s.,». ,  at  I  2  '  K  \ye  .ilso  deseiitie 
ongoing  elloits  to  esiijcl  the  moment  disinlsutioii  in  these-  su(Kilattues  liom  lield  de|vndent 
high-angle  neutron  difltaetion 


I.  INTRODUCTION 

We  re[>ori  recent  studies  ol  the  niagiietu  oideiing  iii 
multilayers  cotti|V)sed  of  iron  oxide  .uid  nickel  oxide  Hie 
iron  oxide  is  prepaied  ni  Ihe  magnetite  spinel  (l  ed)d  phase 
which  orders  lerioin.igneticalh.  and  the  nickel  oxide  in  its 
rrKk.sult-struclured  euliie  pha^w  sshieh  ordeis  aniileiiom.ig 
ncticully.  Both  of  these  matetials  otdet  magnetiealK  ssith 
short-range  eoupling.  ailoxxing  us  to  sinds  sltecls  due  to  the 
liK’ai  in'erfaciui  magnetic  coupling  and  interl.icial-diisen 
strain.  Studies  ol  die  structural  and  magnetic  oideting  ol 
these  layered  materials  have  Ik-ch  fKrlortned  hs  Kunhinntg 
SQUID  magnelomcliy  with  neutron  and  x  las  ihltr.iction 
techniques. 


the  tact  llial  the  |x-.iks  do  not  hioailcn  ss  ilh  increasing  is  ,i 
tun-.iion  ol  (he  higli  ie|K,il  legularils  ol  Ihe  su[xrlalticcs  1  lit 
gtosxih  nuKie  .ind  siiiuliiic  ol  these  lilins  has  Ixeii  studied 
using  X  ray.  neutron,  ami  in  \iiu  election  dillraction.  xxilh 
supixotnxc  work  done  using  election  microsciipx  '  '  Vke  ic- 
(uiil  f'liclls  the  chatactcn/.iiion  ol  out  films  xxiih  these  melh 
(hK,  and  then  adtiicss  tif  picsc'iit  sxoik 

\  tax  and  nculion  <lillraclion  iiulicale  th.il  individual 
layeis  doscn  to  .S  5  A  thick  gioxx  single  crxstalline.  with  the 
in  plane  l.iitue  spac  ing  expanded  to  align  in  icgisliy  with  the 
MgO  suhsirate  l.iiiice  lliis  is  .ucomp.inied  In  a  small  layer- 
thickness  iie|H’ndenl  leit.igon.ii  l.iiiice  distoiiion  due  to  ihe 


II.  CRYSTAL  GROWTH  AND  CHARACTERIZATION 

l-'or  this  work  oriented  single -crxsi.dlinc  ihm  lilnis  ol 
NiO  .Old  IciOi.  and  suixrlatiice  siiucluies  com|v».c-d  i>t 
these  tw'o  materials,  have  Ixen  gtowii  on  (xolishcd  iUkh 
oriented  MgO  substrates  using  oxsgen  pl.ism.i  assisted 
molecuiai-heam  epilaxv.'  NiO.  MgO.  and  fciO,.  each  i  uhic 
crystalline  structures,  exhihii  giHHl  pseudonioiphu  growth  on 
each  other  due  to  the  small  lattice  misin.iuli  ill  V,  itw,  i 
among  the  cuhic  roc  ksalt  stmcluit  ot  NiO  and  MgO  and  the 
halt  spacing  ot  the  cuhu  spinel  le,0,  cinuture  I  hece 
single-crystal  structuns  base  excc-licni  teix.it  icgul.ui'x  .uul 
high  crystalline  eohoeiice  Ihe  higti  degree  "I  -.uih-i laliic e 
coherence  is  otasc-ix  .ihle  in  data  t.ikcn  lot  x  tax  laiMii  .uul 
neutron  (K.iks.  m  1  ig  i.  lor  sc.iin  .dong  the  cixct.d 

growth  direction  for  .i  lie, Op’s  .\i\i()iu  \i|.  ,  Mi(H-i)al 
tice  Die  sharpr'- sc  ol  the  inteit.ui.il  situs  nm  s  Inii’u.i  is 
indicated  fix  the  l.iigc-  ruiial's  i  ot  sii|H'il.itliss  -ids  h.ind-.  uul 

'kcMtot  1>I',IS».*I1  'nISI  (  •  .Vlfhl  'vt'iHv  ’'is'/’r 

’  M!  kk  \  tux  (  !Mt\  -'1  VI  JCC..  •  >  '  '  ■ 
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Q{x)  Qix) 

Kt(i  2  Inlcndly  pritAlct  foi  (lilt  ncultim  icflccliim  iltm)!  |lllll|  from  i 
IFciOjI.^.T  A)|Nil)(67  A)l(„i  Mipeilillrcc  il  K  (m  il  zero  llclil  (in  tern- 
ninccl  ami  (b)  ai  5  T  a|>f>!icU  Held  The  da&hed  line  is  the  (laui^Mati  fit  to  f*  c 
inlcfliaiv  (4  the  briod  (rci04)  utmpftocnl.  and  the  v>lid  line  the  «^m  of 
the  two  (NiO  and  (tauvMan  fits  NiKc  the  ticmis  m  the  broad  {|'Cd)4t. 

and  narrovs  iNiO)  tom|ioncnts  with  field 

epitaxial  and  inicffacial  lattice  mismatches. ‘  llic  crystalline 
coherence  of  the  'aycred  structures  are  long  range  t>l5(M) 
A),'  *  although  cohcrcttcc  of  the  FciOi  layers  across  inter¬ 
vening  NiO  interlayers  (of  thickness  »15  A)  is  limited  by 
inlcrfacial  stacking  faults.  Although  the  underlying  oxygen 
sublatticc  in  the  NiO  and  FcrO^  structures  is  continuous 
across  the  interfaces,  alignment  of  I-c  tetrahedral  sites  in 
Fe^04  is  not  uniquely  defined  with  respect  to  that  oxygen 
sublatticc,  and  thus  there  is  nut  a  unique  alignment  of  FC4O4 
unit  cells  across  the  intervening  NiO  spacer  layers.  The  ac¬ 
companying  leducliun  in  FC4O4  coherence  has  been 
miHklcd'  using  a  Hcndricks-Tcller  description  of  the  stack¬ 
ing  faults.'* 

III.  NEUTRON  DIFFRACTION 

Neutron  diffraction  indicates  that  the  NiO  orders  antifer- 
romagnctically  in  alternating  (111)  planes  with  a  magnetic 
coherence  that  extends  over  several  superlattice  bilayers,  and 
that  coupling  to  adjacent  FC4O4  layers  with  a  higher 
(T,.  =KSK  K)  ordering  temperature  causes  an  enhancement  in 
the  NiO  Neel  temperature  above  bulk  7^  (520  K)  in  thin¬ 
layered  supcrlattices.‘  '  The  Fcy04  magnetic  coherence  is 
limited  to  individual  layers  in  all  superlattices  but  those  with 
the  thinnest  NiO  interlayers  by  the  structural  stacking  faults. 
The  nature  of  this  extended  coherence  in  thinnest  NiO- 
laycred  supcriattices  is  not  entirely  understood.  Although  the 
highest  temperature  accessible  with  those  studies  (675  K)  is 
far  below  the  Fej04  Curie  Temperature  in  the  films,  the  re¬ 
sults  indicated  that  the  NiO  ordering  enhancement  is  consis¬ 
tent  with  a  mean  field-type  model  that  includes  strong  mag¬ 
netic  arupling  across  the  interfaces.^ 

In  the  present  work,  one  of  our  studies  focused  on  the 
magnetic  ordering  of  layered  Fe304  and  NiO  structures  as  a 
function  of  applied  field  between  0  and  5  T.  The  studies  were 
performed  on  BT-9,  a  triple-axis  spectrometer  at  the  National 
Institute  o(  Standards  and  Technology  reactor.  During  the 
experiments,  the  supcriattices  and  thin  films  were  aligned 
with  the  surface  normal  [4(M)]  and  one  of  the  [022]  in-plane 
ap.es  in  the  *a:attcring  plane  to  allow  access  to  the  (222t, 
(III),  and  tt)22)  reflections  11tc  normal  to  the  scattering 
plane  (the  |()22j  direction  I  is  chosen  to  be  the  externally 
applied  field  direction  We  find  changes  with  increasing  field 
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in  the  (111)  and  (022)  neutron  reflections,  comprised  in  part 
from  the  magnetic  scattering  from  the  individual  Fe,04  and 
NiO  layers  These  changes  suggest  that  the  spins  reorient 
with  respect  to  the  applied  field  direction  in  u  manner  con¬ 
sistent  with  bulk  results.  I'igurc  2  shows  intensity  profiles 
along  [l(K)j  for  the  (111)  reflection  from  a  IFcjO, 
A)|NiO  (67  A)]3,4i  superlattice  (a)  at  zero  applied  field  (in 
rcmnancc)  and  (bl  at  5  T. 

Because  of  the  short-range  magnetic  ordering  of  the 
F•e^04  layers  and  the  long-range  ordering  of  the  NiO  layers 
within  the  supcriattices.  the  (111)  neutron  reflection  intensity 
can  be  separated  info  two  overlapping  profiles,  one  short  and 
broad,  and  the  other  tall  and  narrow.'  ITe  former  has  a  large 
contribution  from  the  Fe,04  ferrimagnetic  ordering,  .ind  the 
latter  IS  due  entirely  to  NiO  untifcrromagnetic  ordering  In 
the  supcriattices.  the  NiO  peak  intensity  decreases,  and  the 
FC)04  intensity  increases,  with  incieasing  applied  field, 
lliese  changes  in  intensity  may  indicate  an  in-field  low- 
energy  state  for  the  NiO  layers  with  moments  aligned  |7er- 
pcndicular  to  the  applied  field  (and  probe  direction),  while  in 
(he  Fct04  layer  moments  align  purullcl  to  (he  applied  field. 
Neutron  scattering  also  indicates  that  the  saturation  fields  for 
these  samples  arc  larger  than  in  bulk.  In  addition,  in  the 
supcriattice  spectra.  FC4O4  neutron  linewidths  show  no 
change  with  field,  but  the  NiO  peak  shows  a  small  hut  con¬ 
sistent  broadening  trend  with  increasing  field.  I1iis  broaden¬ 
ing  indicates  a  reduction  of  NiO  coherence  length  and  do¬ 
main  size  with  increasing  field,  An  equivalent  broadening  of 
neutron  reflections  with  increasing  field  is  not  seen  in  either 
bulk  or  singic-thin-film  NiO  samples. 

Another  sequence  of  studies  we  performed  dealt  with  the 
influence  of  superlattice  layering  on  the  Verwey  transition 
manifested  in  the  iron  oxide  layers.  The  interlayer  coupling 
and  strain  of  the  superlattice  structure  affects  temperature 
and  form  of  the  Verwey  transition,  a  magnetic,  con¬ 
ductivity,  and  structural  transformation  that  accompanies  a 
charge  ordering  of  the  Fe^^  and  ions  in  magnetite.  The 
Fe304  Verwey  transition  in  the  bulk  (~  123  K)  is  highly  sen¬ 
sitive  both  to  the  exact  stoichiometry  of  the  iron  oxide  and  to 
the  presence  of  s‘rain,  and  is  accompanied  by  a  lattice  dis¬ 
tortion  to  an  orthorhombic  structure,  a  large  step  downward 
in  electron  conductivity,  and  a  shift  in  magnetic  anisotropy, 
as  the  sample  is  lowered  below  the  ordering  temperature  in 
the  iron  spinel  materials. 

Recently,  Aragon  et  al.^  have  used  neutron-diffraction 
techniques  to  investigate  the  Verwey  transition  in  bulk 
Fe304,  on  single-crystalline  samples  of  about  1  cm^  volume. 
One  sample  in  their  study  was  prepared  with  exact  Fe304 
stoichiometry,  while  another  was  deficient  in  iron  (Fe3_/)4 
with  (5=0.006).  The  charge  ordering  was  manifested  by  the 
presence  of  reflections  which  appear  below  the  Verwey  tran¬ 
sition  (r~123  K)  at  the  (4m,  0,  1/2)  positions.  The  line 
shapes  and  temperature  dependence  of  these  peaks  were  used 
to  study  the  nature  of  the  charge  ordering  of  the  below- 
Verwey  state.  The  charge  ordering  present  below  the  transi¬ 
tion  temperature  loses  its  long-range  coherence  due  to  lack 
of  available  charge  in  the  nonstoichiometric  sample,  as  evi¬ 
denced  by  a  broadening  of  the  peak  line  shape,  and  a  smear- 

Lind  et  at.  6285 


)’l(i  >  lU'ii'dinu'iuiimiil  plot  ol  Ihi-  miciisiiy  loi  nciittoii  utlcttiim  iiiouiid 
Ihc  14.  tl.  I'Ji  pciik  K()  K  tot  sL'alU'tIn):  lioiii  a  |i‘i-|(l,l7S  Al|Ni()l't  Al|t,., 
^upcilalfia-  I1ii'  tL'Occtioti  i<>  partialiy  ottsi'titcd  liy  a  tidpc  ol  iniciisilv  due 
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hy  127  K. 


iiig  and  lowurindi  of  ihe  transiiioii  tcmperaUirc.  when  com¬ 
pared  to  the  pure  Fe,04  sample. 

Wc  have  performed  comparable  measurements  to  probe 
the  Verwey  transition  in  a  small  subset  of  our  grown  Itlms 
and  superluttices/'  which  have  a  sample  volume  a  factor  of 
UXX)  times  less  than  those  used  by  Aragon  el  al.  The  charge 
ordering,  manifested  by  the  appearance  of  the  (4.  0,  1/2) 
peak,  is  seen  both  for  a  thick  (.4  /urn)  I'CyO^  film  and  for  one 
of  our  superlatticcs,  a  sample  containing  very  thin  NiO 
layers — [FC3O4  (75  A)|NiO  (9  Figure  3  shows  the 

(4,  0,  1/2)  peak  for  this  latter  sample  superimposed  on  an 
intensity  ridge  associated  with  the  MgO  substrate  (400)  peak. 
The  data  in  the  figure  were  taken  at  SO  K,  well  below  the 
Verwey  ordering  temperature.  The  inset  in  Fig.  3,  also  for  the 
[Fe304  (75  A)|N10  (9  A)],,^)  superlattice,  shows  the  inte¬ 
grated  intensity  of  the  (4,  0,  1/2)  peak  as  a  function  of  tem¬ 
perature  near  the  Verwey  transition.  We  can  track  this  inten¬ 
sity  to  obtain  an  order  parameter  for  the  Verwey  charge 
ordering,  and  obtain  a  transition  temperature  of  about  128  K, 
several  degrees  above  the  bulk  stoichiometric  Tvorwey  Reso¬ 
lution  limits  do  not  allow  for  a  full  determination  of  whether 
the  Verwey  charge  ordering  is  truly  long  range. 

The  amplitude  of  the  temperature-dependent  (4,  0,  1/2) 
peak  follows  another  signal  of  the  Verwey  transition  quite 
well:  SQUID  measurements  at  low  applied  fields  (~10()() 


Oe)  of  the  moment  in  the  film,  a  technique  for  probing  the 
Verwey  transition  first  employed  by  Weiss  and  Forrer.’  This 
method  also  gives  a  transition  temperature  for  the  superlat¬ 
tice  increased  to  about  128  K.  Since  only  a  depression  of  the 
transition  temperature  due  to  nonstoichiometric  samples  has 
been  previously  observed,  either  by  Aragon  et  al.^  or  in  ear¬ 
lier  work  by  Honig  and  co-workers,*^  we  feel  it  is  likely  that 
the  increase  seen  here  is  due  to  the  strain  in  the  superlattice, 
an  effect  which  is  being  studied  furth  er.”  For  other  superlat¬ 
tice  siimplcs,  the  ordering  duo  to  the  Verwey  transition  with 
increasing  NiO  layer  thickness  is  found  to  be  entirely  sup¬ 
pressed  by  the  superlattice  structure,  and  may  be  further  evi¬ 
dence  of  increasing  strain  in  Ihe  I  ciOa  layers. 

We  conclude  that  neutron  diffraction,  when  supported  hy 
other  complementary  techniques,  shows  strong  evidence  for 
the  iniluence  of  interiacial  coupling  and  strain  on  the  mag¬ 
netic  and  structural  ordering  of  layered  iron  oxide  and  nickel 
oxide  heterostructures.  The  magnetic-field  response  of  the 
ordering  shows  modifications  from  bulklike  behavior  influ¬ 
enced  by  interfacial  coupling.  Also,  the  Verwey  transition, 
clearly  associated  with  both  structural  and  magnetic  ordering 
elTecfs.  is  shifted  to  liifiher  temperature  in  the  thin  NiO- 
layered  superlattice,  and  entirely  suppressed  in  thicker  Nit)- 
layered  samples. 
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Epitaxial  Y,Fe^0|2(YIG)/Bi,Fc,0|i(BIG)  and  YlG/Eu,Bi2Fe50|2(EBlG)  hctcmslructures  have 
been  grown  on  [111]  oriented  single-crystalline  gadolinium-gallium-garnet  substrates  by  pulsed 
laser  deposition.  The  effects  of  the  layer  thickness  ratios  on  the  composition,  microstriicture.  and 
magnetic  properties  of  the  films  have  been  studied  employing  .'.-ray  diffraction,  Rutherford 
backscuttering  spectroscopy,  vibration  sample  magneiometry,  and  Kerr  magnetometry.  All  films 
under  investigation  are  single  crystalline,  in  the  (1111  orientation.  The  multilayered  heterostructures 
displayed  superior  magnetic  properties  in  comparison  to  tlieir  single  crystalline  monolayer 
counterparts,  deposited  at  the  same  conditions.  The  YIG/BIG  heterostructures  indicate  increased 
in-plane  saturation  magnetic  moments,  approacliing  the  maximum  saturation  value  in  bulk  YIG.  The 
YIG/EBIG  heterostructures  show  a  definite  reorientation  of  the  magnetic  moment  in  the 
out-of-plane  diiection,  <t  new  set  of  increased  saturation  magneti/alion  values  that  go  even  above 
that  recorded  for  the  hulk  YIG,  as  well  us  an  increase  in  coercivity. 


The  magneto-optical  rewritable  media  embody  the  com¬ 
bination  between  the  relatively  infinite  writing  capability  of  a 
magnetic  material  with  the  mechanical  system  stability  of  an 
optical  reading  device  and  the  high  recording  density  of  an 
optical  medium.  However,  this  imposes  new  constraints  on 
the  properties  of  these  novel  materials,  as  well  as  raising  new 
challenges  from  a  materials  science  point  of  view.  Such  re¬ 
quirements  as  perpendicular  magnetic  anisotropy,  large  mag¬ 
netic  coercivity,  stable  material  structure,  good  corrosion  re¬ 
sistance,  low  medium  noise,  fairly  low  Curie  temperatures, 
and  high  magneto-optical  effects  arc  just  a  few  in  a  large  list. 
The  launch  of  the  first  generation  of  commercially  viable 
rewritable  magneto-optical  devices  has  already  increased  the 
storage  capacity  of  the  .^..S  in.  disk  format  by  an  order  of 
magnitude,  c'.)mpared  to  magnetic  floppies.  Yet  this  first  gen¬ 
eration  of  magneto-optical  media  is  operating  in  the  long- 
wavelength  (infrared)  range  of  the  spectrum,  intrinsically 
implementing  a  density  limit  on  the  read  information  (since 
the  physical  size  of  the  data  unit  is  diffraction  limited  by  the 
wavelength  of  the  reading  radiation).  The  operation  of  the 
present  media  in  a  lower  wavelength  regime  (such  as  green 
or  even  blue  radiation)  is  made  impractical  by  the  low 
magneto-optical  effect  response  of  the  material.  Hence  new 
materials  are  being  considered  for  the  next  generation  of 
magneto-optical  storage  media. 

Three  material  systems  are  considered  the  front  runners 
on  the  list  of  new  potential  candidates  for  magneto-<)ptical 
applications:  the  rare-earth  transitional  metal  alloys,  the 
Co/Pt  multilayers,  and  the  ferrlmagnelie  iron  gan-els.  Each 


of  thc.se  systems  offer  attractive  features,  while  displaying  a 
series  of  disadvantages. 

The  rare-earth  iron  garnets  have  the  highest  magneto¬ 
optical  response  in  the  green  blue  range,  display  an  unsur¬ 
passed  corrosion  resistance,  and  the  rather  loose  structure, 
while  extremely  complicated,  is  capable  of  accommodating  a 
large  variety  of  ionic  species.  Furthermore,  the  position  of 
the  ions  in  the  structure,  being  solely  determined  by  the  ionic 
radius,  is  completely  unambiguous  (such  as  in  the  spinel 
structure).  Among  the  disadvantages,  one  can  cite  the  high 
deposition  temperature  of  the  garnet  phase  and  the  relatively 
low  signal-to-noise  of  the  polyerystalline  garnet  films. 

A  large  variety  of  chemical  species  may  be  substituted  in 
the  garnet  lattice,  resulting  in  different  magnetic  and 
magneto-optical  properties.  Because  the  garnet  structure  con¬ 
tains  four  sublattices,  of  which  the  oxygen  sublattice  is  com¬ 
mon  to  all  garnets,  an  epitaxial  deposition  of  layers  of  gar¬ 
nets  with  different  compositions  can  easily  he  achieved. 

We  have  grown  by  pulsed  laser  deposition  (I’l.O)  a  se¬ 
ries  of  thin-film  superlattiee  heterostructures  of  rare-earth 
iron  garnets,  on  |lll|  oriented  single  crystalline  paramag¬ 
netic  gadoliniuni-gallium-garnet  ((i(i(i)  substrates.  1. avers 
with  the  I'ollowing  stoichiometries  were  grown; 
Y,Fc4)|-(YlG),  Hi,Fed)|:(BIG),  and  i:u,Bi  2Fes()| ,(EBKil. 
A  248  nm  KrF  excimer  laser,  with  an  energy  density  of  .T.^ 
J/cni"  and  a  frequency  of  10  Hz.  was  used  lor  lilm  deposi¬ 
tions.  The  depositions  were  carried  out  in  (),  ambient  at  pres¬ 
sures  between  10(1  and  701)  m  lorr.  and  temperatures  were 
between  .‘'00  and  800 lor  all  single  layer  structures.  The 
multilayer  lilms  were  all  grown  at  ('OO  ’C  for  reasons  oul- 
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FIG.  1.  Typical  two  layer  YIG/BIO  hotcrostructurc  with  Ihc  corrcsprmding 
unit  cell. 


lined  elsewhere.  All  films  were  cooled  at  an  average  10  “CV 
min,  in  an  O2  ambient  with  a  pressure  of  1  atm. 

Figure  1  shows  a  typical  two  layer  YIG/BIG  heterostruc¬ 
ture  with  the  ('orresponding  unit  cell.  For  simplicity,  only  the 
positive  ions  positions  are  shown.  Note  that  in  going  from 
the  YIG  layer  to  the  BIG  layer,  the  composition  changes 
solely  by  substituting  Bi'^'  ions  in  all  Y'‘  positions,  without 
changing  the  unit-cell  symmetry  from  one  film  to  another. 

Before  growing  thin-film  hctcrostructures,  we  hud  to 
calibrate  the  laser  system  and  optimize  the  different  garnet 
structures'  deposition  conditions.  As  part  of  the  initial  cali¬ 
bration  experiments  we  tried  to  replicate  the  results  of  a  simi¬ 
lar  study  on  epitaxial  growth  of  YIG  on  single  crystalline 
GGG  by  PLD  announced  previously  in  the  literature.'  In 
their  report,  Dorsey  ei  al.  indicated  that  the  variatioi  -f 
deposition  ambient  oxygen  pressure  affected  the  anisotropy 
direction,  such  that  a  low  oxygen  pressure  growth  generated 
an  in-plane  magnetic  anisotropy  while  a  high-pressure  depo¬ 
sition  led  to  an  out-of-plane  anisotropy.  We  have  deposited 
single  crystalline  single  layers  of  YIG  on  GGG,  at  S(K)  “C', 
and  al  ambient  pressures  of  KK).  2(KI.  and  7(K)  mTorr,  respec¬ 
tively.  Figure  2  shows  the  three  hysteresis  loops  for  in-planc 
(VSM)  measurements  (made  by  applying  a  magnetic  field 
parallel  to  the  surface  of  the  film),  A  close  study  of  the  figure 
reveals  that  while  the  saturation  magnetization  of  the  low- 
pressure  specimen  (100  miorr)  is  the  lowest  of  the  three,  its 
hysteresis  liwp  displays  the  most  squareness.  The  saturation 
magnetization  values  of  the  three  films  do  not  show  a  sys¬ 
tematic  variation  with  pressure.  Dorsey  ct  al  hinted  that  the 
reduction  of  the  in-planc  magnetization  loop  squareness 
could  be  assiK'iaied  with  a  change  in  anisotropy  direction  as 
a  function  of  deposition  ambient  pressure. 

Figure  ?>  shows  the  results  of  the  out-of-plane  VSM  mea¬ 
surement  of  the  three  variable  deposition  pressure  samples. 
The  comparison  of  these  hysteresis  loops  with  the  ones  in 
Fig.  2  indicate  that  for  all  three  specimens  the  anisotropy  is 
in  plane.  Although  the  7(K)  mTorr  film  displays  .1  relative 
squareness  of  the  loop,  the  low  saturation  values  and  the  high 
applied  field  required  to  achieve  an  out-of-plane  saturation 
suggest  that  the  increased  O,  pressure  during  deposition  is 
negatively  affecting  the  magnetic  behavior  of  the  single  erys- 
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I'Kl.  2.  The  three  hysteresis  liKtps  Itir  iii-plune  iVSM)  meitsiirentenls. 


tallinc  YIG  films  grown  at  8(K)  “C  on  GGG  substrates.  Hence 
we  carried  all  our  depositions  at  KK)  mTorr  ambient  pressure. 

The  x-ray  &20  measurements  were  made  normal  to  the 
film  surface.  As  indicated  elsewhere.'  the  x-ray  spectra  con¬ 
sistently  contained  only  two  peaks:  the  [444]  peak  of  the 
garnet  film  phase  and  the  [444 1  peak  of  the  gurnet  substrate 
phase.  The  conclusion  of  these  experiments  is  that,  even  if 
the  films  arc  (rolycrystalline,  all  the  grains  are  oriented  such 
that  the  [111]  direction  is  normal  to  the  film  surface. 

It  was  noted  that  the  saturation  magnetizations  of  the 
multilayer  heterostructures  do  not  follow  the  rule  of  mixtures 
using  us  limits  the  bulk  values  (of  the  single  layers  grown  at 
the  same  temperature),  but  rather  using  as  the  upper  limit  the 
bulk  value  for  YIG  grown  at  8(K)  °C.  A  clo.se  study  of  the 
x-ray-diffraclion  pattern  also  shows  that  the  out-of-plane  lat¬ 
tice  patamcler  of  the  YIG  layers  varies  with  the  YIG  content 
of  the  b(M)  '’f  hctcrostructures,  approaching  the  lattice  pa¬ 
rameter  of  the  YIG  monolayer  deposited  at  8(K)  not  of  the 
one  grown  at  b(K)°C.' 

The  YIG/HIG  series,  while  generating  some  very  en¬ 
couraging  results,  could  not  be  considered  as  potential  mate¬ 
rials  for  magneto-optical  applications,  since  the  anisotropies 
of  all  of  the  samples  were  in  plane. 

The  role  played  by  partial  substitution  of  the  ions  occu¬ 
pying  the  dodecahedral  sublattice  of  the  garnet  structure  with 
rare-earth  atoms  has  been  widely  investigated. '''''  Of  the  rare 
earths.  Sm,  F.u,  and  Tlr  are  known  to  give  high  positive  K„ 
values  in  substituted  garnets  R)  ,Bi,Fe,iOi2,  while  Y,  Gd, 
and  l)y  generate  small  K„  values.  We  have  attempted  to  sub- 
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Flo.  .1.  The  results  of  the  out-of-jilane  VSM  measurement  of  the  three 
variable  deposition  pressure  samples. 


stitutc  one  Eu’*  ion/forniulu  unit,  und  depo-sited  a  new  liet- 
erostructure  series  by  growing  alternating  YIC)  and  EBIO 
single  crystalline  layers. 

The  immediate  effect  of  replacing  one  third  of  the  Bi 
ions  in  the  BIG  structure  by  Eu  ions  is  the  change  in  anisot¬ 
ropy  direction  of  the  EBIG  films,  of  similar  thickness,  from 
in  plane  to  out  of  plane.  The  addition  of  Eu  also  seems  to 
increa.se  the  coercive  field. 

Figure  4  shows  a  comparison  of  out-tif-plane  hysteresis 
loops  of  four  multilayer  EBIG/YIG  films.  Similar  to  the 
YIG/BIG  scries,  the  overlaying  of  YIG  and  EBIG  monolay¬ 
ers  produces  increased  saturation  values.  The  increments  ap¬ 
pear  to  linearly  follow  the  content  of  YIG.  The  highest  satu¬ 
ration  value  is  achieved  for  a  ratio  of  5:1  between  the  YIG 
layers  and  the  EBIG  layers  thicknesses,  while  the  lowest 
saturation  magnetization  is  achieved  for  the  film  c  ontaining 
excess  EBIG  in  a  ratio  of  3:1  to  YIG.  Note  that  while  the 
value  of  the  saturation  goes  up  with  the  YIG  content,  the 
squareness  of  the  hysteresis  loops  is  also  reduced,  indicating 
an  apparent  change  in  the  magnetic  anisotropy  direction 
from  out  of  plane  to  in  plane.  This  is  consistent  with  the  total 
comptisition  of  the  film,  which  approaches  the  YIG  single 
layer  condition.  In  contrast,  the  films  containing  excess 
EBIG  show  decreasing  saturation  magnetization  with  the  in¬ 
creased  EBIG  content,  as  they  approach  the  EBIG  single 
layer  condition.  At  the  same  time,  the  films  containing  excess 
EBIG  have  displayed  increased  cocrcivity  values  in  compari¬ 
son  to  the  specimens  with  large  YIO  content. 


I'lti.  4.  A  uompurison  of  out-of-planc  hysteresis  loops  of  four  multilayer 
FUIG/YICi  lilms. 


A  magneto-optical  hysteresis  loop  of  a  thin-film  super- 
lattice  which  has  a  ratio  of  EBIG  to  YIG  layer  thicknesses  of 
3:1  showed  the  best  Kerr  effect  response  in  the  scries.  The 
maximum  rotation  angle  measured  is  13  250  deg/cm,  while 
the  coercivity  is  l.IO  kOe.  The  values  measured  for  coerciv- 
ity  during  the  Kerr  rotation  analysis  are  usually  larger  than 
those  measured  by  VSM,  This  can  be  explained  by  the  highly 
localized  interaction  with  the  specimen  of  the  Kerr  measure¬ 
ment  and  by  the  averaging  character  of  the  VSM  analysis. 
The  exact  effect  of  Eu  addition  on  the  magnetic  and 
magneto-optical  properties  of  the  YIG/EBIG  series  are  not 
completely  understood  at  the  pre.sent  lime.  In  contrast  to  the 
YIG/BIG  series,  the  x  ray  of  the  YIG/EBIG  series  did  not 
show  any  kind  of  .structural  Hiictualion  as  a  result  of  thick¬ 
ness  moditicutions  in  the  constituent  layers.  The  tendency  of 
the  EBIG  rich  hctcrostructurcs  to  have  high  coercivities  and 
a  distinct  out-of-planc  anisoirttpy  can  be  linked  to  the  Eu 
substitution.  However,  further  detailed  measurements  of  new 
films  must  be  curried  out  before  we  can  conclusively  decide 
if  the  observed  effects  are  due  solely  to  the  Eu  addition,  to  an 
increased  stress  in  the  film  structure,  or  to  a  combination  of 
factors. 
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rials  Science  Division  ol  the  United  States  Department  of 
Energy  under  Omtract  No.  DE-AC'()3-76SF(KKM)y8, 
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Mn-VI/II-Vl  supi-i lattices  belong  to  the  family  of  artificial  multilayered  structures  composed  from 
zinc-blende  11-Vl  semiconducting  compounds  and  Mn  chalcogenides  using  MBE  and  ALE.  While 
all  naturally  existing  crystals  of  MnTe  have  the  NiAs  (hexagonal)  structure,  the  zinc-blende  form  is 
a  fee  Heisenberg  antiferromagnet  with  dominant  nearest  neighbor  interactions.  The  magnetic 
properties  of  such  frustrated  systems  are  strongly  influenced  by  lattice  mismatch  strain.  For 
example,  tensile  strain  produces  an  incommensurate  helical  antiferromagnetic  phase  with  an 
in-plane  axis.'  The  strain  and  therefore  helical  period  increases  with  thickness  of  CdTe,  but  in  the 
presently  studied  .samples  is  weak  enough  to  allow  investigation  of  the  onset  of  incommensurate 
helical  effects.  In  previously  studied  MBE-grown  Mn-Vl/Zn-VI  systems,*  '  the  nonmagnetic  spacers 
were  too  thick  to  allow  interlayer  coupling.  We  report  neutron  diffraction  studies  of  new  MnTe/CdTe 
superlattices  prepared  by  ALE  with  extremely  thin  CdTe  spacers  (from  2  to  6  monolayers),  The 
results  indicate  the  formation  of  spin  helices,  consistent  with  the  tensile  nature  of  strain  in  the  MnTe 
layers.  In  addition,  the  widths  of  the  AF  diffraction  peaks  and  the  presence  of  satellite  peaks  clearly 
indicate  that  the  magnetic  interactions  propagate  through  the  CdTe  spacers,  introducing  coherence 
between  the  helices  in  different  MnTe  layers.  The  nature  of  the  interaction  responsible  for  this 
transfer  is  not  yet  clearly  understood.  Some  possible  mechanisms  arc  discussed. 
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Interlayer  coupling  in  antiferromagnetic  EuTe/PbTe  superlattices  (abstract) 
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We  report  neutron  diffraction  studies  of  magnetic  correlations  in  MBE-grown  (111)  EuTe/PbTe 
multilayers.  Bulk  EuTt  is  a  type-II  fee  antiferromagnet.  This  structure  consists  of  ferromagnetic 
(FM)  sheets  of  spins  on  (lll)-type  planes  which  are  coupled  antiferromagnetically  to  one  another. 

In  EuTe/PbTe  the  lattiee  mismatch  strain  selects  an  arrangement  of  the  FM  sheets  parallel  to  the 
multilayer  plane.  Thus,  in  the  case  of  an  odd  number  of  EuTe  monlayers,  there  should  be  a  nonzero 
magnetic  moment — in  other  words,  such  superlattices  are  expected  to  behave  as  ferrimagnets,  not 
anitferromagnets.  This  has  been  confirmed  by  recent  SQUID  studies.'  As  suggested  by  the  above 
model,  the  dipolar  fields  arising  from  the  lack  of  total  moment  compensation  may  introduce 
interlayer  magnetic  coupling,  even  though  in  this  system  there  are  no  carriers  that  can  transfer 
magnetic  interactions  across  the  nonmagnetic  spacers  through  the  RKKY  mechanism,  which  is 
usually  the  case  in  coupled  magnetic  multilayered  systems.  Our  experiments  have  indeed  revealed 
clear  magnetic  superlatticc  peak  patterns  in  several  samples.  The  results  of  measurements  in  high 
external  fields  (up  to  o  T)  bring  further  support  for  the  dipolar  nature  of  the  observed  interlayer 
coupling.  However,  in  some  contrast  to  the  expected  scenario,  the  most  pronounced  coupling  effects 
were  seen  in  the  case  of  an  even  number  of  monolayers,  Possible  explanations  of  this  fact  (c.g., 
higher-order  terms  in  dipolar  fields,  or  structural  imperfections)  are  discussed. 
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Heat  capacity  measurements  of  antiferromagnetic  CoO/NiCoO 
superlattices  (abstract) 
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We  present  heat  capacity  and  magnetic  measurements  of  antiferromagnetic  (AFM)  CoO/Nii,  jCo,)  <iO 
supcrlattices  grown  by  reactive  sputtering.  X-ray  data  verify  the  structure  and  the  high  quality  of  the 
superlattice.  Neutron-diffraction  studies  of  similar  supcrlattices  have  shown  AFM  ordering  through 
several  bilayers  despite  the  short-range  nature  of  the  spin  interaction  in  the  constituent  materials.' 
We  have  recently  developed  a  unique  thin  film  microcalorimeler  capable  of  measuring  thin  films 
from  1.5  K  to  well  above  room  temperature,’  permitting  specific  heat  measurements  on  these 
supcrlattices  for  the  first  time.  Magnetic  measurements  v,'ere  made  by  eouplirig  the  supcrlattices  to 
a  30  nm  NimFem  overlayer  and  measuring  the  temperature  dependence  of  the  exchange  anisotropy 
field.  We  examine  the  effect  of  exchange  coupling  at  the  interfaces  by  varying  the  thickne.ss  of  the 
bilayers  and  their  constituents.  When  the  layers  of  the  CoO/Nid  jCoo^O  superlattice  are  thin,  we 
observe  a  single  broad  heat  capacity  peak  at  a  temperature  between  the  Neel  temperatures  of  bulk 
CoO  and  Nio  ^CoosO.  This  peak  is  at  a  temperature  that  corre.sponds  to  the  supcrlattice  magnetic 
blocking  temperature,  the  temperature  at  which  the  exchange  field  goes  to  zero.  For  thicker  layers, 
we  ob, serve  the  disappearance  of  the  superlattice  peak,  and  the  emergence  of  two  broad  peaks  close 
to  the  individual  Neel  temperatures  of  CoO  and  Nio^COd^O.  We  compare  the  temperature 
dependence  of  the  specific  tieat  of  the  supcrlattices  to  various  models. 
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Exchange  coupling,  interface  structure,  and  perpendicular  magnetic 
anisotropy  in  Tb/Fe  multilayers  (abstract) 
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Tb/Fc  multilayer  films  are  known  to  show  perpendicular  magnetic  anisotropy  (FMA),  which  is 
interesting  for  potential  applications  in  magneto-optical  data  storage.  Wc  demonstrate  by  using  ”Fe 
Mosshauer  probe  layers  and  x-ray  diffraction  that  part  of  the  Tb-deposited-on-Fe  (’Fli/Fc)  interface 
remains  chemically  sharp  and  crystalline  bcc  Fe.  This  part  is  as.sociated  with  an  unexpectedly  strong 
antiferromagnetic  exchange  coupling  of  the  Fe  to  the  I’b  layers,  We  find  by  using  both  conventional 
and  circularly  polarized  radiation  that  part  of  the  interfa''e  and  core  bcc  Fe  but  none  of  the 
amorphous  Fe  is  strongly  coupled  to  Hr.  This  behavior  is  qualitatively  explained  by  a  structural 
model  including  regions  with  a  sharp  Tli/licc-Fe  interface,  where  FMA  originates  from  Hi  ions  that 
experience  the  broken  symmetry  of  the  crystal  electric  field  at  the  interface.  The  extrapolated  isomer 
shift  at  7’=()  K  of  the  amorphous  phase  located  at  the  Fe-deposiled-on-Tb  (Fe.n’b)  interface  was 
found  to  be  different  from  that  of  the  amorphous  phase  located  at  the  Tb/Fe  interface,  suggesting  a 
different  amorphous  structure  at  both  interfaces. 
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It  has  been  empirically  established  that  the  net  anisotropy  exhibited  by  even  a  simple  metal  epitaxial 
film  is  strongly  effected  by  the  interactions  at  the  metal/semiconductor  interface,  although  the 
mechanisms  have  not  been  systei  iatically  addressed  and  remain  an  open  issue.  An  Fe(OOl)  film,  for 
example,  is  expected  to  exhibit  a  four  fold  symmetry  in  the  in-plane  magnetic  anisotropy,  consistent 
with  the  crystalline  surface  symmetry.  Such  films  grown  on  a  bulk  GaAs(0()l)  surface,  however, 
exhibit  a  significant  uniaxial  anisotropy  (twofold  symmetry).  It  has  been  speculated  that  this 
uniaxial  anisotropy  arises  from  the  strongly  directional  bonds  of  the  substrate  surface,  based  on  a 
model  that  assumes  a  bulk-terminated,  unreconstructed  zinc-blende  (001)  surface.'  This  mode!  fails 
to  explain,  however,  the  nearly  ideal  fourfold  symmetry  observed  for  similar  Fe(()01)  films  on  the 
ZnSe(OOl)  surface,’  which  has  an  identical  crystalline  structure  as  GaAs  and  differs  in  lattice 
constant  by  only  0,25%.  We  propose  here  a  conceptual  model  to  account  for  these  pronounced 
differences,  which  describes  how  contributions  to  the  net  magnetic  anisotropy  arise  from  the 
formation  of  the  interface  and  early  stages  of  the  metal  film  growth.  We  suggest  that  these 
contributions  originate  in  the  initial  metal  adsorption  sites  and  .subsequent  bond  or  site  filling,  and 
are  strongly  dependent  on  the  semiconductor  surface  reconstruct''  -i.  We  compare  this  model  with 
results  for  Fe  growth  on  several  surface  reconstructions 
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We  report  the  measured  atomic  and  magnetization  densities  of  a  nickel  twist  grain  boundary 
averaged  over  its  lateral  dimensions  as  a  function  of  distance  from  the  interface  plane.  The  pre.^ence 
of  a  reconstructed  interface  region  (the  grain  boundary)  sandwiched  between  two  single-crystal 
nickel  films  that  were  hot-pressed  together  was  confirmed  with  grazing  incidence  x-ray  diffraction. 

From  reflection  data  taken  using  unpolarized  neutrons,  the  atomie  density  profile  of  the  grain 
boundary  was  determined  to  be  (85±5)%  of  the  bulk  density  when  averaged  over  twice  the 
grain-boundary  width  of  (8±1)  nm.  Using  this  information  in  conjunction  with  the  reflectivity  data 
taken  from  the  nickel  sample  with  polarized  neutrons  reflection,  the  magnetic  moment  of  a  nickel 
atom  was  found  to  be  between  18%  and  52%  larger  in  the  twist  grain  boundary  than  in  the  bulk.  The 
enhancement  of  the  magnetic  moment  at  the  grain  boundary  is  believed  to  result  from  the  reduced 
atomic  density  of  the  interface  region.  Owing  to  this  reduction  in  density,  the  magnetization  density 
of  the  nickel  interface  is  only  somewhat  enhanced,  about  10%,  compared  to  that  of  bulk  nickel. 


I.  INTRODUCTION 

Interesting  magnetic  behavior  with  great  technological 
potential  iias  been  obseiwed  in  a  number  of  materials,  par¬ 
ticularly  those  containing  a  large  fraction  of  internal  inter¬ 
faces.  For  example,  interfaces  play  an  important  role  in  the 
giant  magnetci  wsistance'  and  magnetic  anisotropy^  of  some 
nanocrystalline  and  multilayered  sy.stems  that  may  be  used  in 
future  recording  media  or  in  magnetic  reading  and  writing 
heads.  The  magnetocrystaliine  anisotropy  of  grain  bound¬ 
aries  may  determine  whether  a  material  is  magnetically 
hard^ — making  a  good  permanent  magnet,  or  soft** — making 
a  good  transformer  core. 

Considerable  emphasis  has  been  placed  on  studies  of 
interfacial  magnetism  u'-ing  calculational  methods.  In  one 
calculation,  Tersoff  acd  Falicov"’  report  a  3^%  enhancement 
in  the  magnetization  o  "  the  (001)  nickel  surface  compared  to 
the  bulk.  The  enhano  -  'ent  is  a  consequence  of  a  narrowing 
of  the  rf-orbital  density  of  states  and  a  dehybridization  of  the 
sp-d  bands  of  nickel.  These  effects  are  attributed  to  the  re¬ 
duced  coordination  of  a  nickel  atom  at  a  (001)  surface.  Re¬ 
cently,  Chrzan  et  al.^'  have  calculated  a  reduction  in  the  mag¬ 
netization  of  a  {111}  stacking  fault  in  nickel  of  about  2% 
compared  to  the  bulk.  They  attribute  the  reduction  to  a 
broadening  of  band  states  caused  by  the  close  proximity  ol 
atoms  in  the  [111]  direction  in  the  region  of  the  stacking 


fault.  Schaefer’  has  deduced  from  magnetometry  measure¬ 
ments  of  consolidated  ultrafined-grained  nickel  that  the  mag¬ 
netic  moment  of  nickel  in  the  interfacial  regions  is  reduced 
compared  to  bulk  nickel.  In  the  present  work,  we  report  an 
enhancement  in  the  magnetic  moment  of  nickel  atoms  in  a 
planar  grain  boundary  that  we  believe  to  be  related  to  its 
reduced  atomic  density. 

II.  FABRICATICS  OF  THE  NICKEL  TWIST  GRAIN 
BOUNDARY 

A.  BIcrystal  sample  preparation 

The  grain  boundary  was  manufactured  by  hot-pressing 
two  thin  single-crystal  films  of  nickel  to  form  a  nickel  bi¬ 
crystal.  An  electron-beam  evaporator  was  used  to  deposit 
nickel  [Ni(l)  in  Fig.  1]  onto  the  polished  surface  of  a 
(OOl)MgO  substrate  heated  to  825  K  in  a  vacuum  chamber 
with  a  base  pressure  of  lO"'"''  Pa.**  A  second  deposition  of  a 
mixture  of  naturally  occurring  nickel  and  *’’Ni  was  made 
onto  a  cleaved  (OOl)NaCl  single-crystal  substrate.’’  The  mass 
fractions  of  the  natural  nickel  and  *’’Ni  used  in  the  second 
deposition  were  chosen  so  that  the  average  scattering  length 
density  of  the  nickel  mixture  was  close  to  zero.  By  making 
the  second  film  [Ni(2)  in  Fig.  1]  nearly  transparent  to  neu¬ 
trons,  tile  neutron  reflectivity  of  the  grain  boundary  was  en¬ 
hanced.  During  the  second  deposition,  the  NaCl  crystal  was 
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FIG.  1.  Schematic  diagram  showing  radiation  incident  on  the  nickel  bictys- 
tal  at  an  angle  of  «,■ ,  and  reflected  from  the  sample  by  aj .  The  rotation  ol 
the  sample  about  its  surface  normal  is  <o.  and  the  rotation  of  the  detector 
about  the  surface  normal  is  2d.  The  crystal  labeled  as  Ni(l)  was  grown  on  a 
MgO  single-crystal  substrate.  The  [001]  edge  of  this  crystal  is  misoriented 
by  d,=  19.7°  relative  to  that  of  the  lower  nickel  crystal  Ni(2),  which  was 
grown  on  a  NaCl  substrate. 


heated  to  600  K,  and  a  potential  of  + 1  kV  was  applied  to  the 
substrate  relative  to  the  vacuum  chamber.  After  deposition, 
the  two  nickel  films,  with  lateral  dimensions  of  3  cm  by  3 
cm,  were  placed  face  to  face  in  a  pressure  cage  such  that  the 
[100]  edges  of  the  films  formed  a  twist  angle  of  6,= 19.7°  in 
the  (001)  plane.  The  twist  angle  for  a  X=37  twist  grain 
boundary,  in  which  the  positions  of  1  in  every  37  atoms 
coincide  when  projected  onto  the  interface  plane,  is  18.9°. 
The  small  difference  between  the  twist  angles  of  the  sample 
and  that  of  a  2=37  boundary  suggests  that  the  boundary 
studied  here  is  likely  to  have  a  special  geometry  with  a  high 
degree  of  symmetry,  i.e.,  one  with  a  relatively  small  unit  cell. 

After  heating  the  substrates  to  333  K,  carbon  monoxide 
was  introduced  into  the  oven  at  a  pressure  of  1  atm  for  20 
min.  During  this  time,  the  native  oxide  on  the  nickel  films 
was  reduced  into  nickel  carbonyl  (the  Mond  process).*'' 
Next,  the  carbon-monoxide  and  nickel-carbonyl  gases  were 
evacuated,  restoring  the  base  pressure  of  the  oven  (10"^  Pa), 
and  the  bicrystal  sintered  at  773  K  for  3  h.  After  cooling  to 
room  temperature  in  vacuum,  the  sample  was  removed  from 
the  pressure  cage,  and  placed  in  water  to  dissolve  the  NaCl 
substrate.  The  resulting  sample  consisted  of  a  grain  boundary 
sandwiched  between  the  two  nickel  crystals  on  the  MgO  sub¬ 
strate  (see  Fig.  1). 

B.  X-ray-dIffraction  measurements  of  the  bicrystal 
and  grain  boundary 

X-ray-diffraction  measurements  were  made  under  condi¬ 
tions  of  grazing  incidence,  using  the  HASYLAB  synchrotron 
in  Hamburg,  Germany,  in  order  to  characterize  the  quality  of 
the  bicrystal  and  grain  boundary."  The  mosaic  spread  of  the 
nickel  film  on  its  MgO  substrate  was  1.3°,  while  that  of  the 
upper  film,  which  was  grown  on  NaCl,  was  0.3°.  Transmis¬ 
sion  electron  microscopy  of  the  latter  film  showed  it  to  be 
relatively  free  of  microtwins.  The  diffuse  scattering  of  x  rays 
reflected  from  the  bicrystal  was  observed  in  order  to  deter¬ 
mine  whether  the  interface  between  the  two  nickel  films  con- 
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FIG.  2.  The  x-ray  intensity  measured  under  conditions  of  grazing  incidence 
and  integrated  over  departure  angle  tXf  is  shown  as  a  function  of  (a)  scatter¬ 
ing  angle  29,  when  the  sample  was  optimized  to  excite  a  Bragg  reflection 
from  the  grain  boundary,  and  (b)  sample  orientation  <a,  when  the  detector 
was  positioned  at  the  intensity  maximum  in  26.  (c)  The  x-ray  intensity 
measured  as  a  function  of  ay  normalized  to  the  critical  angle  a,,  for  nickel 
and  the  radiation  used,  when  29  and  ta  were  optimized  to  produce  a  maxi¬ 
mum  of  diffracted  radiation.  The  smoothly  varying  profile  beyond  aya,.  =  l 
is  characteristic  of  a  thin  interfacial  region. 

tained  voids.  No  modulation  of  the  diffuse  scattering  with 
departure  angle  (ay  in  Fig.  1)  was  observed,  suggesting  that 
the  bicrystal  interface  was  free  of  voids." 

A  plot  of  the  x-ray  intensity  integrated  over  the  length  of 
the  position  sensitive  detector,  i.e.,  ay,  as  a  function  of  scat- 
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FIG.  3.  The  unpolarized-neutron  rcflcctivitic.s  of  the  nickel  films  on  (a) 
NaCl  (0)  and  (b)  MgO  (□)  substrates,  and  (c)  the  nickel  bicryslal  (□).  The 
solid  lines  for  (a)  and  (b)  were  calculated  from  the  scattering  length  density 
profiles  shown  in  Pig.  4.  The  solid  line  for  (c)  was  calculated  using  the 
atomic  density  profile  of  the  grain  boundary  shown  in  Fig.  S(a).  The 
polarized-neutron  reflectivities  for  the  (0)  and  R^.  (□)  cross  sections 
are  shown  in  (d)  and  (c).  The  dashed  lines  were  calculated  using  a  magnetic 
moment  for  nickel  that  was  constant  throughout  the  bicrystal.  The  solid  lines 
were  calculated  using  an  enhanced  magnetic  moment  [Fig.  S(b)]  at  the  grain 
boundary. 


tering  angle  29  (see  Fig.  1),  when  the  sample  was  oriented  to 
excite  a  grain-boundary  reflection  (one  corresponding  to  the 
12,12,0  reflection  indexed  in  the  coordinate  system  of  a 
2=37  grain  boundary)  is  shown  in  Fig.  2(a).  A  plot  of  the 
intensity  measured  as  a  function  rotation  angle  about  the 
normal  to  the  sample  surface,  w  (see  Fig.  1),  when  the  de¬ 
tector  is  positioned  at  the  intensity  maximum  in  Fig.  2(a)  is 
shown  in  Fig.  2(b).  These  measurements  demonstrate  that 
Bragg  reflection  is  well  localized  within  the  reciprocal-lattice 
plane  corresponding  to  the  projection  of  atom  positions  onto 
the  interface  plane  of  the  bicrystal.  When  the  detector  posi¬ 
tion  and  sample  orientation  were  optimized  to  produce  a 
maximum  of  intensity  at  the  position  corresponding  to  the 
12,12,0  grain-boundary  reflection,  the  rodlike  intensity  pro- 
flle  shown  in  Fig.  2(c)  was  measured  as  a  function  of  depar¬ 
ture  angle  ay  from  the  sample  surface.  The  rodlike  form  is 
characteristic  of  scattering  from  spatially  limited  or  thin  re¬ 
constructed  interfaces.  The  presence  of  the  rodlike  distribu¬ 
tion  of  intensity  at  the  position  of  a  grain-boundary  reflec¬ 
tion,  and  its  absence  in  single-crystal  Aims  containing  no 
grain  boundary,  is  evidence  that  the  bicrystal  interface  had 
reconstructed  during  the  sintering  process  to  form  a  grain 
boundary.*'-*^ 


10m  10^ 


ri(i.  4.  The  nuclear  (neutron)  scattering  length  density  profiles  deduced  for 
the  nickel  on  MgO  sample  (solid  line)  and  the  idekei  on  NaCI  Humpic 
(dashed  line)  from  tits  to  the  rctiectivity  data  in  Figs.  3(a)  and  3(b). 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

A.  The  atomic  density  profile  of  the  nickel  grain 
boundary 

The  reflectivities  of  two  nickel  films,  which  were  grown 
under  conditions  identical  to  those  used  to  make  the  bicrystal 
but  on  different  NaCl  and  MgO  substrates,  were  obtained 
with  unpolarized  neutrons  at  the  Manuel  Lujan  Jr.  Neutron 
Scattering  Center  (LANSCE).‘‘*  These  reflectivity  curves  are 
shown  in  Figs.  3(a)  and  3(b)  (open  symbols)  as  a  function  of 
scattering  vector  magnitude,  Q-4tt  sin(aj)/X,  where  \  is 
the  wavelength  of  the  radiation  (determined  using  the  time- 
of-flight  technique),  and  Oj  is  the  angle  of  incidence  of  the 
radiation  onto  the  sample  surface.  The  scattering  length  den¬ 
sity  profiles  p{z),  deduced  as  a  function  of  depth  into  the 
nickel  films  from  the  reflectivity  data,  are  shown  in  Fig.  4. 
The  solid  curves  in  Figs.  3(a)  and  3(b)  were  calculated  from 
the  density  profiles  using  the  Parratt  formalism.’^  From  the 
fit  to  the  nickel-MgO  data,  and  using  the  published  scattering 
length  for  natural  nickel  (lO.SXK)'"’  A*^’),  the  average 
atomic  (number)  density  of  the  nickel  film, 
/i()=0.0895±0.0005  A“\  was  deduced.  This  density  is 
somewhat  less  than  the  density  of  bulk  nickel,  0.0913  A'^. 
Similar  reductions  in  the  densities  of  thin  films  compared  to 
their  bulk  counterparts  have  been  observed  in  other  metal 
systems. Using  the  value  of  «(,,  the  neutron-scattering 
length  of  the  null  scattering  *’^Ni-nickel  mixture  was  deduced 
to  be  (4.8±0.5)x  10^*  A  (more  than  20x  smaller  than  that 
of  natural  nickel)  from  the  fit  to  the  nickel-NaCl  data.  This 
information  is  used  later. 

The  reflectivity  of  unpolarized  neutrons  from  the  nickel 
bicrystal  is  shown  in  Fig.  3(c).  In  determining  the  scattering 
length  density  profile  of  the  nickel  bicrystal,  the  air-nickel 
and  nickel-MgO  interfaces  of  this  sample  were  assumed  to 
be  identical  to  those  previously  determined.  This  assumption 
is  reasonable,  since  no  significant  differences  between  the 
air-nickel  and  nickel-MgO  interfaces  of  other  similarly  pre¬ 
pared  samples  have  been  observed.  The  portions  of  the  scat¬ 
tering  length  density  profile  for  the  bicrystal  that  were  per- 
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FIG.  5.  (a)  The  aloniic  density  of  the  grain  boundary  deduced  as  a  function 
uf  distance  away  from  the  interface  plane  Ironi  a  111  of  the  hicryslal  nuxtel 
(described  in  the  text)  to  the  reHeelivity  data  In  Fig.  .f(e).  (hi  1'he  magnetic 
mument  of  nickel  deduced  as  a  function  of  distance  from  die  interface  plane 
for  model  I  (solid  cutvc),  model  2  (dashed  curve),  and  model  }  (#l  de¬ 
scribed  in  the  text,  (c)  The  magneti/ation  deosity  of  (he  grain  boundary 
calculated  fur  the  three  models. 


turbed  to  fit  the  data  were  tho.se  belonging  to  the  overall 
thicknesses  of  the  two  nickel  films  and  the  atomic  density  of 
the  grain-boundary  region.  The  atomic  density  profile  de¬ 
duced  for  the  grain  boundary  is  shown  in  Fig.  5(a).  The 
reflectivity  curve  calculated  for  this  model  is  shown  as  the 
solid  curve  in  Fig.  3(c).  The  minimum  density  of  the  grain 
boundary,  occurring  at  the  interface  plane,  is  (W)±6)%  of  the 
film  density.  The  full  width  F,  where  the  density  is  halfway 
between  the  minimum  and  bulk  densities,  is  (8±l)  nm.  The 
mean  grain-boundary  density,  when  averaged  over  twice  its 
width,  is  (85±S)%  of  rjo. 

The  mean  density  is  similar  to  those  calculated  from 
atomic  structures  of  gold  grain  boundaries,  which  have  been 
deduced  from  quantitative  x-ray-diffraction  nieasure- 
ments;'^'''’  however,  the  nickel  boundary  is  considerably 
broader  than  the  gold  boundaries.  The  boundary  widths  de¬ 
duced  for  the  two  gold  grain  boundaries  are  believed  to  be 
about  1  nm.'^''^  Since  the  twist  angles  of  the  two  gold  grain 
boundaries  {$,=36.9°  and  22.6°)  were  larger  than  that  of  the 
nickel  grain  boundary  {0,  =  19.7°),  the  nickel  boundary  is  ex¬ 
pected  to  be  broader  than  the  gold  grain  boundaries,  although 
perhaps  not  as  b?oad  as  observed.  Interestingly,  grain¬ 
boundary  widths  in  nanocrystallinc  nickel  also  appear  to  be 
quite  large.  Recently,  .<\us  ct  al.'^  have  reported  boundary 
widths  of  5  nm  deduced  from  magnetometry  measurements, 
while  Valiev''^  has  measured  widths  of  10  nm  using  high- 


(i-siiluiiiin  t/an'>missioii  eleetmn  mietoM.op\  I  he  Uttge 
lx>uiulai\  vxi.illiN,  which  seem  (i>  Ik  i\|iie.il  ol  nieke-l.  m.i\  Ih' 
line  In  the-  fe-ftoni.ignelie  lialiire  ul  llie  itl.ileiial  1  nt  example, 
the  luagtielie  .inisoiiopy  ol  a  gr.iiii  iKuiiuiaix  mat  iiitiuenee 
ind  in  linn  be  intltieiieeil  In  ilie  alomii.  siiueture  ol  the 
laHind.irv  lo  dale,  the  magnetie  ettecls  have  been  latgely 
igtioicd  lit  theoreiieal  ealeiilalions  of  grain-lxiuitdary  .true- 
lures,  so  theoielical  ealeiilalions  mat  be  iindereslimating  (he 
sirueTural  widths  ol  grain  Iniundaiies  in  magnetie  materials. 

B.  The  magnetization  profiie  of  the  nickel  grain 
boundary 

The  rcIleeTivilies  of  a  niekel-MgO  sample  and  the  bic- 
ryslal  were  remeasured  at  l.ANSCF  using  neutrons  wilh  po- 
lari/ution  states  aniiparallel  and  parallel  to  the  0.1  T  mag¬ 
netie  field  applied  along  the  sample  surfae'e.’"  The  field 
strength  is  considerably  larger  than  that  needed  to  saturate 
thin  iron  ‘Itns  along  their  hard  axes,*'  so  both  nickel 
sample.s.  whose  saturation  magneti^utions  arc  much  less  than 
iron,  should  have  been  fully  saturated  during  the  reflectivity 
measurements.  1\vo  reflection  cross  sections,  R  .  and  R+ 
corresponding  lo  the  two  neutron  polarization  states  (antipar- 
allcl  and  parallel),  were  measured  for  each  sample.  In  the 
case  of  the  nickel-MgO  sample,  the  difference  in  Q  between 
the  critical  edges  for  the  R .  and  R  *  reflectivity  curves  was 
used  to  calculate  the  average  magnetic  moment  of 
/1im,  =  (0.7±().1)  Hi,  for  the  sample.  This  value  is  in  good 
agreement  with  the  literature  value  of  0.6  Ha  for  bulk 
nickel  ■' 

Since  the  polarization  state  of  the  reflected  radiation  was 
not  determined  in  this  study,  the  reflectivity  cross  sections 
R  and  R ,  may  be  contaminated  by  scattering  processes 
occurring  within  the  sample  that  actively  change  the  polar¬ 
ization  .state  of  the  neutron  radiation.  These  processes  may 
occur  in  samples  that  arc  not  fully  saturated,  or  have  a  large 
degree  of  magnetocrystallinc  anisotropy."^  In  the  latter  case, 
the  magnetic  moment  deduced  from  R+  and  R^  would  rep¬ 
resent  the  component  of  the  total  moment  in  the  direction  of 
the  applied  magnetic  field.  Measurements  of  the  polarization 
state  of  ihe  reflected  radiation,  i.e.,  all  four  scattering  cross 
.sections  of  the  sample,  are  in  progress  at  LANSCE. 

The  R  and  R  ^  cross  sections  for  the  nickel  bicrystal 
are  shown  as  the  open  symbols  in  Figs.  3(d)  and  3(c).  The 
dashed  curves  in  this  figure  were  calculated  from  a  model 
that  used  the  atomic  density  profile  previously  determined 
for  the  bicrystal,  the  nuclear  scattering  lengths  for  each 
nickel  film,  and  the  value  of  /Uni  ,  to  calculate  the  nuclear  and 
magnetic  contributions  to  the  .scattering  length  density  profile 
of  the  bicrystal.  For  (2>0.()7  A  ',  no  splitting  is  discernible 
between  the  calculated  profiles  (dashed  curves),  when  a  clear 
splitting  is  seen  in  the  data.  Since  the  large-Q  region  is  most 
sensitive  to  spatially  limited  features  like  the  grain  boundary, 
poor  agreement  here  suggests  that  the  magnetic  moments  of 
atoms  in  the  grain  boundary  may  be  different  from  the  bulk. 

The  agreement  between  the  calculated  profiles  and  the 
data  could  be  significantly  improved  when  the  magnetic  mo¬ 
ments  of  nickel  atoms  in  the  grain  boundary  were  made  to  be 
larger  than  yu-Ni  ■  By  varying  only  the  decay  of  the  magnetic 
moment  from  a  maximum  at  the  interface  plane  (corrcsponii- 
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in>i  ID  .III  alTKCi\'..i  \alui:  d(  zero  iii  I  ig  Si  Id  /i.,,  al  a  |«>sitioii 
when'  the  graiii-l'DUiiiJan  ilensiu  eijiiaN  ii„  iiuieh  heller 
agreement  wa*.  ahlained  I  hi*.  vanatiDii  in  magiKlie  nuinient 
IS  sliDwn  liy  the  sdIiiI  line  in  l  ig  Sih)  aiu!  is  ealled  niiHiel  1. 
The  Dptinuim  salue  d(  iI  (>  •  (I  Si  /r,,  .it  the  interface  plane 
produced  the  solid  curves  iii  l  igs  S(dl  and  S'el  When  aver¬ 
aged  over  twice  the  grain-houndary  width,  21  .  the  magnetic 
inonienls  of  nickel  atoms  in  the  inlerlacial  region  are  ahoul 
(52*^12)'^^  larger  than  the  itKigtielic  moment  measureil  tor 
the  tilm. 

A  second  model  (miHlel  2),  which  represented  the  varia¬ 
tion  of  the  magnetic  moineni  ot  nickel  hy  a  (iaussian  func¬ 
tion  centered  at  the  inlertace  plane,  was  also  explored.  In  this 
model  the  height  and  width  of  Ihc  ( iaussian  timclion  were 
optimized  to  produce  the  dashed  curves  in  I'ig.  5.  A  peak 
moment  of  ( I..** ±0.2)  /r,,  was  obtained.  The  full  width  at  halt 
maximum  in  the  profile  of  the  magnetic  moment  was  (.S±  1 ) 
mn.  In  this  model  the  magnetic  width  of  the  grain  houndary 
is  considerably  smaller  than  its  structural  width  of  (X+  1 )  nm. 
Theoretical  calculations  suggest  that  changes  in  symmetry, 
coordination  number,  and  density  can  alter  the  magnetic  mo¬ 
ments  of  atoms.  If  these  predictions  are  correct,  then  the 
magnetic  moments  of  the  atoms  closest  to  the  interface  plane 
would  be  most  tiffectcd  by  the  change  of  atomic  structure 
that  occurs  at  grain  boundaries.  In  particular,  the  coordina¬ 
tion  number  of  an  atom  would  be  expected  to  remain  un¬ 
changed  unless  it  were  located  quite  closely  to  the  interface 
plane.  If  the  magnetic  moment  of  an  atom  is  most  affected  by 
its  coordination  number,  rather  than  changes  in  atomic  den¬ 
sity.  then  the  magnetic  width  of  a  grain  boundary  might  be 
smaller  than  its  structural  width. 

In  a  third  model  (model  ?>),  the  magnetic  moment  [(•)  in 
Fig.  5(b)]  for  each  step  in  the  atomic  density  profile  [Fig. 
5(a)]  was  perturbed  independently  to  yield  a  good  fit  to  the 
data.  Even  though  the  magnetic  moments  of  nickel  atoms 
away  from  the  grain  boundary  were  no  longer  constrained  to 
be  as  in  the  earlier  model,  the  magnetic  moments  of 
these  atoms,  nevertheless,  tended  toward  this  value.  The  op¬ 
timum  magnetic  moment  at  the  grain-boundary  plane  was 
.still  enhanced  [a  value  of  (1,4±().2)  /i/,  was  obtained]  com¬ 
pared  to  the  bulk,  although  the  increase  was  not  as  large  as 
that  deduced  from  the  previous  models. 

All  the  models  predict  an  enhancement  of  the  magnetic 
moment  of  nickel  at  the  grain-boundary  interface.  When  av¬ 
eraged  over  twice  the  grain-boundary  width,  we  find  en¬ 
hancements  in  the  magnetic  moment  of  nickel  ranging  from 
a  low  of  18%  for  model  2  to  a  high  of  52%  for  model  1.  The 
enhancement  deduced  from  the  best-fitting  model,  model  3, 
is  (38±3)%.  Since  the  magnetization  density  is  the  product 
of  magnetic  moment  and  atomic  density,  which  is  reduced  at 
the  nickel  grain  boundary,  the  magnetization  density  of  the 
interface  is  only  sightly  enhanced  compared  to  the  bulk.  The 
magnetization  densities  of  the  interfaces  [Fig.  5(c)]  calcu¬ 
lated  using  models  1  and  3  are  20%  and  10%  greater  than  the 
bulk,  re.spectively,  when  integrated  over  the  grain-boundary 
region,  while  a  small  decrease  of  6%  is  predicted  from  model 
2.  In  other  words,  the  large  enhancements  in  the  magnetic 
moments  of  nickel  at  the  grain  boundary  are  mostly  negated 
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by  the  reduction  of  its  atomic  density  to  yield  a  maftnetiza- 
iKin  ilensiiy  that  is  only  about  1()'’y  greater  than  the  bulk. 

IV.  CONCLUDING  REMARKS 

We  believe  that  reduction  of  atomic  density  and  change 
in  symmetry  at  a  grain  boundary  will  alter  its  density  of 
states  lof  (I  orbitals  in  nickel),  leading  to  the  observed  en¬ 
hancement  in  the  magnetic  moments  of  nickel  atoms  in  the 
grain  boundary.  In  support  of  this  hypothesis,  we  point  out 
that  (  hrzan  rial.''  have  attributed  a  calculated  reduction  in 
the  magnetic  moments  of  nickel  atoms  at  a  (111]  stacking 
fault  to  the  close  proximity  of  atoms  near  this  interface.  An¬ 
other  calculation  has  shown  that  the  reduced  coordination  of 
an  ideal  (101)1  nickel  surface  alters  its  density  of  states, 
'Which  produces  a  32%  enhancement  in  the  magnetic  mo¬ 
ments  of  nickel  atoms  at  the  surface  compared  to  the  bulk.'^ 
The  trend  in  the  two  theoretical  calculations  is  in  agreement 
with  our  observations  of  an  enhanced  magnetic  moment  and 
reduced  atomic  density  of  one  particular  nickel  grain  bound¬ 
ary,  Nickel  grain  boundaries  with  different  twist  angles  and 
crystallographic  orientations  will  have  different  crystal  struc¬ 
tures,  and  so  might  have  different  magnetic  structures,  Com¬ 
parisons  between  these  structures,  measured  with  techniques 
developed  for  this  study,  with  calculations  of  theoreticians 
for  a  variety  of  grain  boundaries  wiil  lead  to  a  better  under- 
.standing  of  interfacial  magnetism,  and  its  effects  on  the  mac¬ 
roscopic  magnetic  properties  of  materials  like  multilayered 
and  nanophase  sy.stems  which  contain  many  interfaces. 

Interestingly,  Schaefer’  has  reported  a  reduction  in  the 
magnetic  moment  of  nickel  at  grain  boundaries  in  samples 
composed  of  consolidated  nickel  crystallites  with  grain  sizes 
of  10  nm.  This  conclusion  was  made  based  upon  magnetiza¬ 
tion  measurements  using  a  SQUID  and  vibration  magneto¬ 
meter,  The  difference  between  the  conclusion  reached  by 
Schaefer  and  that  in  the  present  study,  where  evidence  for  an 
increase  in  the  magnetic  moment  of  nickel  at  a  grain  bound¬ 
ary  was  seen,  may  be  due  to  several  factors. 

First,  the  magnetometry  technique  measures  the  magne¬ 
tization  of  the  entire  sample,  and  so  does  not  specifically 
mea.sure  the  magnetization  of  interfaces.  If,  for  example,  a 
portion  of  the  nanocrystallinc  sample  were  not  magnetic 
when  the  entire  sample  was  thought  to  be  magnetic,  then  a 
reduced  magnetic  moment  would  be  calculated  for  the 
sample,  since  its  measured  magnetization  would  not  have 
been  as  large  as  would  have  been  the  case  had  the  entire 
sample  been  magnetic.  We  note  that  antiferromagnetic  order 
is  suppressed  in  1 1  nm  grains  of  chromium  (to  at  least  20 
K).^"*  If  magnetic  order  can  also  be  suppressed  in  ultrafine¬ 
grained  nickel,  then  a  portion  of  the  sample  studied  by 
Schaefer  may  not  have  been  ferromagnetic,  po.ssibly  result¬ 
ing  in  a  diminished  sample  magnetization.  Depending  upon 
the  amount  of  material  which  was  not  ferromagnetic,  a  di¬ 
minished  magnetization  might  be  measured  for  the  entire 
sample  even  if  the  magnetic  moment  of  nickel  is  generally 
increased  in  the  grain  boundaries. 

Second,  microstrain  introduced  into  the  nanocrystalline 
sample  during  high-pressure,  compaction,  which  was  not 
likely  to  have  been  relieved  at  ambient  temperature  used  dur¬ 
ing  the  compaction  jirocess,  may  affect  the  magnetic  proper- 
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ties  of  the  material  in  a  manner  that  may  not  have  occurred 
in  the  bicrystal  sample.  For  example,  strain  is  known  to  af¬ 
fect  the  magnetic  anisotropy  and  magnetoelastic  energies  of 
ferromagnets^^  and  the  magnetic  structure  of  coarse-grained 
chromium.'*’  Considerable  microstrain  is  usually  found  in 
nanocrystalline  metals^^'^  and  is  likeiy  to  be  present  in 
nanocrystalline  nickel.^**  Since  the  bicrystal  was  annealed  at 
high  temperature,  the  grain  boundary  in  this  sample  should 
be  relatively  strain-free  compared  to  those  in  nanocrystalline 
nickel.  The  different  conclusions  reached  by  Schaefer  and 
this  study  might  be  attributed  to  differences  in  the  strain 
contents  of  two  sample,  if  microstrain  can  change  the  mag¬ 
netic  moments  of  atoms  in  grain  boundaries. 

Third,  the  grain  boundary  studied  in  the  bicrystal  experi¬ 
ment  may  not  be  representative  of  grain  boundaries  found  in 
nanocrystalline  materials.  For  example,  the  grain  boundary 
in  the  bicrystal  sample  was  known  from  the  x-ray-diffraction 
observations  to  be  reconstructed,  i.e.,  to  have  formed  a  re¬ 
laxed  structure.  On  the  other  hand,  the  nanocrystalline 
sample,  at  least  on  the  onset  of  the  magnetometry  measure¬ 
ments,  was  likely  to  contain  grain  boundaries  in  unrclaxed 
configurations  owing  to  the  relatively  low  diffusivity  of 
nickel  at  ambient  temperature  compared  to  the  annealing 
temperature  used  to  make  the  bicrystal  (773  K).  The  mag¬ 
netic  moment  of  nickel  may  be  increased  in  a  relaxed  grain 
boundary  compared  to  an  unrclaxed  one.  Furthermore,  the 
grain  boundary  studied  here  is  special  in  that  its  unit  celt  is 
reasonably  small — containing  only  37  atoms  per  atomic- 
plane.  Randomly  oriented  grain  boundaries,  which  are  char¬ 
acterized  by  large  unit  cells,  should  occur  more  frequently  in 
as-compacted  nanocrystalline  nickel  that  the  special  grain 
boundary  studied  in  this  work.  Efforts  arc  in  progress  to 
determine  whether  the  magnetic  moments  of  nickel  atoms  in 
grain  boundaries  with  other  orientations  differ  from  the  mo¬ 
ment  reported  for  the  i  =  37  twist  grain  boundary. 

Finally,  as  the  grain  size  of  a  nickel  crystallite  becomes 
comparable  to  the  structural  width  of  a  grain  boundary, 
which  may  be  relatively  large  for  nickel,"*  '**  interactions 
across  crystallites  between  different  interfaces  may  perturb 
their  structures  from  those  of  interfaces  found  in  coarser- 
grained  materials.  If  the  magnetic  structure  of  an  interface  is 
coupled  to  its  atomic  .structure,  then  interactions  between 
neighboring  grain  boundaries  that  produce  alterations  in  their 
atomic  structures  may  also  lead  to  changes  in  their  magneti¬ 
zations,  particularly  in  an  ultrafine-grained  materials  such  as 
that  studied  by  Schaefer.  These  interactions  would  not  be 
present  in  the  bicrystal  sample,  since  the  surface  and  nickel- 
MgO  interface  of  the  sample  are  a  few  tens  to  hundreds  of 
nanometers  away  from  the  grain-boundary  inletface. 

While  bicrystal  experiments  such  as  this  one  may  not 
provide  information  relevant  to  as-compacted  nanocrystal¬ 
line  materials,  these  experiments  do  provide  valuable  infor¬ 
mation  about  the  magnetizations  of  planar  interfaces,  such  as 
those  present  in  multilayered  materials.  In  particular,  model 
bicrystal  experiments  can  be  designed  to  study  specific  prob 
lems  that  might  be  encountered  in  the  development  of  mag¬ 
netic  multilayer  d,  'ices.  For  example,  bicrystals  containing 


controlled  amounts  t)f  impurity  solutes  can  be  fabricated  and 
studied  to  determine  how  the  magnetic  properties  of  inter¬ 
faces  change  as  impurity  atoms  segregate  to  the  bicryslal 
interfaces. 
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Magnetic  and  magnetocaloric  properties  of  melt-spun  Gd^Agioo-x  alloys 

C.  D.  Fuerst,  J,  F.  Herbst,  ancJ  R.  K,  Mishra 
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National  institute  of  Standards  and  Teehnolofiy,  Gaithersburg,  Maryland 

With  the  object  of  assc-.ising  their  niagneiocaloric  prerperties.  we  have  prepared  Gd.Agino  ,  alloys 
(.v  =  5(),  70,  75,  77.5,  80,  100)  by  melt  spinning.  The  microstruetures  of  the  melt-spun  ribbons  were 
investigated  by  x-ray  diffraction  and  transmission  electron  microscopy.  Data  from  field-  and 
temperature-dependent  magnetization  measurements  were  used  to  calculate  the  field-induced 
entrt>j)y  change  AS.  The  Gd-only  ribbons  arc  characterized  by  a  single  AS  peak  near  280  K.  For  the 
Gd,Agi,)|,  ,  (7()sa«80)  materials  AS  contains  another  peak  in  the  100-120  K  range  which  we 
a.scribe  to  an  amorphous,  ferromagnetic  Gd-Ag  component.  We  find  melt-spun  Gd,,|Ag<i,|  ribbons  to 
consist  primarily  of  crystalline  GdAg  (cubic  CsCl  structure),  which  is  tmtiferromagnetic. 


It  is  well  known  that  the  field-induced  entropy  change 
AS  of  a  magnetic  material  can  be  exploited  as  a  basis  for 
solid-state  refrigeration,  with  potential  for  anplication  in  the 
room-temperature  range  as  well  as  at  cryogenic 
temperatures.'”'  Recent  calculations''’'  and  experiments’’'^ 
have  shown  that  materials  containing  nanometer-sized  mag¬ 
netic  regions  can  produce  larger  values  of  AS  than  conven¬ 
tional  ferromagnets  or  paramagnets  over  certain  intervals  of 
temperature  (7  )  and  applied  field  (77).  To  maximize  this 
effect,  it  is  important  that  the  magnetic  phase  have  a  large 
intrinsic  magnetization  and,  to  minimize  heating  due  to  hys- 
leresis,  low  magnetocrystalline  anisotropy.  Both  of  these  de¬ 
mands  arc  satisfied  by  gadolinium.  Furthermore,  it  is  desir¬ 
able  for  the  magnetic  particles  to  be  at  least  partially 
separated  by  nonmagnetic  material  to  reduce  magnetic  inter¬ 
actions  between  them. 

With  these  considerations  in  mind  we  have  investigated, 
and  here  report,  measurements  of  AS(T)  for  Gd,Ag|,|()  , 
alloys  which  were  prepared  by  the  rapid  solidification  tech¬ 
nique  of  melt  spinning.  We  chose  a  rapid  quenching  method 
with  the  objective  of  forming  small  magnetic  particles  or 
clusters,  and  the  Gd-Ag  system  was  selected  since  its  equi¬ 
librium  phase  diagram  indicates  that  ferromagnetic  Gd  (Cu¬ 
rie  temperature  7’,. 3293  K)  and  aniifcrromagnetic  GdAg 
(Neel  temperature  r,|~14()  K)  are  essentially  immiscible. 

Ingots  of  Gd^Agioo-.,  (a  =50,  70,  75,  77.5,  80)  were 
prepared  by  induction  melting  high-purity  elemental  con¬ 
stituents.  Each  ingot  was  melt  spun,  again  under  argon,  by 
ejecting  molten  alloy  through  an  orifice  (0.6  mm  diameter)  in 
a  quartz  crucible  onto  the  surface  of  a  chrome-plated  copper 
disk  (25  cm  diameter).  The  quench  rate  was  varied  by  chang¬ 
ing  the  surface  velocity  1/5  of  the  disk.  A  quench  rate  corre¬ 
sponding  to  Vs  =  20  m/s  was  used  for  all  the  silver-containing 
alloys,  and  Ui-=30  m/s  was  used  to  produce  the  Gd-only 
material. 

Ribbon  microstructures  were  examined  by  both  x-ray 
powder  diffraction  a'ld  transmission  eiectron  microscopy 
(TEM).  Figures  1  and  2  display  Cu  K„  x-ray  diffractograms 
for  the  A  =  100,  80,  77.5  and  a=75,  70,  50  materials,  re.spec- 
tively.  It  is  clear  from  Fig.  1(a)  that  the  Gd-only  ribbons  arc 
comprised  of  hexagonal  Gd  grains  with  some  preferential 


orientation  along  the  [00  ll  direction  since  the  (002)  and 
((K)4)  reflections  are  of  greater  intensity  than  those  calculated 
for  an  i.sotropic  distribution  [vertical  bars  in  Fig.  l(a)j.  Se¬ 
lected  area  diffraction  in  the  TEM  confirms  this  interpreta¬ 
tion.  Figure  3(a)  shows  that  the  Gd  ribbons  consist  of  irregu¬ 
lar  grains  approximately  0.5  /um  in  size  and  have  some 
alignment  along  the  [001]  direction,  which  was  normal  to  the 
surface  of  the  quench  wheel.  In  addition  to  [lOOj-oriented 
hexagonal  Gd  crystallites,  the  x-ray  diagram  of  the  Gdx,)Agi,i 
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I'lG.  1.  Cu/C„  x-ray  ixnvdcr-tliffraction  patterns  of  melt-spun  Otl,Ap.||iii  , 
ribbons,  (a)  Gtl.  the  vertical  bars  denote  line  position.s  and  inicnsilics  for 
isotropic,  hexagonal  Gd  metal,  (b)  Ckl„|,Agi,|.  (c)  Gd77  .iAg,, 
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FIG,  2.  CuK,i  x-ray  powucr  diffraclioti  patterns  of  molt-spuii  Gil,Agi,iii  , 
ribbons,  (a)  Gil75Agj,.  (b)  GilvirAgH,.  (c)  GUviAgsoi  'he  vertical  bars  denote 
line  positions  and  intensities  fot  isotropic,  cubic  GdAg. 


ribbons  [Fig.  1(b)]  also  suggests  an  amorphous  Gd-Ag  com¬ 
ponent.  Ribbons  melt  spun  from  the  eutectic  composition 
Gd775Ag22.;t  contain  a  substantial  amorphous  fraction,  us 
shown  by  Fig.  1(c);  the  corresoonding  TEM  micrograph  of 
Fig.  3(b)  reveals  small  (<1(K)  A)  Gd  grains  embedded  in  an 
amorphous  matrix  having  an  overall  composition  near 
Gds()Ag<i()  estimated  by  microchemical  analysis. 

From  the  x-ray  pattern  for  the  Gd7jAg2,.;  ribbons.  Fig. 
2(a),  we  infer  that  the  amorphous  fraction  is  even  larger  than 
that  of  the  Gd77  ,Ag22  <i  sample  since  the  features  are  more 
diffuse  than  those  of  Fig.  1(c).  Some  hexagonal  Gd  is  still 
present  and  persists  in  the  Gd7,jAg;,„  ribbons  as  well  [Fig. 
2(b)];  comparison  of  Figs.  2(a)  and  2(b)  indicates  less  amor¬ 
phous  Gd"Ag  phase  in  the  Gd7()Ag3()  ribbons.  Similar  to  Fig. 
3(b),  TEM  analysis  of  the  Gd7„Ag.i„  ribbons  again  reveals  Gd 
grains  interspersed  in  an  amorphous  matrix  having  a  compo¬ 
sition  near  Gds(Ag5()<  >1  addition  to  a  small  amount  of  crys¬ 
talline  GdAg.  No  gadolinium  component  is  apparent  in  the 
x-ray  diagram  of  melt-spun  Gd^jAgso'  ^'8-  ^(c);  the  ribbons 
are  principally  composed  oi  line-grained  crystalline  GdAg, 
.vhose  reflections  are  illustrated  by  the  vertical  bars  in  Fig. 
2(^y  TEM  of  this  material  shows  GdAg  grains  with  an  av¬ 
erage  diameter  of  ~  100  A. 

Magnetic  moment  versus  temperature  curves  for  the 
melt-spun  ribbons  investigated  here,  as  well  as  for  a  bulk  Gd 
ingot  sample,  are  displayed  in  Fig.  4;  the  measurements  were 
performed  in  a  maximum  applied  field  of  9  kOe,  which  was 
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I^tCi.  .1.  I'liM  micrographs  of  nicll-spuii  (a)  Gd  (O'  denotes  a  hexagonal  Gd 
grain  and  C  indicates  a  cubic  form  of  Gd  situated  at  the  grain  txrundarics) 
and  (h)  GdijsAg;.  ^  (regions  labeled  A  are  amorphous  Gd,iAg.Mi:  hexagonal 
Gd  particles  arc  signified  by  Cl). 
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no.  4.  Magnetic  moment  v.s  temperature  for  melt-spun  Od.Agini,  ,  rib- 
tions  (,v  =  .S(),  71),  7.S,  77..S,  80,  100)  and  for  a  Gd  ingot  sample  measured  in 
an  applied  magnetic  field  of  0  kGe. 
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KIO.  5.  Entropy  change  AS  of  melt-spun  Gd,Agi(iii  .  ,  ribbons  (.r=7l),  75, 
77.5,  80, 100)  and  of  a  Gd  ingot  sample  in  a  9  kOe  applied  magnetic  Held. 


.sufficient  to  saturate  the  magnetization  in  each  case.  The 
observed  low-temperature  moment  for  the  Gd-only  (x  =  100) 
ribbons,  ~215  emu/g  (~6.1  /ig/Gd),  is  20%  lower  than  the 
268  emu/g  (7.55  fin/Gd)  value  for  elemental  gadolinium 
metal,  as  comparison  with  the  bulk  Gd  curve  in  Fig.  4  shows. 
The  disparity  is  puzzling.  Some  of  it  can  be  attributed  to 
nonmagnetic  contaminants  such  as  oxides,  but  our  TEM 
work  indicates  that  secondary  phases  comprise  no  more  than 
5  vol  %  of  the  ribbons.  We  speculate,  therefore,  that  particle 
size  effects  may  also  contribute  to  the  moment  reduction. 
Gadolinium  moments  in  the  5-7  fig  range  have  been  re- 
poited  in  several  amorphous  binary  alloys,**  and  a  moment  of 
only  3  /ifl/Gd  has  been  observed  in  clusters  containing  fewer 
than  100  Gd  atoms.** 

For  the  Gd^Agioy.^t  ribbons  with  70^ji:«i80,  the  data  of 
Fig,  4  strongly  suggest  the  presence  of  two  ferromagnetic 
components,  one  with  a  Curie  temperature  in  th>  'dcinity  of 
100  K  and  a  second  near  the  7^=293  K  value  for  bulk  Gd 
metal.  Hauser'“  prepared  amorphous  Gd^Agmo.^  alloys  in 
the  20«a:«^100  interval  by  sputtering  and  found  them  to  be 
ferromagnetic,  with  essentially  linear  in  x  with  7", .—  100  K 
at  Jt=50.  We  conclude,  therefore,  that  the  amorphous  com¬ 
ponent  detected  by  x-ray  diffraction  and  TEM  in  our 
70^a:ss80  melt-spun  ribbons  is  ferromagnetic  GdjAgi,„)_j. 
with  ;r-50. 

In  contrast,  the  magnetization  curve  for  the  Gd„)Ag5o 
(20  m/s)  ribbons  in  Fig.  4  mirrors  the  susceptibility  versus 
temperature  carve  reported  by  Waliine  and  Wallace"  for 
crystalline,  antiferromagnetic  GdAg,  consistent  with  our  mi- 
crostructural  analyses  of  that  material.  It  is  quite  surprising 
that  the  je— 50  component  of  the  Gd-richer  70^j:^80  rib¬ 


bons  is  amorphous,  while  Cid,(>Ags„  melt  spun  at  the  same 
quench  rate  (t;v  =  20  m/s)  is  crystalline.  To  satisfy  one  of  our 
original  objectives  it  would  have  been  preferable  for  the 
former  materials  to  contain  crystalline  GdAg  [which  would 
be  paramagnetic  at  hi  magnetically  isolate  the  Gd 

particles. 

We  calculated  the  field-induced  entropy  change  A,S'  from 
the  magnetization  data  (measured  as  a  function  of  both  ap¬ 
plied  magnetic  field  H  and  temperature  7  )  by  making  use  of 
the  Maxwell  relation  (US! j  =  ! r)T)i, ,  which  implies 


dM(H'J) 

Jo 

r97 

Figure  5  displays  A5’  vs  T  for  the  melt-spun  7()^Ar=sl(K) 
ribbons  and  for  the  Gd  ingot  sample.  The  Gd-only  ribbon 
material  features  a  single  peak  near  290  K  which  corre¬ 
sponds  well  with  of  bulk  Gd,  as  comparison  with  the  Gd 
ingot  curve  in  Fig.  5  demonstrates.  The  four  other  ribbon 
curves  in  Fig.  5  exhibit  two  peaks.  One  is  centered  in  the 
1(K)-120  K  interval  and  is  generated  by  ihe  ferromagnetic, 
amorphous  Gd5(>Ag5(|  component;  the  variation  of  the  maxi¬ 
mum  with  X  is  relatively  small  and  is  undoubtedly  associated 
with  compositional  variation  in  the  amorphous  fraction. 
Most  pronounced  in  the  x  =  11.5  and  a‘=8()  ribbons,  the  sec¬ 
ond  peak  occurs  at  7—280  K  and  arises  from  the  Gd  con¬ 
stituent;  the  —100  A  particle  size  reduces  T^.  somewhat  from 
the  bulk  value  of  293  K. 

Both  A5  .structures  for  the  70^Ar«80  ribbons  in  Fig.  5 
are  quite  broad;  the  height  of  each  is  considerably  smaller 
than  that  of  the  Gd-only  ribbons,  which  is  in  turn  .somewhat 
redueed  from  that  of  the  Gd  ingot.  Thc.se  results  reinforce 
earlier  findings'*'^  that  a  fine-particle  morphology  can  mark¬ 
edly  modify  the  temperature  distribution  of  AiS.  Figure  5 
suggests  that  the  a: -70  and  a: =75  materials  may  be  of  inter¬ 
est  for  magnetic  refrigeration  in  the  100  K  regime.  While  the 
ar  =  77.5  and  af=80  ribbons  do  contain  small  Gd  particles, 
further  effort  is  required,  at  least  in  the  Gd-Ag  system,  to 
separate  them  in  a  nonferromagnetic  matrix.  We  intend  to 
explore  heat  treatment  as  a  possible  means  for  converting  the 
amorphous  GdjoAgs,,  component  into  aniifcrromagnctic 
GdAg  while  minimizing  growth  of  the  Gd  grains. 
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Nanocompositc  Fcs(j(SiOi)2()  films  with  thickness  from  150  to  5()()()  A  have  been  prepared  by  rl 
magnetron  sputtering  from  u  composite  target.  The  crystallites  in  the  FCxiifSiOiiiD  films  have  a  bcc 
structure  with  the  average  size  of  4()-(»6  A  which  was  determined  by  transmission  electron 
microscopy,  As  indicated  by  the  thickness  dependence  of  resistivity,  the  stacking  and  connectivity 
of  the  crystallites  depend  on  the  thickness  of  the  films.  The  magnetic  properties  also  depend  on  the 
microstructure  which  changes  with  the  thickness  rrf  the  films.  The  magnetic  coercivity  of  the  lilms 
increases  with  the  thickness  of  the  film,  reaches  a  maximum,  and  then  decreases.  The  maximum 
coercivity  of  400  Oe  at  .lOO  K  and  1 200  Oe  at  5  K  was  observed  for  a  film  with  a  thickness  of  about 
700  A. 


I.  INTRODUCTION 

Nanocompositc  materials  have  the  form  of  small  crystal¬ 
lites  dispersed  in  a  matrix  which  may  he  insulating  or  metal¬ 
lic.  The  magnetic  properties  of  nanocomposite  materials  de¬ 
pend  on  the  microstructure  of  the  films  which  cun  he 
controlled  by  either  changing  the  size  of  crystallites  und/or 
the  separation  distance  between  the  crystallites.  It  has  been 
shown  that  the  crystallites  size  and  the  intercrystallitc  dis¬ 
tance  of  the  nanocompositc  FetSiOi  system  can  he  system¬ 
atically  changed  by  varying  the  Fe  volume  fraction,'  ‘’The 
average  crystallite  size  in  the  films  for  a  fixed  volume  frac¬ 
tion  can  also  be  varied  by  changing  the  substrate 
temperature.’  For  the  films  with  lower  metal  volume  fraction 
the  crystallites  are  isolated  whereas  for  the  films  with  higher 
metal  volume  fraction  the  crystallites  are  well  connected.” 
For  the  FeiSiO^  films  with  a  Fe  volume  fraction  near  50% 
the  crystallites  begin  to  form  a  percolating  network.  As  the 
thickness  of  the  film  is  decreased,  the  number  of  crystallites 
connecting  together  in  the  film-normal  direction  decreases 
and  a  change  in  the  electrical  and  magnetic  properties  is 
expected.  In  this  work  we  investigated  the  thickness  depen¬ 
dence  of  magnetic  and  electrical  properties  of  the  FeiSiOi 
films. 

II.  EXPERIMENTAL  PROCEDURE 

The  nanocomposite  Fe:SiOi  films  were  prepared  by  rf 
magnetron  sputtering  from  a  composite  target.  The  sputtering 
targets  were  prepared  by  sintering  a  mixture  of  pressed  Fe 
and  Si02  powders.  The  sputtering  gas  was  5  mTorr  of  Ar, 
and  the  film.s  were  deposited  on  glass  substrates  at  room 
temperature.  The  films  used  in  this  study  have  a  target  com¬ 
position  of  Feo(](Si02)2ii  (55  vol.  %  of  Fe).  The  film  thickness 
ranged  from  150  to  5()()()  A.  The  microstructurc  of  the  films 
was  studied  by  using  a  JEOL  2010  high  resolution  transmis¬ 


sion  electron  microscope  (HRTFM)  and  electron  diffraction. 
The  magnetization  and  the  coercive  force  were  measured  us¬ 
ing  a  commercial  alternating-gradient  force  magnetometer 
and  a  SQUID  magnetometer.  The  resistivity  was  measured  in 
u  standard  four-point  probe  configuration. 

III.  RESULTS  AND  DISCUSSION 

The  electron-diffraction  pattern  of  the  Fe,s()(Si02)2(i  films 
with  a  thickne.ss  of  700  A  is  shown  in  Fig.  1.  The  eleetron- 


I'lCi.  I.  tilcclroii-dilTraction  pattern  (if  Fe„||(SiO;)2ii  lilin  with  a  thicktiess  of 
700  A. 
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FIG.  2.  HRTEM  image  for  (he  FesoiSiOiIjn  Film  with  a  thickne.ss  of  7(K)  A. 


diffraction  pattern  of  the  films  show  a  o'-Fe  structure  with  the 
(110),  (2(K)),  (211),  etc.  rings  present.  The  d  spacing  of  the 
(110)  peak  as  deduced  from  x-ray  diffraction  is  2.03  A, 
which  is  close  to  the  lattice  parameter  of  a-Fe.  The  electron- 
diffraction  pattern  of  the  film  can  be  indexed  to  a-Fe  and 
there  is  no  evidence  of  contribution  from  any  Fe  oxide 
phases;  this  is  also  confirmed  by  Massbauer  spectroscopy. 
The  hyperfine  field  as  calculated  from  the  Mossbauer  spectra 
is  330  kOe,  which  is  close  to  the  value  for  a-Fe.  The  mor¬ 
phology  of  the  crystallites  as  revealed  by  the  HRTEM  image 
for  the  Fe«,)(Si02)2o  films  with  a  thickness  of  700  A  is  shown 
in  Fig.  2.  The  cverage  particle  size  of  the  Fe  crystallites  is 
46-66  A  and  the  Fe  crystallites  are  mostly  isolated  in  an 
amorphous  Si02  matrix.  The  Fe  crystallites  have  a  clear 
boundary  with  the  SiOi  matrix.  The  fringes  on  the  crystal¬ 
lites  represent  the  lattice  spacing  of  Fe. 

The  thickness  dependence  of  the  resistivity  for  the 
Fego(Si02)2o  filitis  is  shown  in  Fig.  3.  It  is  seen  that  the 
resistivity  decreases  as  the  film  thickness  increases  and 
above  700  A  the  resistivity  decreases  drastically,  indicating 
that  the  films  form  a  better  connecting  network  of  Fe  crys¬ 
tallites.  The  plane  view  HRTEM  image  shows  that  the  Fe 
crystallites  are  isolated  in  the  SiOi  matrix,  so  the  drastic 
change  in  resistivity  for  the  films  with  thickness  above  7(K)  A 


0  1000  2000  ,5000  4000  5000 


TIIICKNKS,'--  (A) 

FIG.  3.  Resistivity  vs  thickne.ss  for  the  FeK(i(Si02)2(i  films. 
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FKi.  4.  Miignetie  cnereivities  meusureii  nt  .5(M)  nnd  .5  K  vs  thickne.ss  for  tlie 
FcKiitSiOj),,,  lilms. 

may  be  likely  due  to  the  change  in  stacking  and  connection 
of  the  Fc  crystallites.  The  inset  of  Fig.  3  shows  the  resistivity 
versus  film  thickness  for  700-4273  A  thick  films.  As  the  film 
thickness  increases  from  700  to  4273  A,  the  resistivity 
changes  from  5.6X10  “  to  1.8X10  flcm. 

The  magnetic  coercivity  measured  at  300  and  5  K  of  the 
Fexo(Si02)2o  films  versus  thickne.ss  is  shown  in  Fig.  4.  The 
magnetic  properties  depend  on  the  thickne.ss  of  the  film.  It  is 
observed  that  as  the  film  thickness  increases  the  magnetic 
coercivity  increases,  goes  through  a  maximum,  and  then  de¬ 
creases.  The  maximum  coercivity  of  about  400  Oe  at  300  K 
and  1200  Oe  at  5  K  was  obtained  for  a  film  with  a  thickness 
of  about  700  A.  As  the  film  thickness  increases,  the  change 
in  magnetic  coercivity  measured  at  5  K  is  more  pronounced 
compared  to  the  magnetic  coercivity  measured  at  300  K  for 
the  films  with  thicknesses  less  than  1200  A, 

Figure  5  shows  the  dependence  of  magnetic  coercivity 
with  temperatuie  for  FcsofSiO,)!!)  films  with  different  thick¬ 
nesses.  The  magnetic  coercivity  decreases  as  the  temperature 
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I'TG.  5,  Miignctic  cotrcivitics  vs  temperature  of  tlie  FeKniSiO:),.,,  lilms  witli 
different  thicknesses, 
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increases.  The  temperature  dependence  of  cocrcivity  with  a 
film  thickness  more  than  1000  A  is  almost  linear,  whereas 
the  film  with  a  thickness  of  285  A  has  a  7’'''*  dependence. 
The  dependence  of  coercwity  for  a  thin  film  is  charac¬ 
teristic  of  a  system  of  superparamagnetic  particles  below  the 
blocking  temperature.*^  As  the  film  thickness  increases  the 
number  of  connected  crystallites  also  increa.ses,  i.e.,  the  in¬ 
teraction  between  the  crystallites  increases  and  one  observes 
a  change  in  the  magnetic  properties  of  the  films. 

IV.  SUMMARY 

We  have  prepared  Fe;Si02  nanocompofiite  films  with 
different  thicknesses.  The  size  of  the  a-Fe  crystallites  for  the 
Fejj()(Si02)2()  films  ranges  from  46  to  66  A.  The  resistivity  of 
the  Fejj()(Si02)2()  films  decreases  with  increasing  film  thick¬ 
ness.  Above  700  A  the  resistivity  drops  drastically,  indicating 
that  the  crystallites  form  a  better  connecting  network  in  the 
thick  films.  The  magnetic  coercivity  for  the  Fe)(()(Si02)2() 
films  depends  on  the  microstructure  which  changes  with  the 
thickness  of  the  films. 
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A  general  approach  to  the  computation  of  effective  magnetic  moments  in  rare-earth  carbides  is 
described,  and  details  of  this  calculation  for  Ho’^  ions  in  HoiCi  are  presented.  This  calculation  is 
designed  to  explain  the  reduced  magnetic  moments,  relative  to  free  ion  values,  measured  by  dc 
SQUID  magnetometry  for  H02CJ  nanocrystals.  Crystal-field  splittings  of  the  rare-earth  ion  in  a 
particular  symmetry  site  are  determined  by  the  operator  equivalent  method.  Using  the  eigenvalues 
and  eigenfunctions  of  the  crystal-field  Hamiltonian,  the  effective  magnetic  moment  is  then 
determined.  For  ions  in  Ho2Ci,  this  method  predicts  a  reduced  magnetic  moment,  but  the 
degree  of  reduction  depends  on  the  energy-level  splittings  and,  therefore,  the  temperature.  This 
magnetic  moment  is  compared  with  previous  experimental  results,  and  the  implications  of  the 
formal  carbon  charge,  screening,  and  temperature  arc  discus.sed. 


I.  INTRODUCTION 

Carbon-coated  gadolinium  and  holmium  sesquicarbide 
nanocrystals  have  been  prepared  in  a  carbon  arc,  and  the 
details  of  their  synthesis,  structure,  and  measured  magnetic 
behavior  have  been  reported  previously.''^  The  gadolinium 
ions  in  Gd2C3  have  an  ^S-ji2  electronic  ground  state  which  is 
unaffected  by  the  crystal  field.  However,  the  Ho‘^^  ions 
found  in  H02CJ  do  not  show  the  free  ion  behavior.  For  a  ‘Vg 
electronic  ground  state,  the  predicted  effective  moment, 
g[J(y+l)]‘^^  is  10.61  fj.„,  but  fit,  was  found 

experimentally.^  Here  we  present  the  details  of  a  crystal-field 
calculation  for  Ho'^'*'  ions  in  H02CJ,  aimed  at  understanding 
the  reduced  magnetic  moment,  and  in  laying  the  groundwork 
for  similar  calculations  for  other  rare-earth  sesquicarhides, 
dicarbidcs,  and  rarc-carth-containing  fullerenes. 

II.  CRYSTAL-FIELD  CALCULATIONS 

The  free  ion  energy  levels  are  perturbed  by  a  crystal 
field.  The  Hamiltonian  for  this  perturbation,  can  be 
written  in  terms  of  operator  equivalents.  O',", 

Hcu='ZK0:,  m^n.  (1) 

n,tn 

The  crystal-field  intensity  parameters,  fl"',  are  given  by  the 
expression 

fi;;'  =  [-|c|/47re„](r'')0„y„„,Y„„,.  (2) 

Here  (r")  is  the  expectation  value  for  the  nth  power  of  the 
/-electron  radius  and  ©„  is  the  Stevens’  factor,  both  of  which 
are  tabulated  for  various  rare  earth  ions.'^'"*  N„,„  is  the  coef¬ 
ficient  for  the  Tesscral  harmonic  Z'",  and  y,„„  is  the  lattice 
sum  over  the  neighboring  ions,  which  have  fixed  positions 
and  charges  for  a  particular  structure.  The  operator  equiva¬ 
lents  OJ,"  are  functions  of  J ,J  ,3,,,  and  J.  The  eigenstates 
for  the  ion  perturbed  by  the  crystal  field  are  generated  from 
superpositions  of  free  ion  \JM)  states.  This  method,  re¬ 
viewed  by  Hutchings, has  recently  been  used  to  calculate 
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the  energy  levels  of  the  rare-earth  ions  in.side  Cgg  molecules.*' 
Here  we  u.se  this  information  to  calculate  the  effective  mag¬ 
netic  moment  per  ion  for  H02C3. 

III.  ENERGY  LEVELS  AND  EIGENSTATES  OF  IN 

H02C3 

Ho2Ci  has  a  body-centered  cubic  structure  (/43d)  with 
the  Ho'^  ions  in  positions  of  C,  site  symmetry.  To  model  the 
crystal  field  experienced  by  a  Ho'"'  ion  in  this  .solid,  wc 
included  11  neighboring  cu.bon  atoms  and  the  12  closest 
Ho‘’'‘  neighbors  (Fig.  1).  The  atomic  positions  were  taken 
from  published  x-ray  and  neutron  data  for  bulklike  H02C1 
powder,*  and  the  only  free  parameter  was  the  charge  on  the 
carbon  atoms.  In  many  carbide  molecules*  and  solids,^  bond¬ 
ing  occurs  between  the  metal  atom  and  C'f"  dimer  units,  and 
the  formal  charge  varies  with  the  material,^  Previous  results 
for  H02C5  suggest  that  the  holmium  ions  carry  a  3  +  charge, 
and  the  carbon  dimers  have  a  reduced  charge  because  they 
donate  electrons  to  a  conduction  band.*  In  our  calculations 
the  formal  dimer  charge  was  varied  between  2—  and  4-. 
The  calculated  lattice  sums  y„„,  over  the  near-neighbor  Ho^' 
ions  shown  in  Fig.  1  contributed  only  about  10%  of  the  total, 
showing  that  the  carbon  dimers  dominate  the  crystal  field  of 
a  holmium  ion  in  Ho2Ci. 

Since  the  holmium  ions  have  site  symmetry,  only 
some  of  the  operator  equivalents  contribute  to  the  crystal- 
field  Hamiltonian: 

//(-f(C,)  =  5  tol!  +  +  +  Blol  +  Blol  + 

3-Bioi  +  Blpi  +  Blpl,  (3) 

Here  6™  refers  to  the  imaginary  part  of  fi"',  and  the  crystal 
axes  were  chosen  to  minimize  the  contributions  from  the  //(„ 
and  Bti  terms. 

Using  the  free  ion  basis  set,  \JM),  with  .7=8,  the  17x  17 
matrix  was  diagonalized  to  determine  the  energy  eigenvalues 
Ej  and  the  eigenfunctions  |'P,}: 

(4) 
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FIG.  1.  (ill  Uo''  ion  with  1  i  ncarcsi-iicighhur  Ho"'  ions,  (h)  Ho"  ion  with 
1 2  nciirusl-ncighhor  carbiUc  ions. 

From  group  theory,  the./  =8  electronic  ground  state  for  a  (ree 
Ho’'  ion  should  split  into  five  'I’l  states  and  six  ’l\  slates 
when  perturbed  by  a  C,  crystal  field.  As  shown  in  Table  I,  the 
formal  calculation  did  indeed  result  in  six  doublets  and  five 
singlet  .states.  While  the  energy-level  splittings  varied  with 
the  formal  charge  on  the  carbttn  dimer,  the  relative  ordering 
was  the  same  (Fig.  2),  and  the  makeup  of  the  energy  eigen¬ 
states  was  not  significantly  affected.  The  lowest  doublet  con- 


FIG.  2.  liiiorgy  levels  of  Ho"  ns  n  fuiietion  of  carbon  tlinier  charge  niag- 
iiiluUe.  Energies  are  relative  to  that  of  a  free  flo'*^  lon.  A  more  detailed 
description  of  the  ettergy  eigensttites  for  tlie  dimer  charge  of  •  2,0  is  foand 
ill  'I'able  I. 

sisled  predominantly  of  W  =  -t-K  and  -8  slates,  and  the  next 
lowe.st  doublet  was  mainly  M  =  +l  and  -7  states.  For  all 
formal  charge  values  there  is  significant  population  of  ex¬ 
cited  states  at  300  K. 

IV.  MAGNETIC  MOMENT  OF  Ho®^  IN  HOaCa 

In  the  limit  of  small  HIT.  the  paramagnetic  susceptibil¬ 
ity  is  given  by 


TABl.i;  I.  Hii.C,  eigenvectors  for  C'i, 


Eigenvector  tenergy) 


IT, .)  “ii.oKSi .!.«>  + i -•  11.142  n.ii.Sdil.r.s).  I/;,  ./A ■di.on  K| 

|T,'.l>-l).UK(>i7:l;)H'-().14>)  (l.lld.trll  4).  I/-;,  .,/A  -  1,S.,W  K| 

n..SII.S  I1.470()|())I  I  IM  17  ll,l)4lli)1.4)+().l)02ill))  I-I  -0.112  0.0,Slil|  t)  ‘  •')  (i%|  ■-()>.  l/fs/A -^72. S7  K] 
l'l',.>^“ll.fi')7|())  t  (II.  Ill')  -  0.(14')/ li.l)  1(0,024  ll.01()/)|())  II  -0.11.7  I  0.(140/ ll  -.7)  t-O..SO(,  -  0.47')il|  (i).  l/-.'„/A  72.')(i  K| 

;  ().0(l.7]-'  4)  1  (0.022 ' 0.04/ 1|  *.  11  M  •  O.I(i4  0.07')/ ll .  2)t  0.')7ll .  .S)  r  (0.142  -  O.O.Sd/ll  ^  S),  | «/A  -  l4.s..S(i  K| 

-0.17(1  O.O.S7/)|7>  r  (0.002  -  (1.002/ ll.S)  '  O.SNOl4>  I  (  0.010)  '  0.01  l/)l2)t  (0.1.S4  -0.()KI/)|1)  t-(0.()7S  0.01 1,  H  1)  '  (0.1172 ' 0.007/ )|2) 

K-  0.72(1  I  (1.274/ )|  4>  I  (().()()(ir(l.0()l/l|  .S>  i  (  ().II7.S -i  ().O.S7))l  7),  j /-.'../A ^ 2 1 7.00  K 1 

(  -  O.OOl  I  (UlOI/ll.S)  (  (O.O.l.S  (l.(IOS/)i2)  M  O.l(i')  (’.0«')/l!  I)i0.>)(i7l  -4)I  ((I.I4')  0.(l(i.7/)i  7),  1/-.  , ,,/A  217.0(1  K] 
l'F„>=(  -0.112  0.1)4X/)|(i)t  0.(iSli.7)  K0.07(1  ().l')4/)|0)  I  ((I..SO!  I  tl.4(il/)|  -  7)  I  (0.1 1?  t  (1.041 /li  (i>,  i/f,|/A  ^  27,S..7(,  K| 

IrF, ,)  =  ((). 1 12  0.047/ll(i)n  (  0.4(i4  t  0.707/ 1|7)  t  (  0. 1(i')  '  (1.07 -i tjO)  I  0.(iK4l  7)  I  (0. 1 1(1  -  O.O.SO/||  (i),  lb  |_./A  2K.7,17K| 

I'F,,)  ■-((l.()(l(i  (1.00')i)lX)  I  (  O.Ki.S  (l.()7(i/l|.7)t  10.')(i2|2)tl0.1r.l-O.0K2ill  -DK  (1.011 --(l.0.7.S()i  4)  i  (  0.004  ().()07i)|  7).|;.  ,,/A  72(i.(ilK| 
I'kij)-  (().0()7  (l.007/)i7>+(  (I.OI  1  t  ().(I.7S/)|4>K(I.0(I1  KI.OIIl/lU,- 1  (  (I.ISI  ().0K2/.l|l)  i  0.')(i2l  2)-i(0.1(i.S  ll.07(i/)|  .S) 

(■(  -0.004  -l).0()7/l|  -H),  I/-;,., /A  ■  72(i.(il  K| 

I'l',, >--(0.(101  l).(l()l/l|S)  1(0.0(11  I  0.002/ ij.S)  I  (  (I.17')--0.(IK.S/)12)  '  0.')(il|-  1)  KO.  172  -  ().OS2/)l  4>-t(0.0(l(i  0.(ll4il|  7).l/-.,,/A  7.7.7.S4  K| 
I't',„)---(().0()(1  IO.()14/ll7>  '  10.1)01  I  I).()(ll/)15)  I  (  0.172  O.OSlilK)-)  (  ().OI4-t-0.(Kt2/ll2)  +  O.').7>)ll)  l  (0.0.7.S  0.0.7S/I|  l)i((l.l7')  0.0S.S|||  2) 
1(0.007  O.Ollill  4)1(0.001  (l.025/l|  .I)  I  ( -  0.1101/ )|  7)  i  (  0.001  (l.(l(ll/l|  «).  lb|v,i„/A  7.S.S.S4  K| 
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FIG.  3.  Effective  magnetic  moment  for  Ho’’^  with  a  carbon  dimer  charge  ot 
-2.0  as  a  function  of  temperature,  with  assumptions  concerning  off- 
diagonal  elements  as  noted  in  the  text. 


for  a  free  rare-earth  ion  with  ground-state  angular  momen¬ 
tum  J.  I  tore  yU,  is  the  magnetic  moment  of  the  free  ion.  In  the 
full  quantum-mechanical  treatment,®  x  depends  on  the  statis¬ 
tical  averaging  over  the  energy  eigenstates.  While  there  are 
several  contributions,^  the  effective  magnetic  moment  deter¬ 
mined  from  the  magnetization  curve  measured  with  a 
SQUID  magnetometer  is  related  to  the  low-frequeiity  term 

.  {NixW 

^  \  2kT 


Earlier  SQUID  magnetometry  measurements"  yielded  a 
temperature-averaged  value  of  yu,,f,  =  7.5  /u.^ .  There  the  data 
were  scaled  as  a  function  of  HIT,  and  results  from  all  tem¬ 
peratures  were  fit  simultaneously."  Experiments  are  under¬ 
way  to  study  the  degree  of  temperature  dependence  in  order 
to  place  limits  on  the  carbon  dimer  charge.  Refinements  in 
the  crystal-field  calculations  to  incorporate  screening  of  the 
conduction  electrons  will  also  have  an  impact  on  the  energy- 
level  splittings,  and  therefore  on  the  temperature  dependence 
of  the  magnetic  moment. 

V.  CONCLUSIONS 

Crystal-field  calculations  were  performed  to  determine 
the  ground-state  energy-level  splittings  for  Ho'^  ions  in 
H02C3.  The  energy  eigenstates  were  used  to  calculate  the 
low-frequency  paramagnetic  susceptibility  and  the  effective 
magnetic  moment.  In  comparison  with  SQUID  magnetom¬ 
etry  measurements,  this  calculation  underestimates  the  re¬ 
duction  of  the  magnetic  moment.  However,  information  con¬ 
cerning  important  fitting  parameters  may  be  obtained  by 
detailed  temperature-dependent  measurements  of  /U.,.ff. 

Note  added  in  proof:  A  marked  increase  in  the  magnetic 
moment  with  increasing  temperature  has  been  observed  ex¬ 
perimentally,  thought  the  error  bars  for  fits  of  the  high- 
temperature  data  are  quite  large.  When  the  data  taken  at  dif¬ 
ferent  temperatures  are  scaled  and  fit  as  a  group,  the  low- 
temperature  contributions  dominated  in  the  determination 
that  Mcrr=7.5  Ms  • 
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For  Ho®^  ions  in  the  H02C3  crystal  field,  we  treated  only  the 
ground  electronic  state  multiplet,  which  has  7  =8.  The  next 
lowest  electronic  state  in  the  free  ion,  Vy,  lie.s  over  5000 
cm“’  higher  in  energy  and  is  not  appreciably  populated  in 
the  experimental  measurements.'*’  With  the  crystal-field 
eigenfunctions  and  eigenvalues,  the  expression  for  x  is 
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The  effective  moment  per  Ho’  *  ion,  Mcrr*  differs  from  the 
free  ion  moment  because  of  the  removal  of  the  free  ion  de¬ 
generacy,  and  because  the  crystal-field  splittings  lead  to  a 
temperature-dependent  moment.  Figure  3  shows  the  tem¬ 
perature  dependence  of  the  moment  for  the  case  where  the 
carbon  dimer  charge  equals  -2.0.  For  larger  carbon  dimer 
ch.arge  values,  the  temperature-dependent  drop-off  is  less 
pionouticcd. 
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Kramers’s  rate  theory,  broken  symmetries,  and  magnetization  reversai 
(Invited) 

Hans-Benjamin  Braun 

Department  of  Physics,  Simon  Fraser  University,  Burnaby,  British  Cxjlumhia  V5A  IS6,  Canada 

T’he  theory  of  thermally  induced  magnetization  reversal  in  small  particles  is  reviewed.  The 
conventional  Neel-Brown  theory  for  uniform  magnetization  reversal  and  its  derivation  from 
Kramers’s  rate  theory  are  first  discussed.  For  sufficiently  elongated  particles,  however,  a  nonuniform 
energy  barrier  (“nucleus”)  has  lower  energy  than  the  uniform  barrier  and  thus  yields  a  lower 
coercivity.  This  coercivity  reduction  is  shown  to  occur  also  for  vanishing  hard-axis  anisotropy  when 
the  nucleus  breaks  the  rotational  symmetry  around  the  easy  axis.  The  prefactor  of  the  Arrhenius 
factor  is  calculated  for  uniform  and  nonuniform  barriers. 


I.  INTRODUCTION 

Recent  years  have  witnessed  tremendous  progress  in  the 
preparation  of  magnetic  particles  on  the  scale  of  a  few  na¬ 
nometers.  Such  particles  typically  exhibit  two  degenerate 
equilibrium  directions  of  the  magnetic  moment  which  are 
separated  by  an  anisotropy  barrier. 

As  the  thermal  energy  kgJ  approaches  the  barrier  en¬ 
ergy,  thermal  fluctuations  drive  the  magnetization  from  the 
metastable  state  over  the  lowest-energy  barrier  into  the  adja¬ 
cent  anisotropy  minimum.  Recent  experiments  on  a  single 
particle*  or  lithographically  produced  arrays^  of  even  smaller 
particles  reveal  a  coercivity  that  is  substantially  smaller  than 
that  predicted  by  standard  theories  of  magnetization  reversal. 

The  most  widely  used  theory  is  that  by  NeeP  and 
Brown.’*  It  is  based  on  the  picture  that  all  spins  within  the 
grain  are  aligned  and  behave  like  a  single  large  magnetic 
moment.  The  switching  rate  out  of  the  metastable  state  is 
then  given  by  the  Arrhenius  factor  exp[  where  the 

barrier  energy  is  proportional  to  the  total  anisotropy  en¬ 
ergy  and  thus  to  the  particle  volume. 

With  increasing  aspect  ratio  of  the  particle,  this  assump¬ 
tion  of  a  uniform  magnetization  becomes  questionable.  A 
recent  study^  which  includes  the  exchange  interaction  of 
magnetic  moments  along  an  idealized  long  particle  with  con¬ 
stant  cross  section  has  indeed  shown  that  the  energy  exhibits 
a  saddle  point  corresponding  to  a  localized  deviation 
(“nucleus”)  from  the  initial  metastable  state.  This  nucleus 
can  also  be  viewed  as  a  soliton-antisoliton  pair.*’ 

These  exact  results  showed  that  several  previous  con¬ 
cepts  have  to  be  thoroughly  revised:  For  sufficiently  elon¬ 
gated  particles,  the  barrier  energy  is  proportional  to  the 
cross-sectional  area  of  the  particle  rather  than  the  particle 
volume.  Second,  the  concept  of  an  ”  ictivation  volume”  is 
misleading:  Even  if  the  nucleus  represents  an  already  re¬ 
versed  domain  delimited  by  two  domain  walls  [see  Fig. 
l(ii)J,  the  barrier  energy  is  not  proportional  to  the  volume  of 
the  reversed  domain  but  rather  equals  the  total  energy  of  the 
delimiting  domain  walls.  Third,  it  can  be  shown  that  the 
energy  decreases  monotonically  from  the  saddle  point  until 
the  magnetization  is  reversed.  This  is  in  contrast  to  a  saddle 
point  of  assumed  curling  symmetry  (where  the  radial  com¬ 
ponent  of  the  magnetization  vanishes).  Such  a  constraint  re¬ 
quires  the  magnetization  at  the  “backbone”  in  the  cylinder 
center  to  remain  in  the  initial  state  even  if  the  magnetization 


outside  this  central  region  is  reversed.  This  obstructs  the  way 
down  from  the  putative  saddle  point  of  curling  symmetry  by 
an  additional  energy  barrier  of  topological  origin  which  in 
the  case  of  a  continuous  magnetization  distribution  is  even 
infinitely  high.  This  can  only  be  avoided  by  breaking  the 
rotational  symmetry  of  the  magnetization  distribution  at  the 
cylinder  center.  For  small  particle  diameters,  we  are  then  led 
to  an  effectively  one-dimensional  model^  that  will  be  de¬ 
scribed  below. 

The  purpose  of  this  article  is  twofold.  We  start  with  a 
review  of  the  theory  of  uniform  magnetization  reversal  with 
particular  emphasis  on  the  difference  between  the  rotation- 
ally  symmetric  case  of  a  single  easy-axis  anisotropy^'’*  and 
the  case  of  an  additional  hard-axis  anisotropy.’'®  These  re¬ 
sults  have  been  derived  by  a  variety  of  methods  and  unfor¬ 
tunately  no  recent  review  exists  in  the  literature.  Therefore, 
Kramers’s  rate  theory  is  presented  in  the  Appendix  in  a  form 
which  can  be  readily  extended  to  nonuniform  situations  or 
systems  of  interacting  particles. 

In  Sec.  IV  it  is  shown  that  in  elongated  particles  a  spa¬ 
tially  localized  deviation  (“nucleus”)  from  the  metastable 
state  provides  the  lowest  barrier.  The  same  nucleus  also  ex¬ 
ists  for  vanishing  hard-axis  anisotropy  where  it  breaks  the 
rotational  symmetry.  This  symmetry  breaking  gives  rise  to  a 
Goldstone  mode  of  zero  energy  which  corresponds  to  an  in¬ 
finitesimal  rotation  of  the  saddle-point  structure  around  the 
easy  axis.  By  taking  advantage  of  this  symmetry,  the  statis¬ 
tical  part  of  the  prefactor  is  evaluated  exactly  for  all  values 
of  the  external  field. 


Let  us  first  consider  an  elongated  particle  of  constant 
cross  section .  ?<.  The  energy  of  a  one-dimensional  (ID)  mag¬ 
netization  configuration  M(j:,r)  of  constant  magnitude 
|M|=Mq  is  given  by 


The  particle  length  L  is  assumed  to  be  considerably  larger** 
than  the  domain-wail  width  ■~[AIK,..  For  particle  diameters  of 
the  order  of  \JAIK,.  or  smaller,  transverse  fluctuations  are 
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FIG.  1.  The  nucleus  (3.2)  tor  nonunifortn  magnetization  reversal  at  (i)  large 
external  fields  (A->1)  and  (ii)  small  external  fields.  For  vanishing  hard-axis 
anisotropy,  this  configuration  is  degenerate  with  all  configurations  that  arise 
by  a  rotation  around  the  easy  axis. 


suppressed  and  a  ID  treatment  is  justified.  The  first  term  in 
the  integrand  of  Eq.  (2.1)  is  the  exchange  interaction  be¬ 
tween  adjacent  magnetic  moments  along  the  particle.  The 
next  two  terms  are  effective  easy  and  hard-axis  anisotropies 
of  strengths  K^,Ki,:>Q,  respectively.  They  incorporate  both 
crystalline  and  demagnetizing  contributions.’*^  For  example, 
for  an  infinitely  long  sample  of  circular  cross  section,  we 
have  ^e.cryst  "i"  “*  ^/i.cryst*  where  ^j>,cry.sl  ♦ 

^h,cry.st  crystalline  anisotropy  constants.  The  last  term  in 
Eq.  (2.1)  describes  the  interaction  with  an  external  field 
along  the  easy  axis,  which  is  conveniently  expressed  as 

h^H,J1ol2K,.  (2.2) 

It  is  appropriate  to  use  spherical  coordinates, 

M/Mo  =  (sin  d  cos  </i,sin  0  sin  <f>,cos  6), 

where  <f>=^x,t)  and  0=0(x,t).  The  energy  (2.1)  then  takes 
the  form 


-/k^(sin^  6  cos”  (f>—  1  )-//„, Af(,( sin  6  cos  <^+  1 )  , 


(2.3) 

which  is  measured  relative  to  the  metastable  state  antiparallcl 
to  the  external  field.  The  magnetization  is  assumed  to  obey 
the  Landau-Lifshitz-Gilbert  equations 


-^  =  -yMxHeff+ 


MX—, 


with  Heff  =  -  which  can  be  expressed  as 


7 

Mo 
y  dt 


d<j>  S'/^  a  S'f^. 


(1-l-a”)  —  sin  0^  =  T7r 
(1  +  a”) 


(?/  Sff  sin  0  8<f>' 
1 


sin  0  dtj)  ^  S0' 


(2.4) 


where  ^=EI.  -z!!  is  the  energy  per  area  and  8l5<f)  denotes  a 
functional  derivative.  The  terms  containing  a>()  de.scribe 


damping.  For  small  values  of  the  damping  constant,  the  a 
dependence  of  the  left-hand  side  (ihs)  can  be  neglected. 

The  uniform  configuration  (</>„,  =  7r,  0,„  =  ‘n/2)  antiparallel 
to  the  external  field  represents  a  metastable  state  while  the 
state  (<At)=0,  0i)=TTl2)  parallel  to  the  external  field  is  the 
minimum  of  the  energy  (2.1).  In  the  following  we  investigate 
the  energy  barriers  that  separate  these  two  states. 

III.  UNIFORM  MAGNETIZATION  REVERSAL 

If  the  dimensions  of  a  magnetic  grain  arc  smaller  than  a 
domain-wall  width,  the  exchange  energy  dominates  over  de¬ 
magnetizing  contributions.  The  individual  atomic  magnetic 
moments  are  aligned  and  the  system  can  be  described  by  a 
uniform  magnetization  M=const.  The  energy  of  an  arbi¬ 
trarily  shaped  particle  of  volume  V  is  then  given  by 

£=  V[-Af,.(sin”  6>  cos”  -  1 ) -I- /Cy,  co.s”  0 

M()(sin  0  cos  1 )].  (3.1) 

For  0</i<t,  the  metastable  state  ((!),„, 0„,)  is  then  separated 
from  the  stable  state  (</>(), ^o)  by  two  equivalent  barriers  de¬ 
fined  by 

cos  (A*'”=-/i,  0<‘”  =  7r/2,  (3.2) 

which  have  the  energy 

E';°^=VK,{\-hf.  (3.3) 

In  the  vicinity  of  the  saddle  point,  the  energy  (3.1)  can  be 
expanded  to  second  order  in  the  fluctuations 
p-Tr/2  -  0, 

+  (3.4) 

The  If)  fluctuations  are  thus  unstable  while  the  out  of  easy- 
plane  fluctuations  are  stable.  In  the  vicinity  of  the  metastable 
•State  the  energy  becomes 

£-  V{/f,(  1  -  // )  ipl  +  [K,{  ]-/,)  +  K„]pl,},  (3.5) 

where  ip,,, ,  0„  are  now  the  stable  fluctuations  away  from  the 
meta.stable  point,  i.c.,  (p„|  =  tt,  tt/2-  0. 

The  uniform  magnetization  M  obeys  the  equations  of 
motion  (2.4)  with  replaced  by  the  energy  density  E/V  and 
with  the  functional  derivatives  replaced  by  partial  deriva¬ 
tives.  The  dynamics  near  the  saddle  point  is  obtained  by 
inserting  Eq.  (3.4)  into  Eq.  (2.4).  In  particular  we  are  inter¬ 
ested  in  the  motion  away  from  the  saddle  point,  i.e., 

[<P  +  (0,F  +  (<)]  =  <''‘  +  '(<P+  .£  +  )  (X  +  >0), 

which  obeys 

( 1  +  a^)  ^  +  <P+  =  -K,,p^A-aK,{  1  , , 

M 

( 1  ■l-«”)  +  =  -A.',(  1  -/r)ip  ,  -  aK,,p,  . 

zy 

Note  that  the  Landau-Lifshitz  equation  (2.4)  is  not  con¬ 
sistent  with  the  fluctuation-dissipation  theorem  since  it  lacks 
random  forces  which  result  from  the  coupling  to  the  heat 
bath.  Without  such  random  forces,  the  magnetization  would 
never  be  driven  out  of  a  metastable  state.  Such  a  term  could 
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be  added  as  a  random  field''  to  the  right-hand  side  (rhs)  of 
Eq.  (2.4)  to  form  a  Langevin  equation.  However,  it  is  only 
necessary  to  consider  the  stochastic  dynamics  near  the  saddle 
point,  and  we  give  a  derivation  of  the  corresponding 
Fokker-Planck  equation  in  the  Appendix. 

Using  the  result  Eq.  (All)  of  the  Appendix,  we  obtain 
for  the  switching  rate^'®  out  of  the  metastable  state 

l(K,/K„){l-h)+l 

^  77  \  i+h 

where  we  have  included  a  factor  of  2  due  to  the  existence  of 
the  two  equivalent  saddle  points  (3.2).  The  escape 
frequency^’®  follows  from  Eq.  (3.6), 

y/M() 


1/2 


(3.7) 


^a^[K,,  +  K,{i-h^)]^  +  4kIk,{ 

(3.8) 

For  weak  hard-axis  anisotropy,  i.e.,  pVKi,<l  and 
K^>Kh,  the  out  of  easy-plane  fluctuations  become  large  and 
the  system  behaves  as  if  Kh=Q.  In  this  case,  there  is  a  de¬ 
generate  class  of  energy  barriers  which  arise  from  the  con¬ 
figuration  (3.2)  by  rotation  around  the  easy  axis.  Equation 
(A12)  then  yields  the  switching  rate^’'* 


a  2y{K,?'^ 
TTP  Af,, 


—  (1 -f/i)(l-/i)2c'^^.  . 

77 


(3.9) 


Although  Eq.  (3.9)  has  been  derived  in  the  moderately 
damped  regime,  it  is  proportional  to  the  damping  constant  a 
which  is  a  characteristic  of  underdamped  theories. 


IV.  NONUNIFORM  MAGNETIZATION  REVERSAL 


Let  us  now  return  to  the  case  of  an  elongated  particle  as 
described  in  Sec.  11.  The  metastable  state  (d>,„  ,<?„,)  along  the 
sample  and  anliparallel  to  the  external  field  is  now  separated 
from  the  stable  state  (d'.v>t^.v)  l^y  the  nonuniform  energy  bar¬ 
rier  (see  Fig.  1), 


tan 


2 


cosh[(a:-A;(,)/5]  77 

sinh  R  '  2  ’ 


(4.1) 


where  sech^/?  =  /i  and  S  =  \JA/K^  coth/L  2 SR  is  the  dis¬ 
tance  between  the  soliton  and  antisoliton  constituting  the 
nucleus  (see  Fig.  1).  We  have  restricted  ourselves  to  one  of 
the  two  equivalent  saddle  points  ±  .  The  arbitrary  position 

ato  of  the  nucleus  along  the  sample  gives  rise  to  a  Goldstone 
mode  of  zero  energy  in  the  .spin-wave  spectrum.  (f)g  solves 
the  Euler-Lagrange  equations, 

-{AIK^,)d^<f>/dx^  +  sit\  0  cos  4>  +  h  sin  0  =  0, 


with  the  boundary  condition  that  0  merges  asymptotically 
into  the  metastable  state.  The  corresponding  barrier  energy  is 

E,  =  8  y/AKl.  A tanh  ^  - /f  sech‘  /? ) ,  (4.2) 

where  the  first  term  is  the  defoi  mation  energy  and  the  second 
term  is  the  Zeeman  energy  of  the  nucleus.  Equation  (4.2)  ha.s 
three  important  features  as  follows. 


(i)  is  proportional  to  the  sample  cross-sectional  area 
and  the  energy  8  4aK^.  of  two  77  Bloch  walls.  This  is  in 
contrast  to  the  uniform  barrier  energy  (3.3)  'vhich  is  propor¬ 
tional  to  the  volume.  For  sufficiently  elongated  particles,  this 
leads  to  a  lower  coercivity  than  theories  discussed  in  the 
previous  section. 

(ii)  For  small  external  fields  (/?—+<»),  where  the  nucleus 
consists  of  a  reversed  domain  delimited  by  two  domain 
walls,  the  barrier  energy  is  twice  the  domain-wall  energy. 
This  shows  the  invalidity  of  the  “activation  volume”  concept 
which  a.ssumes  that  the  barrier  energy  equals  the  total  anisot- 
rony  energy  of  the  reversed  domain. 

(iii)  The  saddle  point  is  connected  to  the  stable  state  via 
a  path  of  decreasing  energy.  Consider  the  sequence  of  con¬ 
figurations  that  ari.se  from  Eq.  (4.1)  if  we  fix  S  at  the  value 
\[a/kI  coth  /?()  but  vary  R  between  0  and  The  energy  of 
such  configurations  is 

E=8^lAi^,.  /^(tanh  R-R  .sech‘  7?,,), 


which  increases  from  0  (for  R=0)  to  £,  at  R=Ra  and  then 
decreases  monotonically  until  the  domain  walls  leave  the 
sample  and  the  magnetization  is  reversed.  The  way  down 
from  the  saddle  point  is  thus  not  obstructed  by  intermediate 
saddle  points.  As  mentioned  in  Sec.  1,  this  latter  problem  can 
arise  for  saddle  points  of  curling  symmetry. 

We  are  now  going  to  investigate  the  energy  near  the 
saddle  point  0, .  Expanding  Eq.  (2.3)  to  second  order  in  the 
fluctuations  ip(x)  =  d>(x)  -  d>s(^')  p(x)  =  7tI2-  0(x) 
around  the  saddle  point,  we  obtain 


E=‘E^+.  dx  ip.  'i^'’‘^ip  +  .  '/  dx 


(4.3) 


with  the  operators 


.A'''<’=A 


dx 


+  S-W,. 


+  K„. 


(4.4) 

(4.5) 


The  potentials  are  defined  by 

Fi(^,/?)=  1-2  sech2(^-f-«)-2  sech2(f-«) 

±2  sech(^-f7?)sech(^-/?).  (4.6) 

Two  eigenfunctions  of  the  eigenvalue  problems 

are  exactly  known:  the  Goldstone 

mode 


sech(  A’/  (5  -  7? )  -  sech  (  a7  ^ + 7? ) 

of  zero  energy  which  corresponds  to  a  translation  of  the 
nucleus,  and  the  ground  state 

sech(AV  S-R)  +  sech(jr/  S+R) 

of  energy  Ell’  =  Kf, .  Since  the  former  eigenfunction  has  one 
node  and  the  latter  eigenfunction  represents  the  ground  state 
of  there  is  exactly  one  eigenfunction  with  negative  en¬ 
ergy.  This  proves  the  instability  of  the  nucleus.  Inserting  Eq. 
(4.3)  into  the  Landau-Lifshitz  equations  (2.4),  we  recognize 
that  the  decay  mode  of  the  nucleus 
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[<p+(A;,0,p  +  (A:,f)]  =  e^+'[<P+U').P  +  ('*)]. 
with  \+>0  obeys  the  following  eigenvalue  problem: 


(1+0-^)  ^  X  +  <p+=  . 

M 

(l  +  a2)^X,p^  =  ,^V+-«.^'’P+. 

For  the  derivation  of  the  switching  rate  we  refer  to  the 
Appendix.  For  h-*\,  Eq.  (All)  can  be  evaluated  exactly’* 
and  we  obtain  the  switching  rate 

(4.8) 

This  result  is  plotted  in  Fig.  2  which  clearly  illustrates  the 
coercivity  reduction  compared  to  uniform  reversal.  For  small 
Kh,  i.e.,  p.'-/j\lA/KgKi,  <  1,  this  result  is  not  valia  and  we 
have  to  investigate  an  energy  density  with  vanishing  hard- 
axis  anisotropy  Ki,=0.  The  energy  (2.1)  then  exhibits  rota¬ 
tional  symmetry  around  the  easy  x  axis.  To  account  for  this 
symmetry,  it  is  more  convenient  to  measure  the  polar  angle 
from  the  external  field,  i.e.. 


M/A/o=(cos  T,  sin  t  cos  w,  sin  t  sin  w) 


(see  Fig.  1).  t^{x)  =  ^^{x)  solves  the  Euler- Lagrange  equa¬ 
tions  in  these  new  parameters,  but  it  is  completely  degener¬ 
ate  with  configurations  that  arise  from  Eq.  (4.1)  by  a  rotation 
around  the  easy  axis  by  an  angle  0«u)^.<2r  (see  Fig.  1):  A 
given  saddle-point  structure  (t,  .w^)  thus  breaks  the  rota¬ 
tional  symmetry  and  there  must  be  a  corresponding  (Gold- 
stone)  mode  of  zero  energy  in  the  spin-wave  spectrum  which 
corresponds  to  an  infiiiitesimal  rotation  of  the  nucleus  around 
the  easy  axis.  As  is  shown  in  the  Appendix,  this  rotation  is 
equivalent  to  the  ground  state  Xo''  of  which  acquires 
zero  energy  for  Kh=0.  The  explicit  knowledge  of  the  rota¬ 
tional  and  the  translational  Goldstone  mode  allows  the  evalu¬ 
ation  of  the  statistical  prefactor  for  all  values  of  /i,”  and  we 
obtain  from  the  Appendix 


64rA:,  (i-/i)^ 

r=  /S.  ^ 


1  +  a  TiMa 


(4.9) 


where  for  a&l,  \+  =  a|£'o'^|  Inserted  into  Eq.  (4.9),  this  vlaue 
for  also  provides  a  good  approximation  of  the  switching 
rat:  for  aSl.  The  prefactor  in  Eq.  (4.9)  remains  finite  since 
for  small  ft,"  we  have  -2hK^,  and  for  /i— *1, 
£S'^=-3(1-/«)A:,. 


V.  DISCUSSION 

We  have  presented  magnetization  reversal  rates  for  uni¬ 
form  and  nonuniform  magnetization  reversal.  It  has  been 
shown  that  for  elongated  particles,  a  spatially  localized 
nucleus  gives  rise  to  a  lower  coercivity  than  a  uniform  bar¬ 
rier.  This  is  also  valid  for  the  case  of  a  vanishing  hard-axis 
anisotropy  as  is  illustrated  in  Fig.  2,  where  the  switching  rate 
is  plotted  as  a  function  of  the  external  field.  The  following 
material  parameters  have  been  used:  A  =5X10“^  erg/cm, 
/f^  =  TrA/o=7xlO’  erg/cm'*,  M,)=480  Oe,  -y=1.5XlO’ 


u 


particle diameler=  100 X  a.spect  ratio=15:l 


FIG.  2.  Magnetization  reversal  rate  for  uniform  and  nonuniform  reversal. 
The  dashed  line  is  the  approximation  of  “constant  attempt  fiequency” 
r=-(2yA:,/M„)exp(-/8£,). 

Oe“’  s“',  7=300  K,  K,=KJ5,  and  a=0.05.  Note  that  the 
value  of  the  prefactor  considerably  affects  the  value  of  the 
rate  as  is  illustrated  by  the  three  curves  for  nonuniform  re¬ 
versal  which  all  have  the  same  Arrhenius  factor. 

In  view  of  recent  experiments,  one  should  keep  in  mind 
that  the  coercivity  changes  drastically'^  with  the  angle  be¬ 
tween  the  external  field  and  the  pa't'cle  axis.  A  precise  align¬ 
ment  of  the  particle  with  respect  to  the  field  is  therefore 
extremely  important. 

Note  that  we  have  assumed  a  constant  cross  section  of 
the  particle.  If  the  particle  cross  section  is  not  constant,  non- 
uniform  barriers  at  different  Xq  are  no  longer  degenerate  but 
they  form  a  distribution  of  energy  barriers.  A  single  particle 
can  therefore  behave  like  an  ensemble  of  many  particles. 

So  far  we  have  neglected  effects  that  occur  at  the  particle 
ends.  The  present  treatment,  however,  also  allows  a  first  es¬ 
timate  fur  nucleation  occurring  at  the  particle  ends.  Assum¬ 
ing  that  the  anisotropy  persists  to  the  very  end  of  the  particle 
and  that  the  magnetization  obeys  open  boundary  conditions 
<fM/t/x(±L/2)=0,  the  nucleus  (4.1)  with  Xq=-LI2  re¬ 
stricted  to  x>0  describes  the  nucleation  of  a  domain  wall  at 
the  sample  end  at  x=  -L/2.  The  corresponding  barrier  en¬ 
ergy  is  then  half  that  of  the  nucleus  EJ2.  In  a  real  sample, 
however,  the  demagnetizing  energy  will  lead  to  a  decrease  of 
the  easy-axis  anisotropy  from  Kc  =  Al«,cryst  +  'F'^o 
-  K^  ctysi  at  thE  sample  end  and  thus  lead  to  a  modification  of 
this  picture.  Finally,  it  should  be  noted  that  this  behavior 
could  be  investigated  experimentally  by  artificially  pinning 
the  sample  ends  by,  e.g.,  a  high-coercivity  material. 
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APPENDIX 

In  this  appendix  we  construct  a  Fokker-Planck  equation 
for  the  magnetization  dynamics  and  derive  the  corresponding 
switching  rate.  We  focus  on  the  moderately  damped  regime 
and  barriers  which  are  high  compared  to  the  thermal  energy 
kgT.  Since  the  prefactor  is  of  the  order  lO”*  s“',  this  condi¬ 
tion  is  satisfied  even  for  large  switching  rates. 
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The  present  formalism  which  is  based  on  work  by  Kram¬ 
ers  and  Langer'^  allows  us  to  rederive  the  results  of  Ziircher^ 
and  Klik  and  Gunther*  in  a  simple  way.  In  addition,  this 
method  can  be  readily  extended  to  interacting  particles  and 
nonuniform  magnetization  configurations.* " 

To  simplify  notation,  it  is  convenient  to  use  dimension¬ 
less  units  defined  by  [x]  =  'JaIkI,  [£/V]  =  2K^, 
[t]-(l  +  a^)Mo/(2yK^).  Introducing  the  vectors 
h  =  {hs^,hsp)  with  h,p=kf,lk^,  the  energy  (3.4) 

near  the  saddle  point  reads  The  equations 

of  motion  linearized  around  the  saddle  point  take  the  follow¬ 
ing  form: 

MijhjiPjU),  (Al) 

where  M  is  a  matrix  with  Mii=A/22  =  Af  i2~  ~^2i~  !• 
The  unstable  mode  with  X+>0  [Eq.  (3.6)] 

thus  obeys  the  equation 


i 


(A2) 


Rather  than  investigating  the  stochastic  trajectories  lhat 
arise  by  adding  noise  terms  to  Eq.  (Al)  we  now  focus  on  the 
probability  p(i//,)n,-  dipi  of  finding  the  system  in  a  phase- 
space  volume  element  Uj  dip ^  around  the  state  ipj .  The  dy¬ 
namics  of  this  probability  distribution  is  then  governed  by 
the  Fokker-Planck  equation 


dt 


+  2 


OJ  i 

dipi 


=  0, 


(A3) 


with  the  probability  current 


(A4) 


Note  that  due  to  the  structure  of  M  only  the  diagonal  part 
contributes  to  the  second  term  in  Eq.  (A4).  Equation  (A3) 
can  be  formally  derived  from  a  Langevin  equation  with 
Gaussian  white  noise,  but  it  is  more  instructive  to  consider 
the  following  heuristic  motivation:  (i)  The  coefficient  of  ip,  in 
Eq.  (A4)  is  constructed  such  that  d{ipi)ldt  =  {dipj/dt).  (The 
expectation  value  is  defined  as  (f)  =  fUidipifp)-,  (ii)  the  co¬ 
efficient  of  the  derivative  is  determined  such  that  the  equi¬ 
librium  distribution  near  the  saddle  point, 


Peq 


=  z~' 


exp 


-13 


(A5) 


is  a  static  solution  of  Eq.  (A3)  with  vanishing  current,  where 
and  e].“)  =  £['’VV'.  Z  is  the  normalization  with  respect 
to  the  vicinity  of  the  metastable  state. 

Equation  (A3)  represents  a  continuity  equation  in  phase 
space.  The  “leakage”  of  the  system  out  of  a  certain  region  of 
phase  space,  e.g.,  the  vicinity  of  the  meta.stable  state,  is  thus 
given  by  the  flux  through  the  boundary  of  this  region,  Due  to 
the  Boltzmann  factor  exp(  — /3£),  this  flux  will  be  maximal 
around  the  saddle  point  which  represents  the  connection  of 


lowest  energy  bet.,een  the  metastable  and  the  stable  state. 
The  goal  of  calculating  the  switching  rate  out  of  the  meta¬ 
stable  state  thus  amounts  to  the  evaluation  of  the  total  prob¬ 
ability  current  of  a  stationary  nonequilibrium  distribution 
through  a  surface  near  the  saddle  point. 

Since  we  consider  high  barriers,  tne  desired  nonequilib¬ 
rium  probability  distribution  p  will  thus  approach  an  equilib¬ 
rium  distribution  in  the  vicinity  of  the  metastable  state  while 
it  has  to  vanish  beyond  the  saddle  point.  Following  Kramers, 
the  stationary  nonequilibrium  distribution  is  assumed  to  fac¬ 
torize  as  follows  near  the  saddle  point: 

P  =  Pcq^^(w).  (A6) 

where  F  depends  on  the  single  coordinate  u  =  2iU,i/',  (even 
in  the  case  of  arbitrarily  many  degrees  of  freedom),  with 
coefficients  Uj  to  be  dete'^mined.  Inserting  Eq.  (A6)  with  Eq, 
(A5)  into  Eq,  (A3)  and  usi.ng  dpldt=0  we  obtain 

dF  ]  ^  d^F 

-  S  S  7-7  =  0,  (A7) 

ij  du  p  ij  du^ 

where  the  above  boundary  conditions  imply  £(-co)  =  l,  F(co) 
=0.  The  consistency  of  the  ansatz  requires  this  to  be  a  dif¬ 
ferential  equation  in  u  alone,  and  thus 


^  fd ijlijipiU j=  KU,  —  M ijU jU j=  yK.  (A8) 

ij  (3  ij 

First  we  note  that  ^jU iV j  =  aZ^U]  and  thus  ■yAf>0.  To 

elucidate  the  meaning  of  k  we  remark  that  the  first  equation 
in  Eq.  (A8)  is  solved  by  Uj  =  hjip^  and  therefore 
K=-.\+<0.  The  constant  y  will  cancel  in  the  final  result. 
Equation  (A7)  then  takes  the  form 
-u  dF/du  +  y  d^Fldtr~0  and  the  boundary  conditions  on 
F  are  satisfied  by  the  solution 


Inserting  Eqs.  (A9)  and  (A6)  into  Eq.  (A4)  we  obtain 

1  dF 

J j—  -7  2  A/iy^-^yPcq  • 
p  J  du 

The  switching  rate  is  then  given  by  the  total  probability  flux 
through  a  surface  near  the  saddle  point  which  we  choose  for 
convenience  to  be  u  —0, 

(Aid) 

The  equilibrium  probability  density  thus  has  to  be  evaluated 
near  the  saddle  point  where  it  is  given  by  Eq.  (A5).  Using 
d(u)  =  f(d(//2Tr)cxp(u/u)  we  perform  first  the  integration 
over  the  stable  directions  and  then  over  q.  The  coefiicient  of 
the  resulting  final  Gaussian  integration  over  the  unstable 
mode  is  negative  although  the  energy  decreases  along  this 
unstable  direction.  This  follows  from  Eq.  (A8)  which  implies 
that  ZiUj/lii=--  j}y<i).  Since  p^.,|  is  strongly  peaked  around 
the  mctastable  state,  we  can  use  a  Gaussian  approximation 
and  obtain  Z  =  Il,\'2Tr//3/)„|,  where  li,„^=\-h  and 
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/i„p=  l  —  h-^K|^|K^  are  the  coefficients  in  a  quadratic  expan¬ 
sion  of  the  energy  (3.5).  We  thus  finally  obtain  for  the 
switching  rate 


r=: 


2ir 


InAli 


(All) 


where  X+  is  the  decay  frequency  of  the  nucleus  and  the  re¬ 
maining  term  is  the  ratio  of  the  partition  functions  evaluated 
in  Gaussian  approximation  at  the  saddle  point  and  the  meta¬ 
stable  state  respectively.  In  the  derivation  of  Eq.  (All)  it  has 
been  assumed  that  there  is  only  one  single  saddle  point. 
Since  Eq.  (3.2)  defines  two  equivalent  saddle  points,  Eq. 
(All)  has  to  be  multiplied  by  a  factor  of  2  to  yield  the  result 
(3.7). 

Note  that  the  result  (All)  is  completely  general  and  can 
be  extended  to  other  situations  with  artibrarily  many  degrees 
of  freedom  such  as  interacting  particles  and  spatially  nonuni¬ 
form  situations. 

We  now  focus  on  the  situation  of  a  vanishing  hard-axis 
anisotropy  In  this  case,  h^p=Ki,/Kg  becomes  zero 

and  the  formerly  stable  direction  at  the  saddle  point  becomes 
flat.  There  is  now  a  completely  degenerate  class  of  saddle 
points  which  is  conveniently  expressed  in  terms  of  r  and  w 
as  in  Sec.  IV.  The  saddle  point  is  then  given  as  in  Eq.  (3.2), 
cos  7^,®^=  -/»,  but  as  a  consequence  of  the  rotational  symme¬ 
try  around  the  easy  axis  the  azimuthal  angle  is 

arbitrary. 

Since  the  previous  treatment  required  the  existence  of  a 
stable  direction  at  the  saddle  point,  the  derivation  of  the 
switching  rate  now  proceeds  along  somewhat  different  lines. 
The  difficulty  arises  when  we  try  to  perform  the  integration 
in  Eq.  (AlO)  over  the  variable  which  diverges  since 
hi,p=0.  Tlie  infinite  integration  domain  in  Eq.  (AlO)  is,  how¬ 
ever,  only  sensible  if  the  Gaussian  approximation  of  the  par¬ 
tition  function  provides  a  sufficiently  fast  decay.  Since  this 
integration  is  related  to  the  rotational  degeneracy,  it  is  inad¬ 
equate  to  use  an  infinite  integration  domain.  It  rather  has  to 
be  replaced  by  a  finite  integration  over  the  angle  Since 
a  rotation  around  the  easy  axis  by  an  angle  dw  corresponds 
to  a  fluctuation  dp/sin  the  correct  value  for  the  integral 
is 


7<‘'>  f'"dcu(“'  =  27r  sin 

Ji)  '  ' 


which  replaces  the  former  term  \!2Tr/ in  Eq.  (All).  In 
dimensionless  units  the  rate  becomes 


r=x^ 


h  h 

/  U'”-/ 


sin 


(A12) 


where  is  given  by  Eq.  (3.2)  and  the  dimensionless  es¬ 
cape  frequency  X^.  =  a(l-/J^)  follows  from  Eq.  (3.6). 


For  nonuniform  configurations,  we  obtain  by  an  adapta¬ 
tion  of  the  previous  method”  the  following  expression  of  the 
switching  rate; 


del 

[277^, 

i  det  j 

(A13) 


which  is  expressed  in  dimensionless  units.  Since  there  are 
two  degenerate  saddle  points  ±  </>, ,  a  factor  of  2  has  been 
included  in  Eq.  (A13).  “det”  denotes  now  the  infinite  prod¬ 
uct  [see  Eq.  (All)J  of  the  eigenvalues  of  the  fluctuation  op¬ 
erators  and  the  prime  denotes  omission  of  the  eigenvalue 
£^■^=0.  :^.^<f=--d^/dx^+l-h,  de¬ 

scribe  fluctuations  around  the  metastable  state  (0,„,6i„)  anu 
arises  from  the  integration  over  the 
translational  Goldstone  mode  In  the  limit  h—*l,  Eq. 
(A13)  can  be  evaluated  analytically”  with  the  result  (4.8). 

For  vanishing  hard-axis  anisotropy  Ki,=0,  the  result 
(A13)  fails  since  the  ground  state  of  acquires  zero  en¬ 
ergy  and  needs  a  special  treatment  in  the  derivation  of  the 
rate  formula;  A  rigid  rotation  arou.id  the  easy  axis  by  an 
angle  dco  corresponds  to  the  fluctuation  dip{x)=0, 
dp{x)  — sin  (l>j^(x)d(o.  Since  sin  </>,.«  we  also  have 
dp{x)-x'if’dpg,  and  the  integration  over  the  mode  ampli¬ 
tude  Pq  in  the  Gaussian  integral  in  Eq.  (AlO)  can  be  ex¬ 
pressed  as 


+  00  \ 

dx  sin^  04. 

.  j 


1/2 


=  4-7r(tanh  R  +  R  sech^  R, 

which  replaces  the  factor  \l2TTt/3, that  arises  for 
This  fact  allows  an  analytic  evaluation  of  the  statis¬ 
tical  prefactor  for  all  values  of  h.  Using  the  exact  results” 
for  the  fluctuation  determinants,  we  obtain  Eq.  (4.9)  after 
reinstating  units. 
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Cobalt  particles  were  prepared  with  the  microemulsion  method  in  the  binary  system  of  DDAB 
(didodecyldimethylammonium  bromide)/toluene  by  reduction  of  C0CI2  with  NaBH4,  The  average 
particle  size  of  the  as-prepared  samples  could  be  varied  from  1.8  to  4.4  nni  by  controlling  the 
concentration  of  C0CI2  in  the  solution  of  DDAB  in  toluene.  TEM  studies  showed  that  the  particles 
were  quite  uniform  and  well  isolated.  The  particle  sizes  determined  from  magnetic  data  were 
consistent  with  those  measured  by  TEM.  The  coercivity  of  the  particles  at  10  K  increased  from  640 
to  1250  Oe  as  particle  size  increased  from  1.8  to  4.4  nm.  The  blocking  temperature  of  the  particles 
increased  from  19  to  50  K  for  the  same  size  range.  The  saturation  magnetization  rr,  at  2  K  increased 
with  decreasing  particle  size.  The  value  of  crj.  of  the  particles  with  average  size  of  1.8  nm  was  about 
200  emu/g,  which  is  20%  higher  than  the  bulk  value.  This  implies  that  the  magnetic  moment  per 
atom  is  enhanced  in  the  nanoparticle  system. 


I.  INTRODUCTION 

Nanoscale  materials  show  novel  properties  that  are  often 
significantly  different  from  the  bulk  due  to  fundamental 
changes  in  coordina'.ion,  symmetry,  and  confinement.  In 
magnetic  materials  advantage  has  been  taken,  for  a  consid¬ 
erable  time,  of  the  variation  of  magnetic  properties  of  fine 
particles  due  to  effects  such  as  single  domains,  superpara¬ 
magnetism,  and  surface  interaction.  Only  recently,  however, 
have  magnetic  studies  proceeded  into  the  ultrasmall  regions 
where  more  fundamental  changes  will  occur  as  the  bulk 
transforms  to  the  atomic.  In  this  work  we  describe  the  syn¬ 
thesis  of  nanoscale  metallic  cobalt  particles  using  an  in- 
versed  micelle  synthesis  method.  A  consistent  set  of  size  de¬ 
pendent  magnetic  data  are  obtained,  the  most  surprising  of 
which  show  an  enhanced,  relative  to  the  bulk,  magnetic  mo¬ 
ment  per  Co  atom. 

II.  EXPERIMENTAL  METHODS 

Cobalt  particles  were  prepared  by  the  microemulsion 
method  in  the  binary  system  of  DDAB/toluene.'’^  NaBH4 
was  used  to  reduce  C0CI2  to  produce  Co  particles.  First 
C0CI2  6H2O  was  dissolved  in  a  deoxygenated  11  wt  % 
DDAB  solution  in  toluene  at  concentrations  of  0.005-0.02 
M.  The  reagent  was  trapped  in  the  empty  micelles  and 
formed  a  blue  transparent  .solution.  Then  a  10  M  NaBH4 
aqueous  solution  was  added  on  the  condition  of 
[BH4];[Co^^  ]-3;l  and  stirred.  It  eventually  turned  from  blue 
to  black  and  formed  a  stable  colloid.  The  colloid  was  dried  in 
a  glove  bag  with  all  the  toluene  evaporated  and  formed  a 
paste  sample.  The  cobalt  particles  were  uniformly  distributed 
in  the  DDAB  matrix. 

The  x-ray  spectrum  of  a  paste  sample  showed  only  the 
(111)  peak  of  fee  cobalt.  Since  the  concentration  of  cobalt  in 
the  sample  is  about  0.6  wt  %,  the  other  weaker  peaks  were  in 
the  noise. 


When  we  studied  the  dependence  of  the  spontaneous 
magnetization  on  temperature  at  low  field  for  zero-field 
cooled  samples,  we  found  that  the  particles  were  not  pure 
metallic  cobalt  when  the  mole  ratio  of  water  to  DDAB  was 
much  larger  than  one.  Figure  1  shows  the  data  for  two 
samples  with  the  same  preparation  except  the  water  content. 
In  .sample  A  60  pd  of  5  M  NaBH4,  whereas  in  sample  B  30 
pil  of  10  M  NaBH4,  was  added  to  10  ml  of  0.01  M  C0CI2 
solution  in  DDAB/toluene.  Sample  A  shows  two  peaks  in 
Fig.  1,  while  its  saturation  magnetization  was  just  50%  of 
that  of  sample  B,  which  hud  only  one  peak  in  tr  vs  T  plot. 
The  two  peaks  imply  two  magnetic  phases  in  .sample  A.  In 
nonmicrocmulsion  systems  we  have  shown'’  how  water 
camses  the  borohydrate  reduction  to  create  C02B  whereas  Co 
is  created  in  the  ab.sence  of  water.  Thus  we  interpret  the 
results  for  sample  A  to  imply  that  both  Co  and  C02B  particles 


T(K) 


FIG.  1.  Tcmpcriilure  dependence  of  the  spontaneous  mai>iiLli/!ition  al 
H  =SO  Oc  for  zero-field  cooled  samples  A  iind  B.  In  sample  A  fill  /nl  of  5  M 
NaHHa.  whereas  in  sample  B  .to  ii\  of  10  M  NUBH4,  was  added  to  0.01  M 
CoCI.  solution  in  DltAB/toluene.  fhe  peak  al  20  K  in  liotli  A  and  U  is  due 
to  Co;  the  peak  al  00  K  in  A  is  due  to  Co.B 
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FIG.  2,  TEM  photograph  of  the  cobalt  particles  with  an  average  particle  size 
of  3.3  nm. 


were  produced.  On  the  other  hand,  in  sample  B  only  Co  is 
produced.  There  was,  of  course,  water  present  in  sample  B. 
But  at  low  concentration  (one  H2O  molecule  per  DDAB  mol¬ 
ecule  in  sample  B)  the  water  must  be  fixed  by  the  hydro¬ 
philic  part  of  the  DDAB  and  unable  to  participate  in  the  Co 
reduction.  We  remark  that  Pileni  et  al*  found  the  oxidation 
states  of  copper  metallic  clusters  changed  with  the  change  of 
water  content  in  the  micelles. 

With  the  above  results  in  mind,  we  controlled  the  ratio  of 
[H20]:[DDAB]  below  1.5  to  make  pure  metallic  cobalt.  The 
particle  size  was  varied  by  changing  the  C0CI2  concentration 
in  the  DDAB/toluene  system  from  0.005  to  0.02  M.  We  have 
also  tried  to  increase  the  particle  size  by  increasing  the  reac¬ 
tion  temperature  to  50  “C,  but  no  obvious  change  was  ob¬ 
served. 


III.  RESULTS  AND  DISCUSSION 

A  TEM  study  was  carried  out  to  size  the  particles  and 
study  their  morphology.  The  particle  diameter  changed  from 
1.8  to  4.4  nm  as  the  CoCU  concentration  increased  from 
0.005  to  0.02  M.  Figure  2  is  a  TEM  picture  of  one  sample 
with  an  average  diameter  of  3.3  nm.  The  particles  are  well 
separated  and  their  sizes  are  narrowly  distributed. 
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FIG.  4.  Relation  between  the  anisotropy  constant  and  size  of  Co  particles. 


The  magnetic  properties  were  measured  by  a  SQUID 
magnetometer.  All  the  particles  were  in  the  superparamag- 
netic  slate  at  room  temperature.  The  sample  was  cooled  in 
zero  field  to  2  K,  and  then  magnetization  was  measured  us  a 
function  of  temperature  in  a  50  Oe  field  to  determine  the 
blocking  temperature.  The  relation  between  the  blocking 
temperature  and  the  particle  size  is  shown  in  Fig.  3.  The 
btoeking  temperature  increased  as  particle  size  increased, 
which  is  consistent  with  the  behavior  of  fine  particles. 

The  blocking  tempertture  should  roughly  satisfy  the  re¬ 
lationship 


(1) 


where  K  is  the  anisotropy  constant,  kn  Boltzmann’s  constant, 
and  V  the  average  volume  of  the  particle.  With  the  knowl¬ 
edge  of  the  blocking  temperature  and  the  particle  size,  we 
calculated  the  anisotropy  constant  for  the  Co  particles  as 
shown  in  Fig.  4.  The  calculated  anisotropy  is  larger  than  the 
bulk  value  of  fee  cobalt  (2.7  X  l(/’  erg/env^)'*’''’  and  increases 
with  the  decrease  of  particle  size. 

At  10  K,  all  the  samples  were  in  the  ferromagnetic  slate. 
The  coercivities  of  different  samples  are  shown  in  Fig.  5.  As 
particle  size  increased,  the  coercivity  increased,  which  is  the 
behavior  of  single-domain  particles  caused  by  thermal  ef¬ 
fects. 


FIG.  3.  riie  blocking  Icmpcralure  us  a  function  of  size  for  Co  particles. 


FIG.  5.  Size  dependence  of  coercivity  of  Co  particles  at  1(1  K. 
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FIG.  6.  Magnetic  moment  per  particle  determined  from  </,  and  suNCcptibil- 
ity  and  for  different  samples  at  temperatures  higher  than  Th  ■ 


Above  the  blocking  temperature,  the  magnetic  anisot¬ 
ropy  energy  barrier  of  the  single-domain  particles  is  over¬ 
come  by  thermal  energy  and  superparamagnetism  occurs. 
The  magnetic  moment  per  particle  was  calculated  from  the 
susceptibility  and  saturation  magnetization.  The  results  are 
shown  in  Fig.  6  as  a  function  of  the  TEM  determined  size. 

All  the  above  results  are  consistent  with  the  properties  of 
uitraflne  particles.  The  saturation  magnetization  (cr,.)  of  the 
cobalt  particles  at  2  K  (Fig.  7)  showed  surprising  behavior. 
The  particles  were  not  saturated  even  at  5.5  T  despite  their 
large  moments.  To  obtain  a,  we  plotted  o-  vs  i/H  and  ex¬ 
trapolated  to  l/J/-*0.  Figure  8  shows  the  relation  between 
the  saturation  magnethation  and  the  particle  size.  The  mag¬ 
netizations  are  larger  than  the  bulk  value  of  cobalt  and  in¬ 
crease  with  decreasing  particle  size.  For  the  smallest  par¬ 
ticles,  the  saturation  magnetization  was  about  2U0  emu/g, 
about  20%  larger  than  the  bulk  value  of  fee  cobalt,  which  is 
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FIG.  7.  Magnetization  as  a  function  of  field  at  2  K  for  u  sample  with  the 
average  particle  size  of  3.3  nm. 


FIG.  8.  Saturation  magnetization  of  Co  particles  at  T=2  K  (bulk  (r,  =  16() 
emu/g). 

166  emu/g.’  An  enhancement  of  the  magnetic  moment  per 
atom  in  cobalt  has  been  observed  in  free  cobalt  clusters’^  and 
ultrathin  Co/Ag(()01)  films, and  has  been  predicted  by  theo¬ 
retical  calculations'"’"  this  is  the  first  time  that  the  enhance¬ 
ment  has  been  observed  in  supported  cobalt  particles. 

IV.  CONCLUSIONS 

We  have  successfully  made  cobalt  fine  particles  with  the 
size  varying  from  1.8  to  4.4  nm.  The  Co  particles  are  single¬ 
domain  particles  and  in  superparamagnetic  state  at  room 
temperature.  The  anisotropy  constants  in  our  Co  particles  are 
larger  than  that  of  bulk  material.  An  enhanced  magnetic  mo¬ 
ment  per  Co  atom  compared  to  the  bulk  was  observed.  This 
enhancement  increases  with  decreasing  size  to  be  ~20% 
greater  than  bulk  for  1.8  nm  particles.  This  result  is  consis¬ 
tent  with  theoretical  calculations  and  experimental  results  in 
free  cobalt  clusters. 
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Magnetic  and  structural  properties  of  vapor-deposited  Fe-Co  alloy  particles 

S.  Gangopadhyay  Y.  Yang,  and  G.  C.  Hadjipanayis 

Department  of  Physics,  University  of  Delaware,  Newark,  Delaware  19716 

V,  Papaefthymiou 

University  of  loannina,  453  32  loannina,  Greece 

C.  M.  Sorensen 

Department  of  Physics,  Kansas  State  University,  Manhattan,  Kansas  66506 

K.  J.  Klabunde 

Department  of  Chemistry,  Kansas  State  University,  Manhattan,  Kansas  66506 

The  structural  and  magnetic  properties  of  two  Fe-Co  alloy  particles  with  composition 
Feioo-^Co^.(A: =45,65)  were  studied  using  x-ray  diffraction,  x-ray  photoelectron  spectroscopy, 
transmission  electron  microscopy,  superconducting  quantum  interference  device  magnetometry,  and 
Mossbauer  spectroscopy.  The  particles  were  nearly  spherical  in  shape  with  an  average  particle  size 
around  350  A.  Particles  formed  long  chains  and  showed  a  core/shell  particle  morphology.  X-ray 
diffraction  and  Mossbauer  studies  showed  the  presence  of  bcc  a-Fe-Co  and  CoFe204  phases  with 
the  former  as  the  majority  phase  in  FejjCo^,  and  the  latter  the  majority  phase  in  Fe^jCOfts.  The 
room-temperature  coercivities  of  both  of  these  samples  were  much  higher  than  those  in  Fe  particles 
with  values  exceeding  2.2  kOe.  The  Fe^jCOf,,  sample  showed  a  drastic  temperature  dependence  of 
coercivity  from  1.5  kOe  at  300  K  to  15  kOe  at  10  K.  The  structural  and  magnetic  data  suggest  a 
core/shell  morphology  with  the  surface  oxide  layer  having  a  very  important  impact  on  both  the 
magnitude  and  icinijcrature  dependence  of  the  coercivity  of  the  whole  particle. 


Previous  studies  on  Fe,  Co,  and  Ni  particles  prepared  by 
gas  evaporation  have  shown  large  coercive  forces  with  val¬ 
ues  of  1050,  1200,  and  100  Oe,  respectively.'  Transmission 
electron  microscopy  (TEM)  and  Mossbauer  studies  indicated 
a  core-shell  particle  structure  with  a  metallic  core  surrounded 
by  the  corresponding  oxide  shell.  Micromagnetic 
calculations^  and  experimental  studies'’  on  passivated  and 
unpassivated  'y-Fe20.i  particles  have  shown  that  the  thickness 
and  magnetic  state  of  the  oxide  layer  affects  the  switching 
fields  and  hence  the  coercivity  of  the  particle.  In  passivated 
Fe  and  Co  particles  the  hysteresis  behavior  was  found  to  be 
strongly  dependent  on  the  amount  of  surface  oxidation  and 
the  magnetic  interaction  at  the  core-shell  interface  was 
claimed  to  be  responsible  for  the  high  coercivity,'*  Previous 
work’  on  Fe-Co  alloy  particles  has  shown  coercivities  ex¬ 
ceeding  2.5  kOe  which  are  much  higher  than  those  of  either 
Fe  or  Co  particles,  A  similar  behavior  has  been  observed  on 
elongated  Fe-Co  particles  prepared  by  electrodcposition*’  and 
the  high  coercivity  was  attributed  to  the  presence  of  a  cobalt 
ferrite  oxide  layer  on  the  surface  of  the  particle. 

In  the  present  paper  we  try  to  understand  the  origin  of 
the  high  coercivity  of  Fe-Co  alloy  particle  samples  by  com¬ 
paring  their  structural,  microstructural,  and  magnetic  proper¬ 
ties. 

Two  Fe-Co  alloy  particle  samples  prepared  by  the  gas 
evaporation  method  were  obtained  from  Vacuum  Metallurgi¬ 
cal  Co.,  Japan. 

The  structure  of  the  particles  was  determined  by  x-ray 
diffraction  (XRD)  and  selected  area  diffraction  (SAD)  pat¬ 
terns.  The  particle  size  was  determined  by  transmission  elec¬ 
tron  microscopy  (TEM)  and  their  composition  was  deter- 
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FlCi.  1.  XRD  patterns  of  the  Fe-Co  samples:  (a)  Fe,,Co,,,,  (b)  Fe  .-.Co^v 
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Flu.  2.  Brighl-ficld  TEM  microgruptis  of  (u)  Fo,5Co4n  imd  (b)  F'l‘(jC0(,5. 


mined  by  energy  dispersive  x-ray  analysis  (EDAX).  X-ray 
photoelectron  spectroscopy  (XPS)  was  used  to  probe  and 
characterize  the  surface  of  the  particles.  The  magnetic  prop¬ 
erties  were  measured  by  both  a  vibrating  sample  magneto¬ 
meter  (VSM)  and  a  superconducting  quantum  interference 
device  (SQUID)  magnetometer.  Mdssbaucr  spectroscopy 
was  also  carried  out  to  detcriiiino  the  type  of  the  oxides 
present. 

The  (wo  samples  studied  had  a  nominal  composition 
Fciod  -i-COj.  with  a  =45  and  fi5.  EDAX  measurements  gave 
the  X  values  of  43  and  64,  respectively. 
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FIG.  .S.  Teiupcrulun;  dependence  of  coercivity  in  the  two  Fe-Co  samples. 
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FIG.  4.  Zer()-lield  ct)i)led  (ZFC)  and  tield-coiiled  (FC)  hysteresis  Imip  in  an 
FCjsCo,,,  sample. 


The  x-ray  diffraction  pattern  of  Fe55Co45  was  dominated 
by  bcc  Fe-Co,  with  few  extremely  weak  and  broadened 
peaks  corresponding  lo  C0FC2O4  [Fig.  1(a)],  while  the  pat¬ 
tern  of  Fe^sCOfis  showed  strong  and  relatively  broadened 
peaks  corresponding  to  CoFe204  [Fig.  1(b)].  The  asymmetric 
broadening  of  the  CoFe204  peaks  may  be  due  to  the  small 
grain  size  and  the  off-stoichiometric  composition  of 
C0FC2O4.  The  presence  of  an  Fe/FcCo  phase  could  not  be 
detected  unambiguously  due  to  the  overlap  of  its  d  spacing 
with  that  of  the  asymmetric  broadened  peaks  of  the  CoFe204 
phase.  Selected  area  diffraction  (SAD)  patterns  agreed  with 
the  XRD  results. 

Bright-field  micrographs  obtained  for  the  two  samples 
revealed  that  the  particles  were  about  spherical  in  shape  and 
formed  a  long  chain-like  structure.  The  average  grain  size  of 
the  two  .samples  was  about  the  same  and  ~350  A  (Fig.  2). 
The  particles  in  the  Fc2<;CO(,5  sample  showed  a  very  distinct 
contrast  between  the  inside  core  area  and  surface  shell  region 
as  shown  in  Fig.  2(b). 

The  magnetic  properties  of  these  samples  were  measured 
in  the  temperature  range  from  10  to  300  K.  Fcy^COf,,  showed 
an  Af  j  around  30  emu/g  while  in  Fe55Co45  was  much 
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FIG,  6.  Mossbauer  spectra  of  the  two  Fc-Co  samples  (a)  FcjnC'ojs,  (b) 


higher,  over  170  emu/g.  Such  a  difference  in  the  magnetiza¬ 
tion  of  the  two  samples  could  be  due  to  the  presence  of  a 
large  amount  of  CoFe204  in  FctjCOfij  us  compared  to 
Fe<;jCo45,  and  to  possible  surface  spin  pinning  in  the  former 
because  of  a  thicker  cobalt  ferrite  shell.  The  decrease  in  M 
with  increasing  T  (10-300  K)  was  only  about  5%.  The  re- 
manence  was  about  O.S  in  both  the  samples.  The  temperature 
dependence  of  coercivity  for  the  two  samples  was  quite  dif¬ 
ferent,  as  shown  in  Fig.  3.  The  coercivity  of  the  Fe-ijCofts 
sample  was  ~1.5  kOc  at  300  K  and  increased  to  15  kOe  at 
10  K  (about  900%  increase)  while  the  coercivity  of  the 
Fe55Co45  sample  was  2.2  kOe  at  300  K  and  incrca.sed  slightly 
to  2.7  kOc  at  10  K  (only  25%  increase). 

Fiek'-cooled  hysteresis  loops  on  both  samples  showed  a 
shift  to  the  left  (Fig.  4)  with  the  value  of  the  shift  much 
larger  in  the  Fc^sCOfts  sample  (about  3  kOe  in  Fci^COhs  and 
0.5  kOe  in  Fe55Co45  at  10  K).  The  shift  in  the  field-cooled 
(FC)  loops  (//^,m,i=20  kOe)  is  believed  to  be  the  result  of 
exchange  interaction  at  the  interface  of  a  core-shell  particle 
morphology,  The  larger  amount  of  shift  in  Fcj^Co,,,  is  con¬ 
sistent  with  the  presence  of  a  thicker  cobalt  ferrite  shell. 

XPS  is  a  sensitive  technique  to  detect  the  type  of  oxides 
on  the  surface  of  the  particles.  The  presence  of  the  Fe-Co 
oxides  was  determined  by  deconvoluting  the  asymmetric 
broadening  of  the  higher-energy  edge  of  the  metallic  Fc  and 
Co  peaks.  Figure  5  shows  the  spectrum  of  Fe5,;Co4,,  around 
the  binding  energy  of  Fc.  These  data  show  clearly  the  pres¬ 
ence  of  surface  oxides  in  both  samples.  Because  XPS  probes 
the  surface  layer,  a  thin  Fe-0  layer  on  the  surface  can  result 
in  a  corresponding  peak  in  the  spectrum. 


TABl.F.  I.  Mossbauer  paramtlers.  S  is  the  i.somcr  shift.  A£y  is  Ihc  quadru 
potc  splitting.  H  is  the  hypcrlinc  field. 
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% 
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l).4(l 

0.02 

504 

20 

28 

(Fc,Co),504 

0.14 

~().(K)4 

.362 

80 

72 

Fc-Co 

0.37 

0.018 

.506 

15 

A 

(Fc,Co),,04 

0.51 

-0.02 

529 

12 
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Mossbauer  spectra  for  Fe55Co45  showed  a  mixture  of 
Fe-Co  alloy  and  cobalt  ferrite  while  the  spectrum  of  Fej^COfts 
showed  only  CoFe204  (Fig,  6),  The  ratio  of  Fc’^  at  the  A  and 
B  site  was  1.6:1  instead  of  1:1,  indicating  an  off- 
stoichiometric  CoFe204.  The  Mossbauer  parameters  are 
listed  in  Table  1,  The  fact  that  no  FeO  has  been  observed  with 
Mossbauer  indicates  a  small  percentage  of  this  oxide  (<5%). 
This  is  different  in  XPS,  where  a  thin  FeO  layer  on  the 
surface  can  re.sult  in  a  corresponding  peak  in  the  .spectrum. 

The  XRD  and  Mossbauer  results  on  the  Fe-Co  alloy  par¬ 
ticles  indicated  a  core-shell  particle  morphology.  In  Fej5Co45 
the  core  is  a  bcc  Fe-Co  alloy  while  the  shell  consists  of 
Fe-Co  oxides  with  CoFe204  as  the  majority  oxide.  In 
Fe^jCOft^  the  core/shell  morphology  is  composed  of  stoichio¬ 
metric  and  off-stoichiometric  CoFe204,  respectively. 

Based  on  the  present  and  our  previous  experiments  with 
passivated  Fe  particles,'*  we  believe  that  the  CoFe204  oxide 
layer  plays  an  important  role  in  the  magnetic  properties  of 
the  particles.  It  results  in  a  large  surface-pinning  force,  which 
impedes  the  rotation  of  magnetization  near  the  interface 
layer  toward  the  direction  of  the  external  field,  and  thus  it 
leads  to  the  high  coercivity  and  nonsaturation  effects  even  at 
55  kOe.  The  anisotropy  constant  of  CoFe204  is  much 
higher  than  that  of  Fe,i04  (the  values  are  2x10*’  and 
-l.lxio''  erg/cm'^  at  room  temperature,  respectively^)  and 
has  a  strong  temperature  dependence:  (0  K)  is  almost  an 
order  of  magnitude  higher  than  (300  K).**  This  large  tem¬ 
perature  dependence  of  K^  explains  the  dra.stic  temperature 
dependence  of  the  coercivity  in  Fe^jCOf,, . 

Tliis  work  has  been  supported  by  NSF-CHE-y013930. 
The  Fe-Co  alloy  particle  samples  were  supplied  by  Dr,  M, 
Oda  of  Vacuum  Metallurgical  Co.,  Japan. 
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Extended  x-ray-absorption  fine-structure  studies  of  heat-treated 
fcc-FesoCuso  powders  processed  via  high-energy  ball  milling 

P.  Crespo  and  A.  Hernando 

Instituto  de  Magneti'imo  Aplicado,  P.O.  Box  155,  Lax  Rozax,  282.10  Madrid,  Spain 

A.  Garcia  Escorial 

CENIM-CSIC,  Avenida,  Gregoria  del  Amo  8,  28040  Madrid,  .Spain 

K,  M.  Kemner  and  V.  G.  Harris 

U.S.  Naval  Research  Laboratory,  Washington,  DC  20.175 

The  local  structure  and  chemistry  of  a  ferromagnetic  fcc-Fe-joCu,,,  solid  solution  obtained  through 
high-energy  ball  milling  were  measured  before  and  after  heat-treatment-induced  decomposition 
using  extended  x-ray-absorption  fine-structure  measurements.  The  decomposition  is  first  evident 
with  the  phase  separation  of  a-Fe  after  a  heat  treatment  at  523  K.  Analysis  of  the  residual  fee 
component  revealed  that  the  Fe  atoms  were  predominantly  surrounded  by  other  Fe  atoms, 
suggesting  that  the  Fe  has  coalesced  within  the  fee  structure.  The  Fe  atoms  within  the  fee  phase 
likely  exist  in  low-spin  clusters  which  provide  an  explanation  for  the  reduced  values  of 
low-temperature  magnetization  previously  measured  in  annealed  samples  fP.  Crespo  el  al.,  Phys. 
Rev.  8  48,7134  (1993)]. 


Much  research  has  been  focused  on  the  Fe^Cui.^.  sys¬ 
tem  since  it  was  shown  that  the  miscibility  of  Fe  in  fcc-Cu 
can  be  greatly  enhanced,  0=Sa=sO,6,  through  high-energy  ball 
milling.'''*  In  recent  work,*’'"  some  of  the  authors  have  re¬ 
ported  on  the  magnetic  and  structural  properties  of  a  ferro¬ 
magnetic  fcc-Fe,<j(|Cu5(j  solid  solution  processed  using  high- 
energy  ball  milling.  Their  findings  indicate  anomalous 
magnetic  behavior  for  heat-treated  samples  in  the  intermedi¬ 
ate  stages  of  decomposition.  Specifically,  a  significant  de¬ 
crease  of  the  low-temperature  magnetization  relative  to  the 
value  measured  for  the  as-milled  sample  was  observed  in 
annealed  samples  where  multiple  phases  are  present.  This 
behavior  cannot  be  accounted  for  by  a  nucleation  and  growth 
decomposition  where  the  alloy  separates  into  pure  fcc-Cu 
and  bcc-Fe  components.  Alternatively,  these  authors  have 
suggested  a  spinodal  mechanism  to  describe  the  decomposi¬ 
tion  proce.ss.  In  an  attempt  to  elucidate  the  decomposition 
mechanism  in  this  material  we  have  measured  the  average 
local  structure  and  chemistry  around  the  Fe  and  Cu  sites 
before  and  after  heat  treatments  using  extended  x-ray- 
absorption  fine-structure  (EXAFS)  measurements. 

Powder  samples,  having  a  nominal  composition  of 
FesoCuso,  were  fabricated  by  high-energy  ball  milling  Fe 
powder  with  Cu  foil  for  a  period  of  400  h  in  a  Fritsch  vibrat¬ 
ing  mill.  X-ray-diffraction  measurements  of  the  milled  pow¬ 
der  revealed  only  Bragg  peaks  corresponding  with  a  single 
fee  phase  having  a  lattice  parameter  of  3.641  A.  Samples  of 
the  as-milled  FeCu  powders  were  annealed  under  flowing 
argon  gas  to  temperatures  ranging  from  523  to  923  K  at  a 
rate  of  20  K/min  and  were  then  allowed  to  cool.  Details  of 
sample  processing  and  characterization,  including  results  of 
x-ray-diffraction,  Mbssbauer  effect,  and  magnetization  mea¬ 
surements,  have  been  reported  in  Ref.  4. 

A  portion  of  the  as-milled  and  annealed  powders  were 
examined  using  the  NRL  materials  analysis  beamline,  X23B, 
at  the  National  Synchrotron  Light  Source  (Brookhaven  Na¬ 
tional  Laboratory,  Upton,  NY).  The  x-ray-absorption  spectra 
near  the  Fe  and  Cu  K  absorption  edges  were  collected  in 


conversion  electron  mode  after  attempts  to  employ  the  trans¬ 
mission  mode  failed  due  to  our  inability  to  grind  the  powder 
to  the  .scale  required  for  EXAFS  measurements.  In  using  the 
conversion  electron  technique  we  applied  a  generous  amount 
of  the  powder  over  a  still-wet  coating  of  colloidal  graphite 
on  a  substrate  of  commercial  grade  Al  foil,  As  per  this  tech¬ 
nique,  the  absorption  spectra  was  measured  as  normalized 
sample  current  (see  Ref.  5  for  details  of  the  operation  and 
performance  of  the  conversion  electron  cell  used  here). 

Following  established  EXAFS  analysis  procedures*’  the 
fine  .structure  extending  from  20  to  600  eV  above  the  absorp¬ 
tion  edges  were  first  normalized  to  the  edge  step  height  and 
energy,  then  fitted  with  a  cubic  spline  curve  to  remove  a 
low-frequency  background  oscillation,  and  converted  to  pho¬ 
toelectron  wave-vector  {k)  space.  These  data  were  then  Fou¬ 
rier  transformed  to  radial  coordinates  in  order  to  obtain  direct 
information  of  the  structure  and  atomic  symmetry  around  the 
Fe  and  Cu  sites.  Quantitative  information  of  the  local  struc¬ 
ture  and  chemistry  around  the  Fe  sites  were  obtained  by  fur¬ 
ther  fitting  the  near-neighbor  peak  of  the  Fourier-transformed 
EXAFS  data  witii  empirical  and  theoretical  standards. 
EXAFS  data  for  the  as-milled  sample  were  fit  using  theoreti¬ 
cal  EXAFS  .spectra  generated  by  the  rerp  codes  (ver.  3.11) 
developed  by  Rehr  and  co-workers.^  Alternatively,  the  fitting 
of  data  collected  from  annealed  samples,  where  multiple 
phases  were  present,  was  performed  using  empirical  stan¬ 
dards  of  bcc-Fe  and  fcc-FeCu  (simulated  using  the  Fe 
EXAFS  collected  from  the  as-milled  sample).  These  empiri¬ 
cal  standards  were  chosen  because  the  x-ray-diffraction  mea¬ 
surements  indicate  that  bcc-Fe  precipitates  from  the  solid 
solution  upon  heat  treatment.  We  assume  that  the  remaining 
fee  phase  consists  of  both  Fe  and  Cu  atoms  still  in  solution. 
All  fits  were  performed  in  A: -space  using  a  least-squares- 
fitting  algorithm. 

Information  of  the  local  structure  and  chemistry  around 
the  Fe  and  Cu  sites  is  contained  in  the  Fourier  transform  of 
their  respective  EXAFS  data.  These  data  for  the  as-milled 
sample  arc  presented  in  Fig.  1  with  similar  data  collected 
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FIG.  1.  Fourier-transformed  Fc  and  Cu  EXAFS  from  the  a.,-mil!ed  Fe5oCu5Q 
.sample.  Similar  data  collected  from  a  fcc-Cu  standard  are  shown  for  com¬ 
parison.  All  data  were  transformed  using  it^-weighting  and  f;-ranges  of  2.5- 
12.5  A"‘.  Electron  phase-shift  corrections  have  not  been  included,  therefore 
radial  distances  do  not  correspond  directly  with  bond  lengths. 


FIG.  2.  Fourier-transformed  Fe  EXAFS  data  for  the  as-milled  sample  and 
those  samples  annealed  at  T*— 523,  723,  823,  and  923  K.  All  data  were 
tran-sformed  using  /c^-weighting  and  /c -ranges  of  2.5-12.5  A"’.  Electron 
phase-shift  corrections  have  not  been  included,  therefore  radial  distances  do 
not  correspond  directly  with  bond  lengths. 


from  a  Cu  foil  used  here  to  represent  the  fee  strueture.  Data 
corresponding  with  the  as-milled  sample  are  shown  to  re¬ 
semble  closely  the  fee  structure  of  the  Cu  standard  in  both 
the  relative  amplitude  and  radial  distance  of  Fourier  peaks 
appearing  over  the  range  of  1-5  A.  Slight  changes  in  relative 
amplitude  and  distance  of  these  Fourier  peaks  between  the 
milled  sample  data  and  the  fee  Cu  standard  ean  be  attributed 
to  the  increased  structural  disorder  of  the  milled  powder  and 
the  smaller  diameter  of  the  Fe  atom,  respectively. 

Fitting  of  the  near-neighbor  peak  of  the  EXAFS  data 
presented  in  Fig.  1  using  fekf  generated  EXAFS  spectra  in¬ 
dicates  that  the  first  coordination  shell  around  both  the  Fe 
and  Cu  atoms  consists  of  a  mixture  of  Fe  and  Cu  atoms 
which  reflect  a  stoichiometry  of  Fe48Cu52,  a  result  consistent 
within  the  uncertpi;ity  of  the  EXAFS  fitting  analysis  with  the 
nominal  composition  of  the  starting  powder  mixture.  This 
analysis  establishes  that  atomic  level  mixing  has  occurred 
around  Fe  and  Cu  sites  due  to  the  ball  milling  operation  and 
indeed  an  fee  solid  solution  exists.  Attempts  to  include  a  bcc 
component  to  the  fit  resulted  in  a  significant  deterioration  of 
the  least-squares-fitting  parameter,  as  did  attempts  to  simu¬ 
late  coherent  fcc-Fe  clusters  within  the  Cu  matrix.  Further 
details  of  this  analysis  will  be  presented  elsewhere. 

Fitting  of  both  the  Fe  and  Cu  EXAFS  data  found  a 
Cu — Fe(Fe — Cu)  bond  of  2.60  ±0.02  A,  significantly  larger 
than  the  sum  of  the  Goldsmidt  radii  (assuming  a  coordination 
of  12),  2.55  A.  However,  this  result  is  consistent  with  x-ray- 
diffraction  measurements  of  the  as-  milled  powder^  which  in¬ 
dicate  a  larger  lattice  parameter  for  the  solid  solution, 
0(1=3.641  A,  than  that  of  fee  Cu,  ao~3.615  A.  The  Fe — Fe 
and  Cu — Cu  bonds  are  measured  to  be  2.53  ±0.01  A.  Taken 
together,  the  resulting  EXAFS  lattice  parameter,  3.627±0.02 
A,  matches  within  the  EXAFS  fitting  uncertainty  to  the  value 
obtained  by  XRD.  The  distorted  bond  di.slance  of  the  Cu — Fe 
correlation  is  apparently  responsible  for  the  distorted  lattice 
measured  by  XRD.  However,  at  this  time  we  can  only  specu¬ 
late  that  the  repulsion  between  the  Fe  and  Cu  atoms  arises 


from  an  electronic  interaction  brought  about  by  the  filled 
rf-band  of  Cu  interacting  with  the  unfilled  d-band  of  Fe. 

Figure  2  depicts  the  Fourier-transformed  Fe  EXAFS  data 
for  the  as-milled  and  annealed  samples  illustrating  the  evo¬ 
lution  of  local  structure  around  the  Fe  site  as  a  function  of 
heat-treatment  temperature.  All  the  data  presented  in  Fig.  2 
are  shown  on  the  same  x  and  y  axes  without  offset  or  nor¬ 
malisation  to  allow  for  the  direct  comparison  between 
samples  annealed  at  different  temperatures.  The  as-milled 
sample  and  the  sample  annealed  at  523  K  have  nearly  iden¬ 
tical  transform  profiles,  indicating  that  the  locr.l  structure 
around  the  Fe  atoms  remains  largely  unchanged  after  this 
low-temperature  anneal.  However,  the  data  corresponding 
with  the  sample  annealed  at  723  K  displays  significant 
changes  in  the  Fourier  features  appearing  over  the  r  range  of 
3-5  A  (uncorrected  for  electron  phase  shifts).  This  transform 
illustrates  features  common  to  both  bcc  and  fee  structures, 
indicating  that  the  Fe  atoms  exists  in  both  phases  after  this 
heat  treatment.  Evidence  for  the  bcc  phase  is  seen  in  the 
large  peak  appearing  near  3.5  A  which  corresponds  with  the 
cube-diagonal  unit-cell  site  and  the  body-centered  site  of  the 
adjacent  cell.  Anneals  at  still  higher  temperatures  are  seen  to 
further  advance  the  chemical  and  phase  separation;  The 
Fourier-transformed  data  for  samples  annealed  at  823  and 
923  K  closely  match  the  bcc  Fe  transform  presented  in  Fig.  2 
in  both  relative  amplitude  and  radial  distance  of  Fourier 
peaks. 

Information  of  the  local  chemical  environment ;  t  differ¬ 
ent  stages  of  decomposition  would  be  very  useful  in  provid¬ 
ing  insight  to  the  nature  of  the  decomposition  mechanism 
and  in  turn  assist  in  our  understanding  of  the  magnetic  prop¬ 
erties.  However,  because  the  photoelectron  backscattering 
amplitudes  of  the  Cu  and  Fe  atoms  are  similar,  it  is  difficult 
to  extract  information  of  the  local  chemistry  from  a  qualita¬ 
tive  inspection  of  the  data  presented  in  Fig.  2.  To  this  end,  we 
have  performed  a  quantitative  fitting  analysis  of  the  near- 
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neighbor  Fourier  peak  for  all  sa*T>ples  whose  data  appear  in 
Fig.  2.  Because  the  Fe  atom  m.  ■  f-cupy  more  than  one 
inequivalent  site  in  these  partially  decomposed  samples,  de¬ 
pending  upon  tilt  nature  of  the  decomposition  and  the  an¬ 
nealing  temperature,  it  is  difficult  to  fit  the  EXAFS  data  us¬ 
ing  only  FEFF  generated  EXAFS  spectra.  This  difficulty 
arises  from  the  increasing  number  of  independent  variables 
(used  in  fitting)  corresponding  with  each  inequivalent  site. 
Hence,  we  chose  to  fit  these  data  using  empirical  standards 
of  bcc-Fe  and  fcc-FeCu.  Through  this  approach  multiple  in¬ 
equivalent  Fe  sites  in  the  annealed  samples  are  simplified  to 
two,  those  existing  in  bcc  and  fee  symmetries.  This  modeling 
does  not  take  into  account  the  variation  in  local  chemistry 
around  the  absorbing  atom.  It  does,  however,  provide  a 
means  of  measuring  the  relative  fraction  of  atom  which  oc¬ 
cupies  those  sites  differentiated  by  symmetry  made  possible 
by  the  differences  in  local  atomic  symmetry  between  the  bcc 
and  fee  structures. 

The  results  of  the  fitting  analysis  of  the  annealed 
samples  are  presented  graphically  in  Fig.  The  inset  plot 
illustrates  the  experimental  Fourier-filtered  Fe  EXAFS  data 
of  the  near-neighbor  region  and  the  best-fit  calculation  for 
the  sample  annealed  at  723  K.  The  as-milled  sample  and  the 
sample  annealed  at  523  K  are  measured  to  contain  only  an 
fee  component  to  the  near-neighbor  environment  of  Fe.  After 
an  anneal  at  723  K,  however,  30%  of  the  sample  exists  in  a 
bcc  phase  with  70%  remaining  in  the  fee  phase.  Anneals  at 
823  and  923  K  further  advance  the  decomposition  with  a  bcc 
atom  fraction  growing  to  68%  and  72%,  respectively.  The 
error  bars  presented  in  Fig.  3  represent  a  100%  increase  in 
the  goodness  of  fit  parameter,  indicating  a  significant  dete¬ 
rioration  relative  to  the  best  fit.  The  increase  in  error  bar  for 
samples  annealed  at  823  and  923  K  is  attributed  to  the 
gradual  change  in  chemistry  of  the  residual  fee  phase  with 
increasing  annealing  temperature.  I;i  these  samples  the  em¬ 
pirical  fcc-FeCu  standard  becomes  a  poor  simulation  of  the 
fee  component. 

The  observed  magnetic  behavior  reported  in  Refs.  3  and 
4  cannot  be  explained  by  a  simple  nucleation  of  fcc-Cu  and 
bcc-Fe  from  the  as-milled  fee  solid  solution.  The  decrease  of 
low-temperature  magnetization  (relative  the  value  of  the  as- 
milled  powder)  with  the  appearance  of  the  bcc  phase  sug¬ 
gests  that  a  significant  amount  of  Fe  must  exist  in  a  low-spin 
state,  either  as  small  clusters  of  fcc-Fe  or  dilute  Fe  in  fcc-Cu. 
To  investigate  this  hypothesis,  we  have  isolated  the  fee  com¬ 
ponent  of  a  partially  decomposed  sample,  namely  the  sample 
annealed  at  723  K  which  was  found  previously  to  have  a 
30%  bcc  component.  EXAFS  modeling  of  the  fee  component 
of  this  sample  using  FEFF  generated  theoretical  EXAFS  spec¬ 
tra  indicates  iiiat  the  average  environment  of  the  Fe  sites  in 
this  phase  is  dominated  by  Fe  neighbors  at  a  ratio  of  10:1.  In 
theory,  with  30%  of  the  Fe  in  the  bcc  phase,  the  fee  phase 
should  have  a  composition  near  Fc2()CUji(),  if  it  were  to  re¬ 
main  a  solid  solution.  If  this  was  the  case  the  local  environ¬ 
ment  of  Fe  would  be  dominated  by  Cu  neighbors  at  a  ratio  of 
4:1.  This  result  provides  evidence  that  the  Fe  atoms  in  the 


FIG.  3.  Atomic  fraction  of  Fe  atoms  occupying  bcc  and  fee  sites  in  hcat- 
treated  samples  as  a  function  of  annealing  temperature.  Results  were  derived 
from  EXAFS  fitting  of  the  near-neighbor  (NN)  region  of  the  Fourier- 
transformed  data  presented  in  Fig.  2  using  empirical  standards.  The  inset 
plot  illustrates  the  experimental  Fouricr-liltcrcd  NN  Fe  EXAFS  data  for  the 
sample  annealed  at  723  K  and  the  best-fit  calculation.  Error  bars  reflect  a 
100%  increase  in  the  Icast-squares-fitting  parameter.  The  lines  connecting 
the  data  points  arc  presented  to  illustrate  the  qualitative  trend  with  annealing 
temperature. 

residual  fee  phase  have  coalesced  within  the  Cu  matrix  dur¬ 
ing  the  heat-treatment-induced  decomposition.  Furthermore, 
it  is  likely  that  th>.  '.e  fee  clusters  of  Fe  are  sufficiently  small 
so  as  to  exist  in  a  low-spin  state,  thus  providing  an  explana¬ 
tion  for  the  reduced  magnetization  at  low  temperatures  re¬ 
ported  in  Refs.  3  and  4. 
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Though  the  anomalous  antiferromagnetism  of  zinc  ferrite  was  a  subject  of  intensive  studies  in  the 
past,  the  unusually  high  magnetization  of  coprecipitated  zinc  ferrite  at  low  temperatures  has  drawn 
renewed  interest  among  researchers.  The  local  .structures  of  zinc  ferrites  around  Fe  and  Zn  atoms  are 
measured  using  extended  x-ray-absorption  fine  structure  and  the  results  arc  discussed  in  correlation 
with  their  magnetic  properties.  The  structure  around  the  Zn  atom  was  found  to  differ  between  zinc 
ferrite  produced  by  ceramic  and  coprecipitation  techniques.  The  position  of  the  second-nearest 
neighbor  of  the  Zn  atom  for  coprccipitated  zinc  ferrite  was  shorter  than  the  one  produced  by  the 
ceramic  method.  This  suggests  the  possible  occupation  of  the  Zn  atoms  in  the  octahedral  sites  and 
the  cause  for  the  unusually  high  magnetization  in  coprccipitated  zinc  ferrite.  Furthermore,  the 
intensity  of  the  peak  is  weak  compared  to  the  one  produced  by  the  ceramic  method.  This  is  thought 
to  be  due  to  the  deformation  induced  by  the  occupation  of  zinc  ions  in  the  octahedral  sites,  causing 
a  decrease  in  the  structural  periodicity. 


I.  INTRODUCTION 

Zinc  ferrite  (ZnFe204)  is  usually  assumed  to  be  a  com¬ 
pletely  normal  spinel  with  zinc  ions  exclusively  occupied  in 
the  tetrahedral  sites.  This  is  described  as  an  anomalous  anti¬ 
ferromagnetic  substance  with  a  Neel  temperature  around  10 
K.  The  magnetic  behavior  of  ZnFe204  has  drawn  much  in¬ 
terest  and  has  been  a  subject  of  intensive  studies.*’^  To  ex¬ 
plain  the  anomalous  behaviors,  it  has  been  suggested  that 
small  amount  of  Fe  ions  occupy  tetrahedral  (A)  sites  and  the 
Fe(A)  ions  and  their  12  nearest  neighbors  at  octahedral  (B) 
sites  form  a  cluster.  Each  of  the  Fe  (B)  spins  is  coupled  with 
the  Fe  (A)  spins  by  interaction  which  is  much  stronger 
than  the  BB  interaction.^  These  experiments  have  been  car¬ 
ried  out  on  polycrystalline  samples  prepared  by  the  ceramic 
method.  However,  very  recent  research  on  ultrafine  ZnFe204 
prepared  by  the  coprecipitation  technique,''  with  a  defect-free 
crystal  structure,'"’  has  showed  unusually  higher 
magnetization.*’  Furthermore,  the  magnetization  was  found  to 
vary  with  particle  size  and  takes  a  maximurr.  around  8  nm 
diameter.^’"  In  this  paper,  we  report  the  results  of  structure 
analysis  of  coprecipitated  ZnFe204  using  extended  x-ray- 
absorption  fine  structure  (EXAFS),  in  search  of  an  answer  to 
the  high  magnetization  ob.served  in  coprccipitated  ZnFe204. 
This  may  solve  the  unresolved  problem  of  scientific  interest 
and  provide  clues  to  produce  particles  with  high  magnetiza¬ 
tion. 

II.  EXPERIMENT 

A.  Sample  preparation  and  characterization 

The  ZnFe204  samples  were  prepared  by  the  following 
procedure: 

(a)  Ceramic  method — The  powders  of  ZnO  and  Fe203  of 
chemical  grade  were  mixed  at  a  mole  ratio  of  1 : 1  in  a  me¬ 
chanical  mixer.  The  mixture  was  calcined  at  1373  K  for  3  h 
in  oxidizing  atmosphere  and  cooled  slowly.  Then  the  product 
was  ground  in  a  mechanical  grinder  for  1  h.  After,  it  was 
calcined  again  at  1373  K  for  3  h  in  the  oxidizing  atmosphere. 


slowly  cooled  to  room  temperature,  and  ground  to  powder 
again. 

(b)  Coprecipitation  technique — ^The  copreeipitated 

ZnFe204  was  prepared  by  the  method  described  in  Ref.  4. 

(c)  Coprecipitation  followed  by  annealing — The  copre¬ 
cipitated  ZnFe204  is  calcined  at  1373  K  for  3  h,  cooled 
slowly,  and  ground  to  powder  in  a  grinder. 

The  ferrites  prepared  by  the  above  methods  were  exam¬ 
ined  by  x-ray  diffraction.  The  local  structure  was  analyzed 
using  EXAFS  by  measuring  the  absorption  spectra  at  Fe  and 
Zn  /f-edges.  The  sample  was  mixed  with  polythelene  and 
pellets  were  made.  The  magnetizatimi  of  these  products  were 
also  measured  in  a  vibration  sample  magnetometer  (VSM)  in 
the  5  K  to  room  temperature  range, 

III.  RESULTS  AND  DISCUSSION 
A.  Magnetization  of  ZnFe204 

The  magnetization  temperature  curves  of  ZnFe204  pre¬ 
pared  by  the  methods  described  in  the  previous  section  was 
measured  using  VSM  in  the  temperature  range  5-293  K  at  6 
kOe  are  given  in  Fig.  1.  As  can  be  seen,  the  magnetization 
shows  an  increase  with  decreasing  temperature  and  attains 
maximum  around  20  K,  in  the  case  of  ZnFe204  produced  by 
the  ceramic  method  and  coprecipitation  followed  by  anneal¬ 
ing.  But.  in  the  case  of  coprccipitated  ZnFe204,  the  magne¬ 
tization  continues  to  increase  w'ith  decreasing  temperature 
and  the  increase  at  6  K  is  about  16X  that  of  the  value  at 
room  temperature.  The  x-ray-diffraction  analysis  confirmed 
that  ZnFe204  produced  by  all  three  methods  crystallized  in 
the  spinel  structure  and  the  cation  distribution  in  the  structure 
is  believed  to  be  the  main  cause  for  the  differences  in  mag¬ 
netic  behavior  among  zinc  ferrites  prepared  by  different 
methods.  The  reason  for  higher  magnetization  has  been  sug¬ 
gested  to  be  due  to  high  concentration  of  magnetic  clusters  in 
coprecipitated  zinc  ferrite.  Neutron-diffraction  studies  have 
revealed  a  high  concentration  of  Fe  ions  in  the  A  sites  that 
form  clusters  with  the  Fe  atoms  in  the  B  sites.  It  also  has 
been  reported  that  the  ZnOiFe^O^  ratio  of  coprccipitated 
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FIG.  1.  Magnetization  temperature  curves  of  ZnFe204  produced  by  different 
methods. 

ZnFcjOa  is  the  same  as  that  of  the  one  produced  by  the 
ce.amic  method,  meaning  that  there  is  no  density  difference 
among  the  ferrite  produced  by  different  methods.  Therefore 
the  concentration  increase  of  Fe  ions  in  A  sites  would  lead  to 
the  occupation  of  zinc  ions  in  the  B  sites.  To  find  an  expla¬ 
nation  for  the  above  differences,  structure  information  of 
zinc  ferrites  is  necessary. 

B.  EXAFS  Of  ZnFe204 

EXAFS  is  an  ideal  tool  to  investigate  the  local  structure 
of  matter.  The  local  structure  information,  such  as  inter¬ 
atomic  distances  (in  the  case  of  spinel  structure,  this  would 
lead  to  the  determination  of  the  sites  occupied  by  the  atoms), 
coordination  number,  and  the  kind  of  surrounding  atoms 
around  a  selected  x-ray  absorbing  atom  could  be  studied. 

The  EXAFS  spectra  of  Zi.Fe204  prepared  by  the  meth¬ 
ods  described  in  Sec.  II  at  the  Fe  X-edge  are  measured  and 
the  Fourier  transform  of  the  above  spectra  are  given  in  Fig. 
2.  The  two  intensive  peaks  in  the  Fourier  transform  are  cen¬ 
tered  around  distances  of  1.45  and  2.6  A.  In  the  case  of 
ZnFe204,  if  we  assume  the  Fe  atoms  to  occupy  exclusively 


FIG.  2.  Fourier  transforms  of  ZnFc204  prepared  by  (a)  the  ceramic  method, 
(b)  coprecipitat'on,  and  (c)  cnprecipitated  and  annealed,  at  the  Fe  K-edgc. 


FIG.  3.  Fourier  transforms  of  ZnFc204  prepared  by  (a)  the  ceramic  method, 
(b)  coprecipitation,  and  (c)  coprccipitatcd  and  annealed,  at  the  Zn  fC-edge. 

in  the  octahedral  sites,  the  second-nearest  peak  is  a  result  of 
the  scattering  from  Fe-Fe  atoms  and  Fc-Zn  atoms,  where  Zn 
atoms  are  occupied  exclusively  in  the  A  sites. 

Considering  the  peak  intensities  between  ZnFe204 
samples,  it  could  be  seen  that  the  peak  intensity  of  coprecipi¬ 
tated  ZnFe204  is  weak  compared  to  the  samples  produced  by 
other  methods.  As  far  as  the  peak  positions  are  concerned, 
the  distance  between  the  central  atom  and  the  second-nearest 
peak  is  marginally  greater  in  the  case  of  coprecipitated 
ZnFc204 . 

EXAFS  spectra  of  ZnFe204  at  the  Zn  X-edge  were  mea¬ 
sured.  Fourier  transforms  of  the  same  are  given  in  Fig.  3.  The 
two  intensive  peaks  in  the  Fourier  transform  are  centered 
around  1.5  and  3.1  A  in  the  case  of  ZnFe204  produced  by  the 
ceramic  method  and  coprecipitation  followed  by  annealing, 
whereas,  in  the  case  of  coprecipitated  ZnFe204,  the  peaks 
centered  around  1.6  and  2.8  A  and  the  intensity  of  the  peak 
at  2.8  A  was  very  weak  compared  the  ones  produced  by 
other  methods. 

The  Fourier  transform  of  the  spectra  at  Fe  and  Zn 
X-edges  for  ZnFe204  produced  by  ceramic  and  coprecipita¬ 
tion  methods  showed  considerable  difference  in  amplitude  of 
radial  structure  function.  A  similar  observation  was  made  by 
Maeyama  ef  a/.’  for  ZnFe204  of  56  and  5  nm  diameters.  The 
reduction  in  radial  structure  function,  which  is  directly  re¬ 
lated  to  the  coordination  number,  was  considered  due  to  the 
increase  in  the  surface  atomic  layer  for  finer  particles.  The 
broadening  of  the  metal-metal  peak  in  the  Zn  X-edge  has 
been  considered  due  to  the  amorphous  state  of  the  sample. 

In  our  study,  if  we  consider  the  second-nearest  peak  in 
the  Fourier  transform  of  the  spectrum  at  the  Zn  X-edge  in  all 
three  samples,  it  is  clear  that  the  peak  of  coprecipitated 
ZnFe204  has  become  broader  and  the  peak  maximum  lies  at 
a  distance  shorter  than  in  the  other  two  cases.  The  peak 
broadening  can  be  caused  as  a  result  of  (a)  the  disordered 
state  of  the  sample  and  (b)  scattering  from  atoms  two  differ¬ 
ent  distances;  i.e.,  the  peak  is  a  result  from  the  contribution 
of  two  different  peaks.  If  it  is  true  that  the  zinc  atoms  occupy 
only  the  A  sites,  it  is  not  possible  to  get  a  response  at  shorter 
atomic  distance  than  that  of  ZnFe204  produced  by  the  ce¬ 
ramic  method. 
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FIG.  4.  The  inverse  Fourier  transform  of  the  second  peak  (Zn-Fe)  in  Fig. 
3(a)  and  the  contributions  from  shells  (a)  Zn(A)-Fc(B)  and  (b)  Zn(fl)- 
Fe(B). 


Al  "'ming  that  Zn  atoms  are  occupied  in  both  tetrahedral 
and  octahedral  sites  and  the  main  contribution  of  the  scatter¬ 
ing  to  be  only  from  shells  Zn(fl)-Fe(fl)  at  2.98  A  and 
Zn(A)-Fe(fi)  at  3.48  A  [even  though  the  scattering  from 
Zn(B)-Fe(fl),  Zn(fl)-Zn(5)  at  2.98  A  and  Zn(A)-Fe(B), 
Zn(fi)-Fe(A)  at  3.48  A  shells  are  possible],  curve  fitting  as 
well  as  individual  contributions  of  these  scatterings  were 
evaluated.  The  values  of  the  Debye-Waller  factor  and  mean 
free  path  were  determined  from  the  analysis  of  zinc  ferrite 
prepared  by  the  ceramic  method  and  were  used  in  the  analy¬ 
sis  of  coprecipitated  and  coprecipitated  and  annealed  zinc 
ferrite.  The  best  fit  obtained  for  the  second-nearest  peak  in 
Fig.  3(a)  gave  a  value  of  /?=2.7%.  The  individual  contribu¬ 
tion  of  the  scattering  from  shells  Zn(A)-Fe(B)  and  Zn(fl)- 
Fe(S),  are  given  in  Fig.  4  and  it  can  be  seen  that  the  scat¬ 
tering  is  contributed  to  almost  only  by  shell  Zn(A)-Fe(fl). 
But,  in  the  case  of  coprecipitated  zinc  ferrite  (fit  R—2%),  in 
addition  to  the  contribution  of  Zn(A)-Fe(fl)  scattering,  a 
considerable  contribution  from  Zn(B)-Fe(ZJ)  is  also  ob¬ 
served  and  is  shown  in  Fig.  5.  Also,  when  the  coprecipitation 
followed  by  annealing  sample  was  analyzed,  it  resembled 
very  much  that  produced  by  the  ceramic  method. 

This  suggests  that  the  shift  as  -.veil  as  the  broadening  of 
the  peak  at  a  shorter  distance  is  a  result  of  the  zinc  atoms 
occupying  the  octahedral  sites,  too.  In  coprecipitated  zinc 
ferrite,  this  may  be  possible,  as  the  cation  distributions  are  in 
a  metastable  state  as  they  are  produced  at  low  temperature 
within  a  short  period  of  time.  If  they  are  brought  to  higher 
temperature,  stability  is  achieved  and  the  Zn  ions  take  the 
most  stable  position  in  A  sites,  This  is  demonstrated  in  the 
results  on  coprecipitated  and  annealed  samples.  The  occupa¬ 
tion  of  the  zinc  atoms  in  the  octahedral  sites  may  have 
caused  some  deformation  which  has  reduced  the  periodicity 


FIG.  5.  The  inverse  Fourier  transform  of  the  second  peak  (Zn-Fe)  in  Fig. 
3(b)  and  the  contributions  from  shells  (a)  Zn(A)-Fe(S)  and  (b)  Zn(fl)- 
MB). 

of  the  structure  and  may  have  caused  the  reduction  in  the 
amplitude  radial  structure  function. 

Furthermore,  the  occupation  of  zinc  ions  in  both  tetrahe¬ 
dral  and  octahedral  sites  may  have  led  to  a  magnetization 
mechanism  which  is  different  to  the  one  observed  in  antifer¬ 
romagnetic  substances,  or  on  the  other  hand,  the  concentra¬ 
tion  increase  in  Fe  ions  in  tetrahedral  sites  due  to  the  occu¬ 
pation  of  zinc  ions  in  octahedral  sites  may  have  caused  an 
increase  in  the  concentration  of  magnetic  clusters  formed 
through  AB  interaction  and  leading  to  magnetization  in¬ 
crease.  However,  it  could  be  said  that  the  cation  distribution 
in  coprecipitated  zinc  ferrite  is  the  cause  for  the  higher  mag¬ 
netization. 

IV.  CONCLUSION 

The  results  of  EXAFS  analysis  on  coprecipitated  zinc 
ferrite  have  suggested  that  the  zinc  ions  are  occupied  both  in 
A  and  B  sites.  The  resulted  cation  distribution  is  believed  to 
have  caused  the  increa.se  in  magnetization,  and  the  occupa¬ 
tion  of  Zn  ions  in  the  B  sites  is  believed  to  have  led  to  the 
deformation  in  the  structure  that  reduces  the  periodicity  of 
the  structure,  causing  a  decrease  in  radial  structure  function 
amplitude. 
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The  magnetic  anisotropy  of  3tf-TM  clusters  is  studied  in  the  framework  of  a  d-clectron  tight-binding 
Hamiltonian  including  hopping,  Coulomb,  and  spin-orbit  interactions  on  the  same  electronic  level. 

Results  for  the  magnetic  anisotropy  energy  and  spin-polarized  DOS  are  given  as  a  function  of  the 
bond  length  for  the  Fe^  cluster.  In  particular  it  is  shown  that  the  MAE  may  be  qualitatively  related 
to  the  projections  of  the  orbital  moment  along  the  magnetization  directions,  and  that  the  “in-planc” 
anisotropy  can  be  of  the  same  order  of  magnitude  as  the  “peipendicular”  anisotropy.  Using  the  sane 
Hamiltonian,  the  problem  of  the  convergence  of  the  magnetic  anisotropy  energy  of  very  thin  films 
is  revisited.  By  the  choice  of  a  basis  which  mixes  spherical  harmonics,  it  is  shown  that  the  irregular 
oscillations  of  the  MAE  versus  the  band  filling  disappear.  For  Co(lll)  excellent  stability  of  the 
in-plane  anise  tropy  as  observed  experimentally  was  found.  Finally,  the  crystal-field  effects  are  also 
discussed. 


I.  INTRODUCTION 

Considerable  attention  has  been  devoted  during  the  last 
years  to  the  study  of  the  magnetic  anisotropy  of  low¬ 
dimensional  systems.  The  number  of  papers  presented  during 
this  meeting  attests  to  the  vitality  of  the  research  on  thin 
metallic  overlayers.  For  clusters  experimental  results  show 
that  the  magnetic  anisotropy  plays  an  important  role  in  the 
observed  relaxation  of  the  cluster  magnetic  moments  in  an 
external  field.''^  However,  from  a  theoretical  point  of  view, 
very  little  on  the  magnetic  anisotropy  of  clusters  is  known, 
contrary  to  the  case  of  thin  films  The  purpose  of  this  paper  is 
to  propose  an  unified  theoretical  framework  able  to  describe 
the  magnetic  anisotropy  of  clusters,  i.e.,  of  systems  having  a 
finite  number  of  inequivalent  sites;  the  case  of  very  thin  film 
can  be  seen  as  a  particular  simple  situation. 

The  calculations  arc  performed  in  the  real  space  by  using 
a  tight-binding  Hubbard-type  Hamiltonian.  The  magnetic  an¬ 
isotropy  energy  (MAE)  is  the  total-energy  difference  for  two 
different  magnetization  directions  which  can  be  chosen  with¬ 
out  restrictions.  For  clusters  we  consider  directions  which  do 
not  necessarily  correspond  to  the  symmetry  axis  of  the  clus¬ 
ter,  which  may  result  in  Jahn-Teller  instabilities.  In  analogy 
to  magnetic  thin  films,  we  assume  a  perpendicular  magneti¬ 
zation  direction  as  well  as  one  or  two  in-plane  directions.  In 
this  way  we  can  discuss  not  only  the  perpendicular  but  also 
the  in-plane  anisotropy.  This  is  of  considerable  interest  since 
so  far  very  few  quantitative  results  based  on  an  electronic 
theory  are  known  about  the  importance  of  the  latter. 

II.  MAGNETIC  ANISOTROPY  OF  SMALL  CLUSTERS 

In  this  work  we  extend  a  theoretical  framework  origi¬ 
nally  developed  to  describe,  without  spin-orbit  coupling, 
clusters'^  and  it  is  used  with  success  to  study  low-dimensional 


systems'*  to  include  the  spin-orbit  interactions.  This  Hamil¬ 
tonian  includes  hopping.  Coulomb,  and  spin-orbit  interac¬ 
tions  on  the  same  footing  and  can  be  written  as 

S  +  (1) 

a, 0,0 

i*J 

Here  (c,o,r)  refers  to  the  creation  (annihilation)  an  op¬ 
erator  of  an  electron  with  spin  cr  at  atomic  site  i  in  the  orbital 
a  (,a=‘xy,yz,zx,x^~y^,3z^-r^),  and  iff  to  the  hopping  in¬ 
tegrals  between  the  orbitals  a  and  /3  at  sites  i  and  j. 

The  Coulomb  interaction  in  the  unrestricted 
Hartrce-Fock  approximation  is  given  by 

ioir~  I  (^) 

ia(r 

where  u„)  are  the  site  and  spin  de¬ 

pendent  d-level  shift  due  to  the  redistribution  of  the  spin- 
polarized  electron  density  («,„,,=  r',„= 

refers  to  the  average  d-electron  occupation  at  site  /  and  spin 
(T  and  V()  the  corresponding  average  d  occupation  in  the 
paramagnetic  solution  of  the  bulk.  The  correction  due  to 
double  counting  is  given  by  £d,=(l/2)  ? 

Notice  that  the  spin-quantization  direction  is  taken  to  be  par¬ 
allel  to  the  magnetization  direction  (S).  For  the  ;  pin-orbit 
interaction  the  following  single-particle,  intraatomic  ap¬ 
proximation  is  used; 

^SO~  ^  S  air,0ir'^  iair^  i0tr'  • 

Here  (L,-S,)„„^p,/  refers  to  the  intraatomic  matrix  elements 
of  L'S.  which  couple  the  up-  and  down-spin  manifolds  and 
which  depend  on  the  relative  orientation  between  (S)  and  the 
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cluster  structure.  The  spin-polarized  charge  distribution,  and 
in  particular  the  spin  moments,  are  determined  self- 
consistently  by  imposing  the  global  charge-neutrality  condi¬ 
tion 

The  electronic  energy  Eg,  from  which  the  MAE  is  de¬ 
rived,  is  calculated  from 

Es='^ia^  I  ^  epi„j€)de-Ej^,  (4) 

where  Prefers  to  the  magnetization  direction  (e.g.,  S^x,y,z) 
and  to  the  local  density  of  states  (DOS).  The  MAE  is 
obtained  from  the  change  in  the  electronic  energy  Eg  associ¬ 
ated  with  a  change  in  the  orientation  of  the  magnetization  (S) 
with  fixed  position  of  the  ions.  The  DOS  Piaa-(^)  are  com¬ 
puted  by  using  the  recursion  method.^  A  special  care  must  be 
taken  in  the  self-consistent  treatment  of  the  Hamiltonian,  in 
order  to  avoid  any  numerical  incertitude.^  In  the  case  of  a 
free-standing  pure  transition-metal  mono-  or  bilayer,  all  sites 
are  equivalent.  For  clusters  it  is  no  more  the  case  and  charge 
transfers  occurring. 

In  these  calculations  we  use  parameters  corresponding  to 
Fe  as  given  in  Ref.  3  ».ith  a  spin-orbit  coupling  constant 
^=0.05  eV.’  Since  in  the  clusters  the  value  of  the  bond 
length  d  is  somewhat  uncertain,  we  have  performed  a  sys¬ 
tematical  study  in  terms  of  dld^ ,  where  dg  is  the  bulk  bond 
length. 

In  Fig.  1  the  result.*  obtained  for  the  Fe^  cluster  are  re¬ 
ported.  Other  clusters  have  been  studied.^’  General  trends 
emerge.  For  all  studied  clusters  the  spin  moment  along  the 
magnetization  direction  depends  very  weakly  on  the  direc¬ 
tion  of  magnetization.  Therefore  only  the  results  for  perpen¬ 
dicular  magnetization  are  reported.  Clearly  it  is  found  that 
the  variations  of  the  MAE  versus  dldg  are  related  to  varia¬ 
tions  of  the  spin  moment  and  the  resulting  changes  in  the 
densities  of  states.  However,  no  simple  rule  can  be  given  to 
explain  these  spin-flips.  For  very  large  values  of  d/di,,  the 
magnetization  is  saturated  as  expected.  Before  the  spin-flip, 
the  variation  of  the  MAE  and  (S/)  are  continuous  functions 
of  dldjj .  This  is  no  longer  the  case  when  a  spin-flip  occurs. 
As  seen  in  Fig.  1  this  charge  redistribution  can  even  change 
the  sign  of  the  MAE.  For  other  Fc;^  clusters,*’  many  spin-flips 
can  be  present. 

The  in-plane  anisotropy  can  be  defined  here  as  the  dif¬ 
ference  between  E^  and  Ey .  For  Fe^,  this  in-plane  anisotropy 
is  of  the  same  order  of  magnitude  as  the  perpendicular  one. 
Similar  results  have  been  found  for  other  Fe^y  clusters.**  The 
value  of  the  MAE  for  this  Fe  cluster  (around  1  meV  per 
atom)  is  of  the  same  order  of  magnitude  as  the  corresponding 
values  for  very  thin  films.  For  a  small  value  of  dld^  the 
perpendicular  orientation  is  more  favorable,  whereas  for 
d/dg  larger  than  0.95,  it  is  more  favorable  to  align  the  mag¬ 
netization  along  the  x  direction. 

Assuming  that  interactions  between  unlike  spins  can  be 
omitted,  Bruno  found  within  a  second-order  perturbation 
theory  that  the  MAE  is  proportional  to  the  difference  of  the 
projection  of  the  orbital  moment  along  the  two  considered 
magnetization  directions.’  Surpiisingly,  the  MAE  is  found  to 
follow  qualitatively  this  simple  law,  especially  for  large  val¬ 
ues  of  d/dg ,  where  the  spin  moment  is  saturated.  As  already 
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FIG.  1.  I'hc  magnetic  anisotropy  energy  per  atom  (meV),  orbital  moment, 
and  spin  moment  of  a  Fe,,  cluster  as  a  function  of  the  bond  length  dldg 
(dfl-b.ik  bund  length).  The  assumed  cluster  structure  and  the  considered 
directions  of  magnetization  are  illustrated. 


mentioned,  the  in-plane  anisotropy  is  found  to  be  important 
(more  than  0.5  meV  for  d/dg  larger  than  0.95).  This  result, 
which  could  seem  surprising  in  comparison  with  perfect  2D 
film,  is  consistent  with  the  large  difference  observed  for  the 
projection  of  the  orbital  moment  along  the  x  and  y  direc¬ 
tions.  The  origin  of  thc.se  values  is  related  to  the  very  small 
size  of  the  cluster  (six  atoms  here).  Similar  behaviors  have 
been  observed  for  other  Fe^y  clusters. 
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III.  CONVERGENCE  OF  THE  VERY  THIN  FILMS’ 
MAGNETIC  ANISOTROPY  ENERGY 


4.0 


Some  calculations  for  thin  films  or  multilayers  indicate 
that  the  MAE  is  very  sensitive  to  band-structure  details  near 
the  Fermi  level  and  the  MAE  versus  the  band  filling  presents 
many  oscillations.®  According  to  other  works,  these  oscilla¬ 
tions  are  numerical  artifacts.^  In  any  case  it  is  clear  that  the 
problems  can  be  traced  back  to  the  energy-band  crossing  in 
the  Brillouin  zone.  Recently,  we  have  studied  the  MAE  for 
transition-metal  free-standing  mono-  and  bilayers'®  by  using 
the  tight-binding  Hamiltonian  used  in  this  work.  A  formal 
analysis,  based  on  the  moments  theory,  indicates  that  the 
MAE  versus  the  band  filling  can  be  described  by  a  “canoni¬ 
cal”  curve  which  crosses  zero  four  times  when  the  d-band 
occupation  varies  from  0  to  10.'®  In  fact,  the  MAE  curves 
were  plagued  by  irregular  oscillations  which  have  been  re¬ 
lated  to  band  crossings.  Later,  however,  various  tests  on  sys¬ 
tems  having  little  symmetry  have  suggested  that  this  expla¬ 
nation  is  not  valid.  So  we  have  reconsidered  the  problem. 

In  previous  calculations  we  used,  here  as  in  the  previous 
section,  a  basis  of  spherical  harmonics  (the  spatial  parts  arc 
eigenfunctions  of  the  orbital  moment  operator  without  a 
spin-orbit  interaction).  We  shall  denote  this  basis  as  non- 
mixed  (NM).  Without  spin-orbit  coupling  for  strong  ferro¬ 
magnetism,  the  partial  density  of  states  corresponding  to  the 
minority-spin  is  identically  zero  in  a  large  part  of  the 
majority-spin  band  energy  region.  However,  when  any  spin- 
orbit  interaction  is  considered,  this  partial  density  of  states 
acquires  a  nonzero  component  in  this  region.  In  such  a  case, 
the  method  used  in  our  previous  work  to  get  the  Green’s 
functions  matrix  elements  is  not  well  suitable.  In  order  to 
avoid  this  problem,  we  build  a  mixed  (M)  basis  where  each 
vector  contains  a  mix  of  all  representations  present  in  the 
original  NM  basis.  Numerical  calculations  have  shown  that 
25  levels  of  the  continued  fractions  within  the  M  basis  are,  at 
least,  as  precise  as  ISO  levels  within  the  NM  basis  for  films. 
In  this  case  the  irregular  oscillations  disappear  and  one  to 
two  orders  of  magnitude  for  the  computer  time  arc  gained." 
For  clusters,  the  NM  basis  is  satisfactory  since  the  finite  size 
of  the  cluster  allows  consideration  of  a  number  of  levels  for 
the  continuous  fractions  wliich  is  large  enough  to  get  perfect 
convergence. 

Experimental  results  indicate  that  a  free-standing  Co 
(111)  monolayer  presents  strong  in-plane  anisotropy.'^  Using 
the  empirical  relation  between  magnetic  moment  and  ex¬ 
change  splitting  values,'®  a  value  of  exchange  splitting  of  1.9 
eV  is  appropriate,  Strong  in-plane  anisotropy  is  found.  How¬ 
ever,  as  it  can  be  inferred  from  Fig.  2,  this  result  is  quite, 
insensitive  to  the  value  of  the  exchange  splitting.  Moreover, 
introducing  a  crystal-field  shifting  does  not  modify  signifi¬ 
cantly  the  magnetic  anisotropy  energy  for  the  Co(lll)  mono- 
layer.  This  stability  should  be  related  to  the  fact  that  the  Co 
spin  moment  is  almost  satured. 

In  summary,  a  unified  theoretical  framework  has  been 
proposed  to  determine  the  magnetic  properties  of  transition- 
metal  small  clusters  and  thin  films  by  considering  the  spin- 
orbit  coupling.  The  MAE  has  been  derived.  We  found  that  in 
most  cases  the  MAE  can  be  related  to  the  projections  of  the 
orbital  moment  along  the  considered  magnetization  direc- 


d  Band  Filling 


FIG.  2.  Magnetic  ani.sotropy  energy  per  atom  (meV)  v.s  the  d-band  filling 
for  tt  (111)  monolayer  calculated  in  the  M  basis  with  25  continued  fraction 
levels.  In  the  full  (long  dashed)  line,  the  result  for  the  exchange  splitting  of 
2.9  (1.9)  eV  is  given.  The  dashed  line  corresponds  to  the  exchange  splitting 
of  1.9  cV  and  nonzero  crystal-field  splitting  of  0.4  eV,  Negative  values 
correspond  to  the  favorable  perpendicular  direction  of  the  magnetization. 

tions.  However,  complete  self-consistent  calculations  must 
be  performed.  Since  a  real-space  method  is  used,  this  ap¬ 
proach  should  provide  a  way  to  determine  from  the  elec¬ 
tronic  structure  the  preferred  magnetization  direction  of  ad¬ 
sorbed  clusters.  Work  is  under  progress. 
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structure  and  magnetic  properties  of  Nd2Fei4B  fine  particles  produced 
by  spark  erosion  (abstract) 

H.  Wan  and  A.  E.  Berkowitz 

Center  for  Magnetic  Recording  Research,  M/S  0401,  University  of  California,  San  Diego,  La  Jolla, 

California  92093-0401 

At  present  Nd2Fei4B  is  the  best  permanent  magnet  because  of  its  extremely  high  coercivity  and 
energy  product.  Optimum  properties  of  Nd2Fei4B  magnets  can  be  attained  by  producing  single 
domain  particles,  and  then  aligning  and  compacting  them.  Due  to  the  high  reactivity  of  the  Nd 
constituent,  it  is  challenging  to  produce  and  handle  a  large  amount  of  fine  particles  of  this  material. 

We  have  prepared  fine  particles  of  Nd2Fei4B  by  spark  erosion  with  various  dielectric  media.  Yield, 
size,  size  distribution,  structure,  and  magnetic  properties  are  discussed.  The  Nd2Fei4B  particles  were 
made  by  the  shaker  pot  spark  erosion  method.'  Relaxation  oscillators  or  a  pulse  generator  were  used 
to  power  the  spark  erosion.  Commercial  Neomax  35  was  employed  as  the  primary  material.  The 
dielectric  media  were  liquid  Ar,  Ar  gas,  and  hydrocarbons,  which  provided  an  oxygen  free 
environment,  Structure  and  size  were  studied  by  TEM,  SEM,  and  x-ray  diffraction.  Magnetic 
properties  were  measured  by  VSM  with  temperatures  in  the  range  of  4.2-1200  K.  The  particles 
produced  in  these  three  different  dielectric  media  had  different  microstructures  and  crystal 
structures.  The  particles  made  in  Ar  gas  were  pure  Nd2Fei4B  phase.  The  particles  made  in  liquid  Ar 
were  a  mixture  of  amorphous  and  crystalline  Nd2Fei4B,  because  the  liquid  Ar  provided  a  much 
higher  quench  rate  than  Ar  gas,  which  produced  some  amorphous  Nd2Fei4B.  Upon  annealing,  the 
amorphous  particles  became  cry.stalline.  The  fine  particles  produced  in  hydrocarbons,  such  as 
pentane  and  dodecane,  had  more  complex  mixed  phases,  since  the  rare  earth  reacted  with  the 
hydrocarbons  during  the  sparking  process.  The  phases  were  NdC2,  tr-Fe,  and  amorphous  and 
crystalline  Nd2Fei4B.  The  effects  of  power  parameters,  such  as  voltage  and  capacitance,  on  particle 
size  were  inve.stigated.  Particle  sizes  from  20  nm  to  50  /xm  were  obtained.  We  concentrated  on 
Nd2Fei4B  fine  particles  made  in  liquid  Ar  and  Ar  gas.  Particles  were  classified  by  centrifuging  and 
sizes  were  confirmed  by  TEM  and  x-ray  diffraction.  The  size  dependence  of  coercivity,  anisotropy, 
and  magnetization  of  these  Nd2Fei4B  particles  will  be  discussed. 


‘a,  E,  Berkowitz  und  J.  L,  Waller,  J,  Muter.  Res.  2.  277  (1987). 
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Thermal  equilibrium  noise  with  1 1f  spectrum  in  a  ferromagnetic  alloy: 
Anomalous  temperature  dependence 

S.  Vitale,  A.  Cavalleri,  M.  Cerdonio,  A.  Maraner,  and  G.  A.  Prodi 

Department  of  Physics,  University  of  Trento  and  Centro  di  Fisica  degli  Stati  Aggrcgati  ITC-CNR, 

1-38050  Povo,  Trento,  Italy 

We  report  on  the  magnetization  noise  in  a  soft  ferromagnetic  alloy  for  frequencies  /<  1 0  Hz, 
temperatures  7’<4.2  K,  and  excitation  field  amplitudes  <150  /lAJm.  The  spectra  agree,  without  any 
adjustable  parameter,  with  the  fluctuation  dissipation  formula  and  the  measured  complex 
susceptibility  of  the  material.  The  spectra  show  a  1//  shape  coming  from  a  frequency-independent 
imaginary  susceptibility  )ll).  Vd  'S  found  to  be  proportional  to  T  above  “Z.S  K  but  tends  to  be 
indep>’.ndenl  of  T  below  this  value.  After  annealing  the  sample  to  relieve  the  internal  stresses,  is 
found  nearly  temperature  independent  above  —2.5  K  and  to  sharply  increase  by  decreasing  the 


temperature  below  that  value.  We  discuss  these 
magnetization  by  activation  or  tunneling. 

I.  INTRODUCTION 

Thermal  magnetic  noise  with  1//  power  spectrum  has 
been  reported  now  in  a  variety  of  systems  at  low  temperature 
including  soft  ferromagnetic  alloys,'  spin  glasses,^  and  high 
Ty  superconductors.^  The  noise  originates  from  a  frequency- 
independent  quasiequilibrium  imaginary  susceptibility 
that  produces,  via  the  standard  fluctuation  dissipation  for- 
mulai  to  a  magnetization  noise  with  spectrum 
Si,i{tt))={2k^TI with  T.V,  and  cu  the  tempera¬ 
ture,  the  sample  volume,  and  the  angular  frequency,  respec¬ 
tively. 

A  frequency-independent  imaginary  susceptibility 
translates,'  in  the  time  domain,  to  a  logarithmic  relaxation  of 
the  magnetization  after  a  stepwise  fleld  excitation.  This  is  a 
close  analogue  of  the  phenomt  pon  detected  in  relaxation  ex¬ 
periments,  and  often  referred  to  as  'agnetic  viscosity,  where 
instead  the  sample  is  driven  far  from  equilibrium  by  large 
field  steps.  Magnetic  v^cosity  is  attributed  to  the  existence 
of  a  collection  of  simple  exponential  relaxations  with  distrib¬ 
uted  time  constants'*  each  one  due  to  the  escape  of  the  mag¬ 
netization  outside  some  local  free  energy  minimum.  If  the 
escape  occurs  by  thermal  activation,  the  logarithmic  relax¬ 
ation  rate  is  predicted'*  to  be  proportional  to  T  while  any 
nonthermal  relaxation  mechanism,  like  for  instance  quantum 
tunneling,  would  lead  to  a  temperature-independent  rate. 

At  equilibrium  this  picture  should  be  rephrased^  in  terms 
of  the  hopping  of  the  system  between  nearby  free  energy 
minima  with  distributed  lifetimes.  The  dependence  of  on 
the  temperature  is  then  related  both  the  mechanism  underly¬ 
ing  the  hopping,  whether  thermal  activation  or  not,  and  to  the 
energy  differences  A  between  the  minima.  If  the  lifetime  of 
each  minimum  is  regulated  by  thermal  activation  and  if  A  is 
in  turn  distributed  from  zero  to  a  value  much  higher  than 
kgT,  then  (see  Sec.  IV)  again  in  analogy  with  relax¬ 
ation  experiments. 

This  last  prediction  has  recently  been  contradicted^  for 
some  amorphous  ferromagnetic  alloys  where  has  been 


findings  in  terms  of  the  hopping  of  the 


found  to  be  temperature  independent  from  4.2  K  down  to 
7’— 100  mK.  It  is  tempting  to  think  that  a  temperature- 
independent  could  occur  if  the  hopping  takes  place  by 
some  dissipative  tunneling  mechanism.®  This  interpretation 
would  be  favored  if  one  could  observe  a  crossover  from  the 
observed  temperature-independent  regime  to  the 
temperature-dependent  one  due  to  thermal  activation. 

In  search  of  a  material  where  such  a  cro.s, sever  is  dis¬ 
played  within  the  temperature  range  accessible  by  our 
method,  wc  have  studied  the  temperature  dependence  of 
for  a  soft  crystalline  alloy  that  has  already  been  reported^  to 
she  .  magnetic  viscosity  and  the  related  thermal  1//  noise  at 
4.2  K. 

II.  EXPERIMENTAL  METHODS 

The  sample  studied  is  a  strip  wound  toroid  made  of  68 
turns  of  a  «='3-/wm-thick  ribbon  of  Ultraperm  alloy.  Ultraperm 
is  a  soft  alloy  of  nominal  composition  Fei2Ni77Cu5Mo4. 
Measurements  have  been  performed  both  before  and  after 
annealing  the  sample  for  3  h  at  950  °C  in  saturated  atmo¬ 
sphere  of  hydrogen  to  relief  stresses.  The  linear  reversible 
relative  permeability  has  been  measured  to  be  |yu|=180±10 
before  the  annealing  and  |;u.|=210±10  at  4.2  K  after  it. 

Complex  susceptibility  measurements  have  been  per¬ 
formed  as  described  in  detail  elsewhere.'"*’’*'  Here  we  only 
remind  that  they  are  based  on  the  measurement  of  the  com¬ 
plex  self-inductance  L-L' i -V  of  a  superconducting  trans¬ 
former  coupled  to  the  sample  on  one  side  and  to  a  commer¬ 
cial  rf  superconducting  quantum  interference  device 
(SQUID)  on  the  other  hand. 

The  ac  field  amplitudes  used  to  measure  the  complex 
susceptibility  are  always  less  than  150  /i,A/m  and  the  sample 
behaves  for  such  .small  signals  as  a  linear  device.''^ 

The  data  for  the  phase  of  the  transformer  inductance 
result  from  the  subtraction  of  a  proper  blank  measurement 
rrbtained  substituting  the  pick-up  coil  coupled  to  the  sample 
with  a  test  coil  with  the  same  value  of  self-inductance.  In  the 
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FIG,  1.  Spectral  noise  den.sity  at  the  SQUID  output  for  some  different 
temperatures.  The  continuous  noisy  lines  arc  the  experimental  spectral  den¬ 
sities.  The  broken  line  is  the  SQUID  background  noise.  The  symbols  repre¬ 
sent  the  noise  calculated  from  Eq.  (1)  using  the  measured  values  of  the 
complex  susceptibility. 

0.1  Hz/10  Hz  frequency  range  the  method  achieves  an  accu¬ 
racy  for  of  -*10'^  deg,  while  the  modulus  lL|  is  mea¬ 
sured  with  a  ~0.S%  relative  accuracy.  These  figures  trans¬ 
late,  for  the  sample  discussed  here,  to  an  accuracy  of  about 
0.005  for  y',  apart  from  the  uncertainty  in  the  geometrical 
conversion  factor  from  inductance  to  susceptibility  (sec  bc- 
low\ 

The  data  for  L  are  converted  to  a  complex  susceptibility 
X=x'~i/>  using  standard  formulas  for  coils  and  trans¬ 
former  cores.  This  conversion  has  a  relative  accuracy  not 
better  than  10%  but  we  stress  that  any  inaccuracy  in  the 
conversion  is  of  no  consequence  when  calculating  the  ther¬ 
mal  noise.  In  fact  the  flux  noise  at  the  SQUID  output  S 
depends  on  I  as*^ 

S  =  2itBr(A/2/|L|2)(L"/a.)+5o,  (1) 

where  5o  is  the  SQUID  background  noi.se  and  M  is  the  mu¬ 
tual  inductance  between  the  SQUID  and  the  transformer. 

The  spectral  densities  5  and  arc  measured  by  standard 
fast  Fourier  transform  methods.*'^ 

The  sample  temperature  was  regulated  by  lowering  the 
pressure  above  the  liquid  helium  bath  and  was  measured  by 
a  calibrated  germanium  resistor. 

III.  RESULTS 

In  Fig.  1  the  spectral  noise  density  5^  in  the  presence  of 
the  sample  is  reported  as  a  function  of  the  frequency  for 
three  different  temperatures.  Also,  in  Fig.  1  the  measured 
background  noise  5()  is  shown.  The  noisy  continuous  lines 
are  the  measured  spectral  densities  while  the  symbols  repre¬ 
sent  the  noise  predicted  by  using  Eq.  (1)  and  the  measured 
values  of  L  and  Sq.  A  fit  to  the  experimental  noise  spectra 
with  a  constant  plus  a  power  law  gives  always  exponents  in 
the  range  1.00±0.03. 

The  imaginary  susceptibility  y  of  the  sample  between 
0.1  and  10  Hz  is  found  to  be  frequency  independent. 

The  mean  imaginary  susceptibility  between  0.1  and  10 
Hz  ^0  is  reported  as  a  function  of  the  temperature  in  Fig.  2 
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FIO.  2.  Itic  average  imaginary  susceptibility  between  0.1  and  10  Hz  as  a 
function  of  the  temperature.  Closed  symbols  represent  the  values  us  directly 
measured.  Open  symbols  arc  tlic  values  calciilatcd  from  noise  using  fluctua¬ 
tion  dissipation  formula,  (a)  Data  fur  the  sample  before  the  annealing.  The 
solid  line  is  a  linear  least-square  ill  to  data  above  2.5  K.  (b)  Data  after  the 
annealing.  I'he  solid  line  is  a  linear  least-square  fit  to  data  below  2.5  K. 


both  for  the  sample  before  the  annealing  [Fig.  2(a)]  and  for 
the  annealed  one  [Fig.  2(b)].  The  values  of  as  calculated 
from  the  noise  by  inverting  Eq.  (1)  are  also  reported  in 
Fig.  2. 

Neither  the  data  in  Fig.  2(a)  nor  those  in  Fig.  2(b)  can  be 
tit  to  a  single  straight  line  in  the  whole  temperature  range 
explored,  a  chi  .square  test  of  the  linear  best  fit  giving  a 
probability  of  random  occurrence  not  larger  than  10“'’, 

Above  2.5  K  the  data  in  Fig.  2(a)  are  well  fitted  to  a 
simple  proportionality  law  with  a  slope  of  0.06.3±0.004  K"', 
Below  that  temperature  the  data  show  a  much  reduced  tem¬ 
perature  dependence. 

In  Fig.  2(b)  the  data  above  2.5  K  arc  nearly  temperature 
independent  while  tho.se  below  2.5  K  can  be  fit  to  a  straight 
line  with  a  marked  negative  slope  of— 0.38 ±0.02  K“’, 

The  loss  factor  tan  in  ^be  frequency  range 

0.1/10  Hz,  is  easily  calculated  from  the  above  figures  to  be  in 
the  range  tan  <5'=«5/10X  10“'*  for  both  samples. 

IV.  DISCUSSION 

The  good  agreement  between  the  noise  calculated  from 
Eq.  (1)  and  the  measured  one  shows'"*’’'*  that  the  sample  is 
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acting  as  a  linear  device  at  thermal  equilibrium.  This  is  of  no 
surprise  as  the  applied  field  variation  is  less  than  a  part  in  U)*’ 
of  the  coercive  field  of  ~10  A/m^-O.U)  Oe. 

If  the  susceptibility  of  the  sample  results  from  many 
contributions,’  each  one  coming  from  an  ordinary  exponen¬ 
tial  relaxation  with  time  constant  t,  ;^=^[  1 -fituT]"',  a 
frequency-independent  imaginary  susceptibility  is  obtained 
by  assuming  that  ln(T)  is  uniformly  distributed  between  two 
values  In(Ti)  and  ln(T2)  such  that  the  angular  frequency  of  the 
measurement  a)  is  1/T|-=^<u<S1/t2.  In  this  case 
A("“’{'ln"'(Ti/T2)  [-ln(a>Ti)-i(ir/2)]  and  )(n=i{-nl2) 
[’i;’/ln(Ti/T2)].  Notice  that  the  loss  factor  is  then 
tan  -7T(21n(<uT|)].  Even  assuming  that  r|«‘l()“'^  s,  a 
lower  limit  to  any  magnetic  relaxation  process,  one  gets  tan  S 
'>'0,06  at  0. 1  Hz,  a  value  much  larger  than  the  experimental 
one.  However  the  above  one  is  still  u  reasonable  model,  pro¬ 
vided  that  only  a  fraction  of  the  total  su-sceptibilily  is  con¬ 
tributed  by  the  mentioned  distributed  relaxation  mechanism. 

Let  us  now  discuss  the  observed  dependence  of  on  T 
within  the  model  tiiut  a.ssumes  a  collection  of  independent 
two  levels  systems,  with  distributed  lifetimes  and  level  split¬ 
ting.  The  complex  susceptibility  of  each  system  is 

(2) 

where  m  is  the  difference  in  magnetization  between  the  two 
levels. 

In  Eq.  (2)  ris  given  by  t=t+/  ( 1  +  e  where 

is  the  mean  lifetime  of  the  upper  energy  level.  This  is  given, 
for  thermal  activation,  by  with  E  the  height  of 

the  free  energy  barrier  that  prevents  the  c, scape,  while  it  is 
expected  to  be  a  much  slower  function  of  the  temperature  for 
a  nonthermal  hopping  mechanism  like,  for  instance,  quantum 
tunneling.  As  a  consequence,  for  broadly  distributed  time 
constants,  the  prefactor  l/ln(r|/T2)  in  jfj!  is  proportional  to  7’ 
for  thermal  activation’  and  it  is  expected  to  be  instead  almost 
temperature  independent  if  the  hopping  occurs  by  tunneling. 

A  second  important  feature  of  Eq.  (1)  is  the  prefactor 
cosh(A/2tt//r)  ~^{8k„T)  '  in  the  susceptibility.  By  introduc¬ 
ing  the  two  simplest  hypotheses  on  the  distributions  of  A  one 
can  calculate  the  two  following  limits:  If  A  is  uniformly 
distributed  between  0  and  A„,u,s>A,)'r  the  prefactor  becomes 
temperature  independent  while  in  the  opposite  limit  of 
i.e.,  with  almost  degenerate  levels,  it  becomes 
proportional  to  1/7’  as  in  a  pure  Curie  law. 

One  can  then  predict  the  four  following  limiting  'em- 
perature  dependencies  for  (1)  nondegenerate  levels  and 
thermal  activation:  a{I“7';  (2)  degenerate  levels  and  thermal 
activation:  temperature-independent  Vn;  (3)  nondegenerate 
levels  and  fully  nonthermal  hopping:  temperature- 
independent  ^5;  (4)  degenerate  levels  and  fully  nonthermal 
hopping: 

Thus,  if  the  levels  are  nondegenerate,  a  crossover  from  a 
nonthermal  hopping  regime  to  a  thermal  activation  one 
would  show  up  as  a  transition  from  a  temperature- 


independent  ;y",  to  a  r  above  the  crossover  temperature 
T^■.  On  the  contrary,  in  the  case  of  degenerate  levels,  the 
same  cro.ssover  would  appear  as  a  transition  from  a  ;y[jKl/7’ 
low  temperature  branch  to  a  temperature-independent  x() 
above  T",. . 

The  data  of  Fig,  2  can  be  at  least  qualitatively  explained 
if  one  a.ssumcs  then  that  at  7',.=«2..S  K  a  cro.ssover  occurs 
from  a  nonthermal  to  a  thermal  hopping  regime  of,  c.g.,  a 
domain  wall  portion  between  two  pinning  sites;  in  addition 
one  has  also  to  assume  that  the  annealing  procedure,  by  re¬ 
moving  the  internal  stresses  of  the  material,  makes  the  dif¬ 
ference  of  the  pinning  energies  of  the  two  sites  much  less 
than  kuT. 

It  is  tempting  to  compare  the  observed  7", .'=•2,5  K  to  the 
one  predicted  by  theoretical  models  for  tunneling  of  domain 
walls'’'*''"  in  the  bulk.  These  models  predict  that 
7’,.«*(fig/<:„)fl,.'^1.3  K(Z?,,/1  T)  with  g  the  gyromagnetic 
factor,  li,.  is  an  effective  magnetic  field  that  can  be,  for  in- 
.slance,  the  internal  saturation  field  for  high  anisotropy 
materials  or  with  K  the  anisotropy  energy  den¬ 

sity,  for  low  anisotropy  ones  like  that  considered  here.  The 
observed  crossover  corresponds  then  to  2  T,  a  field 
much  larger  than  the  value  T  typical  of  permal¬ 

loys  but  still  of  the  order  of  the  internal  saturation  field  of  the 
sample.  To  ascribe  the  observed  crossover  to  the  model 
above  one  would  then  require  the  additive  hypothesis  that 
some  local  or  surface  anisotropy  field  could  exceed  by  a 
large  factor  the  average  anisotropy  of  the  material.  We  be¬ 
lieve  that  a  definitive  explanation  of  the  observations  goes 
beyond  the  purport  of  the  present  data. 
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We  report  an  observation  of  magnetostochastic  resonance  (MSR)  in  bistable  magnetic  systems. 
MSR  manifests  itself  as  a  peak  of  a  response  of  such  a  system  to  a  periodic  field  as  a  function  of 
the  noise  strength.  Bi-substitutcd  ferrite-garnet  films  with  uniaxial  anisotropy  were  used  as  simple 
examples  of  bistable  systems.  Noise  was  produced  by  (i)  thermal  fluctuations  of  an  effective 
magnetic  field  and  (ii)  externally  applied  “noiselike”  magnetic  fields.  The  position  of  the  peak 
depended  dramatically  on  the  magnitude  of  applied  dc  fields,  so  that  dc  fields  of  about  1  mOe  in  the 
spatial  scale  of  10  pm  were  measured.  MSR  applications  to  various  tunneling  phenomena  such  as 
tunneling  of  magnetization  in  small  magnetic  particles  are  discussed. 


Recently,  peculiarities  of  the  response  of  a  bistable  mag¬ 
netic  system  to  a  periodic  magnetic  field  in  the  presence  of 
noise  have  keen  predicted.'  It  was  shown  that  the  signal-to- 
noisc  ratio  has  a  peak  at  some  noise  .strength.  This  phenom¬ 
enon  was  called  magnetostochastic  resonance  (MSR)  and 
turned  out  to  be  an  excellent  tool  for  investigation  of  various 
tunneling  phenomena.  It  enables  us  to  evaluate  basic  tunnel¬ 
ing  characteristics  in  case,  c.g.,  of  quantum  magnetization 
tunneling  and  electron  tunneling  that  depends  upon  magne¬ 
tization.  Besides,  MSR  provides  a  new  method  for  magnetic 
field  detection  in  the  nanometer  .scale. 

To  model  the  theory  in  a  simple  system  we  detect  MSR 
in  a  bistable  ferrite-garnet  film.  In  this  article  detailed  de¬ 
scription  of  experimental  procedures  is  given  and  applica¬ 
tions  of  the  phenomenon  to  magnetic  field  measurements  arc 
discu.s.scd. 

Let  us  recall  main  features  of  the  magnetostochastic 
theory.  Uniform  magnetization  dynamics  of  a  bistable  system 
is  considered.  An  angle  0  between  magnetization  and  the 
easy  axis  is  taken  as  the  generalized  coordinate  of  the  sys¬ 
tem.  't'he  system  is  located  in  one  of  the  .nnima  in  the  ab¬ 
sence  of  noise.  An  application  of  a  periodic  magnetic  field 
//„(,  (the  ac  field)  along  the  easy  axis  changes  the  potential 
energy  of  the  sy-stem  each  half  of  a  period  as  shown  in  Figs. 
1(b)  and  1(c).  The  change  of  the  magnetization  angle  will 
be  referred  to  as  a  magnetization  signal.  In  the  absence  of 
noise  this  change  is  determined  by  the  stiffness  of  the  poten¬ 
tial  minimum  in  which  the  system  is  located.  The  presence  of 
noiselike  magnetic  fields  of  some  origin  results  in  magneti¬ 
zation  changes  even  in  the  absence  of  the  ac  field.  These 
changes  are  usually  called  noise. 

In  the  presence  of  noiselike  magnetic  fields  and  the  ac 
field  the  transitions  between  minima  are  possible.  It  means 
that  for  one-half  of  a  period  the  system  will  move  over  the 
barrier  from  the  higher  minimum  to  the  deeper  one  and  for 
the  other  half  of  the  period  the  system  will  move  back,  if  the 
noise  strength  is  sufficient  enough.  In  this  case  the  magneti¬ 
zation  signal  is  determined  by  an  “average”  potential  stiff¬ 
ness  and  is  much  greater  than  that  in  the  absence  of  noise. 
This  leads  to  a  peak  in  the  signal-to-noisc  ratio  at  some  noise 
strength.' 


The  experimental  .setup  is  shown  in  F’ig.  1.  To  model  the 
phenomenon  a  thin  easy-axis  ferrite-garnet  film,  with  high  g 
factor,  was  chosen  as  a  bistable  magnetic  sy.stcm.  An  addi¬ 
tional  in-plane  magnetic  field  //j,,  was  u,sed  to  lower  the  po¬ 
tential  barrier  between  minima  and  to  remove  domains  out  of 
the  sample.  Aperiodic  field  was  applied  along  the  film’s 
easy-axis  z.  The  angle  0  between  the  net  magnetization  of 
the  illuminated  part  of  the  film  and  the  easy-axis  z  was  cho¬ 
sen  to  be  the  generalized  coordinate  of  the  system.  The 
changes  of  the  angle  0  were  detected  by  means  of  the  Fara¬ 
day  effect.  The  magneto-optical  signal  (MO  signal)  5  is 
given  by  S  =  KF^)  cos^[<p  -f  ot{MJM[))],  where  ^  is  a  con¬ 
stant  that  describes  photodiode  efficieticy,  F'o  is  the  total  light 
flux,  If  is  an  angle  between  the  polarizer  and  the  analyzer, 
A/j  =  Af()  cos  is  the  z  component  of  total  magnetization 
and  a  is  a  Faraday  rotation  angle  of  the  film.  In  the 
performed  experiments  the  condition  was  satis¬ 

fied.  It  means  that  the  MO  signal  was  simply  proportional  to 
the  studied  magnetization  signal,  which  was  defined  in  the 
introduction  as  a  change  of  the  angle  0, 

It  follows  from  the  equation  that  the  MO  signal  docs  not 
depend  upon  the  size  of  the  light  spot  on  the  film  in  the 
absence  of  noise.  However,  thermally  induced  noiselike 
magnetic  fields  depend  upon  the  sample  volume:  the  smaller 
the  volume,  the  bigger  the  strength  of  the  effective  fields 
Wjff,  which  influence  the  uniform  magnetization  dynamics. 
It  allowed  us  to  register  the  film  response  to  the  ac  field  for 


I'lO.  ' .  The  experimeiitiil  instiilliilions:  1 1 ) — ii  l;iser.  (21  ■  ;i  |i(ilari/cr,  (.11  a 
lens,  (4) — coils  for  inaanelic  lields  proilucdon,  (.S)— a  leni(c-(;amL'(  lilm, 
(ft) — an  analyzer.  (7) — a  plio(ode(eclor.  (HI  a  narrow  liaiulwiddi  naniivoK 
meter,  (V) — mag;ncts. 


J.  Appl.  Phys.  76  (10),  15  November  1994 


002i  -0979/94/76(1 0)/6335/3/$6.00 


©  1994  American  Institute  of  Physics  6335 


7i6'  ”  ‘ '  7.40  vie  7. BO  0.00  0.20 

lens  displacement,  cm 

FIG.  2.  (a)  MO  signal  In  the  absence  of  the  ac  field,  (b)  MO  signal  in  the 
presence  of  the  ac  held  of  0,7  Oc  and  frequency  3  kHz,  both  vs  the  distance 
between  the  lens  and  the  sample. 


various  noise  strengths  by  changing  tlie  size  of  the  light  spot 
where  magnetization  changes  were  detected.  For  this  a  spe¬ 
cial  lens  was  used.  Also,  an  external  coil  powered  by  ampli¬ 
fied  currents  from  a  closed  diode  was  used  as  a  generator  of 
white  noiselike  magnetic  fields  //ext  ■ 

The  measurements  were  carried  out  in  the  following 
way.  First,  the  amplitude  of  the  ac  field  was  set  to  zero, 
//xe=0t  and  MO  signals  were  measured  by  the  photodetector 
and  the  narrow  bandwidth  nanovoltmeter  for  various  sizes  of 
the  light  spot  on  the  sample.  ITien,  the  ac  field  was  applied 
perpendicular  to  the  film,  see  Fig.  1,  and  MO  signals  were 
measured  in  relation  to  the  distance  between  the  lens  and  the 
sample.  The  signal-to-noise  ratio  is  the  quotient  of  the  MO 
signal  in  the  presence  of  the  ac  field  over  the  MO  signal  in 
the  absence  of  the  ac  field.  Using  measured  signals,  we  cal¬ 
culated  signals-to-noise  ratios  for  different  samples  and 
found  MSR  curves.  Analogous  procedures  were  used  in  case 
of  externally  applied  noiselike  magnetic  fields.  In  this  case 
the  noise  strength  was  varied  by  a  change  of  the  amplifica¬ 
tion  gain  of  the  noise  generator. 

In  Fig.  2(a)  typical  MO  signals  in  the  absence  of  the  ac 
field  are  plotted  as  a  function  of  the  distance  between  the 
lens  and  the  sample.  The  distance  of  7.7  cm  corresponds  to 
the  minimal  light  spot  size  of  5  /u.m.  As  an  example,  the 
curves  are  presented  for  the  sample  with  composition 
(LuBi)3(FeGa)50i2  and  parameters:  the  thickness— 7  fim, 
the  anisotropy  field — 1200  Oe,  the  domain  period — 22  yum, 
magnetization — 70  G,  the  dimensionless  Gilbert  damping 
constant — 0.16.  Figure  2(a)  shows  MO  signals  in  the  pres¬ 
ence  of  the  ac  field  having  an  amplitude  0.7  Oe  and  a  fre¬ 
quency  3  kHz.  Using  points  from  Figs.  2(a)  and  2(b),  the 
signal-to-noise  ratio  can  be  calculated  for  various  noise 
strengths,  which  gave  us  the  typical  MSR  curve  shown  in 
Fig.  3(a).  Other  films  also  demonstrated  such  dependence. 

MSR  curves  for  the  case  of  externally  applied  noiselike 
magnetic  fields  were  also  detected.  They  have  the  same  form 
as  shown  in  Fig.  3. 

The  position  of  the  stochastic  resonance  peak  depends 
upon  the  frequency  of  the  ac  field.  It  was  found  that  the  peak 
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FIG.  3.  (u)  The  MSR  curve  and  (b)  the  change  in  the  MO  signal  in  the 
presence  of  the  ac  held  due  to  application  of  the  dc  held  of  0.2  Oe.  The 
sample  is  the  same  us  in  Fig.  2. 


position  moved  into  the  higher  fluctuation  strength  region  for 
a  higher  frequency  of  the  ac  field. 

The  most  interesting  result  was  obtained  when  an  addi¬ 
tional  dc  magnetic  field  H^c  was  applied  perpendicular  to  the 
film,  see  Fig.  1.  Such  a  field  removes  the  degeneracy  of  the 
minima  of  the  magnetic  potential  and  reduces  the  MO  sig¬ 
nals,  which  are  measured  in  the  presence  of  the  ac  field.  The 
greatest  MO  signal  in  the  presence  of  the  ac  field  is  observed 
when  the  total  external  field  has  only  the  in-plane  component 
and  the  potential  minima  are  degenerate.  This  fact  was  used 
to  adjust  the  sample  position  between  magnets,  which  were 
exploited  to  produce  the  in-plane  field  . 

The  changes  of  MO  signals  due  to  application  of  the  dc 
field  were  studied  for  various  noise  strengths  and  for  various 
amplitudes  of  the  dc  field.  In  these  experiments  the  ampli¬ 
tude  of  the  ac  field  was  cho.sen  to  be  0.2-1 .0  Oe,  Figure  3(b) 
demonstrates  this  change  for  the  dc  field  with  an  amplitude 
of  0.2  Oc  as  a  function  of  the  noise  ;>lrength.  The  change  of 
MO  signal  in  the  presence  of  the  ac  field  due  to  the  dc  mag¬ 
netic  field  as  a  function  of  the  amplitude  of  the  dc  field  is 
shown  in  Fig.  4.  The  curves  shown  in  Fig.  3(b)  and  in  Fig.  4 
are  the  same  for  both  directions  of  the  dc  field.  This  fact  was 
also  used  to  position  the  sample  in  the  external  magnetic 
field. 

It  is  interesting  to  note  two  important  features  of  the 
change  of  the  MO  signal  in  the  presence  of  ac  field  due  to  the 
dc  fields.  This  change  has  linear  dependence  upon  the  am¬ 
plitude  of  the  dc  field,  see  Fig.  4.  In  addition,  the  MO  signals 
are  very  sensitive  to  the  applied  constant  fields.  For  example, 
dc  magnetic  fields  as  small  as  1  mOe  were  detected  in  our 
experiments.  It  means  that  MSR  can  be  successfully  used  for 
sensor  development. 

Let  us  consider  results  obtained  in  terms  of  the  stochas¬ 
tic  theory^’^  and  its  particular  application  to  magnetization 
dynamics.'  There  are  two  important  parameters  which  de¬ 
scribe  rc.sonance:  the  energy  barrier  and  the  Kramers  time. 
The  energy  barrier  between  the  minima  of  the  magnetic  po- 
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FIG.  4.  The  change  of  the  MO  signal  in  the  presence  of  the  ac  filed  due  to 
application  of  the  dc  field  as  a  function  of  the  amplitude  of  the  dc  field.  The 
lens  position  corresponds  to  the  resonance  peak.  The  sample  is  the  same  as 
in  Fig.  2. 


tentia!  of  an  easy-axis  ferromagnelic  film  in  the  presence  of 
an  in-plane  field  is  given  by  At/  =  {H„Move^/2), 
where  Hg  is  the  anisotropy  field,  v  is  the  sample  volume,  and 
e=  1  -HJHg .  The  Kramers  transition  rate  for  the  z  compo¬ 
nent  of  magnetization  in  the  effective  potential'  can  be  found 
i^Kr  =  (ayeHgl/lTr)  exp[  -  where  « is 

the  dimensionless  Gilbert  damping  constant,  y  is  the  gyro- 
magnetic  ratio,  kg  is  the  Boltzmann  constant,  T  is  the  tem¬ 
perature,  and  £  is  assumed  to  be  small.  (The  definition  of  the 
anisotropy  field  differs  in  factor  2  in  comparison  with  that  of 
Ref.  1.) 

It  is  necessary  to  know  the  value  of  the  in-plane  field  in 
order  to  calculate  At/  and  The  in-plane  field  was  pro¬ 
duced  by  two  magnets  (r/>  5  cm,  1800  G)  mounted  on  mov¬ 
able  holders,  whereas  the  sample  was  placed  in  the  region  of 
the  maximum  homogeneity  of  the  field.  To  evaluate  the  in¬ 
plane  field,  the  response  to  the  periodic  field  has  been  used. 
This  response  has  the  peculiarity  at  the  magnitude  of  the 
in-plane  field  which  is  equal  to  the  magnitude  of  the  anisot¬ 
ropy  field.  It  was  found  that  the  difference  between  the  in¬ 
plane  field  applied  in  resonance  experiments  and  the  anisot¬ 
ropy  field  of  the  sample  was  smaller  than  0.2-0. 4  Oe  for 
thermal  “noise”  magnetic  fields,  which  was  determined  by 
the  accuracy  of  measurements  of  magnets  positions  and  the 
magnitude  of  the  in-plane  field.  Since  the  anisotropy  fields  of 
studied  films  were  of  the  order  of  1000  Oe,  it  means  that 
e=l-//i„///a<4X10“‘'  in  our  experiments.  In  case  of  exter¬ 
nal  noiselike  magnetic  fields  e<3Xl0“‘. 

It  allows  us  to  put  bounds  on  the  energy  barriers  and  the 
Kramers  transition  rates.  Taking  Hg=l2Q0  Oe,  e=3xl0“‘', 


Mq=70  Oe,  i;  =  1.4X10"'"  cm^  a=0.16,  r=10®  (Oes)'*, 
7’= 293  K  for  the  peak  of  resonance  curve  shown  in  Fig,  3(a), 
we  find  that  Af/<5.2X10“*^  ergs  and  ^^,>21  Hz.  The  en¬ 
ergy  barrier  and  the  Kramers  transition  rate  in  case  of  exter¬ 
nal  noiselike  magnetic  fields  were  At/<5.2xl0‘'"  ergs  and 
Hz.  The  effective  magnetic  field  that  corresponds 
to  the  energy  barrier  =  (Hg^)l2  was  //5ff<10“‘'  Oe  for 
thermally  induced  magnetic  fields  and  //„t<l  Oe  for  the 
external  noise.  Since  amplitudes  of  the  periodic  test  fields 
were  0.03-0.7  Oe,  the  resonance  curves  were  detected  in  the 
nonlinear  regime,  which  means  that  the  ac  field  made  one 
minimum  of  the  bistable  potential  disappear  for  each  half  of 
the  period.  The  small  value  of  required  to  maintain  the 
in-plane  field  of  the  order  of  1000  Oe  with  the  accuracy 
better  than  0.2  Oe.  For  this,  experimental  installations  were 
mounted  on  a  stabilized  optical  platform.  To  loosen  the  con¬ 
straint  on  the  stability  of  the  in-plane  field,  it  is  necessary  to 
detect  the  magnetization  response  in  smaller  volumes  than 
those  of  our  experiments.  The  promising  way  to  solve  the 
problem  is  to  detect  magnetization  by  means  of  the  Kerr 
effect  instead  of  the  Faraday  effect.  In  this  case  the  effective 
depth  in  which  magnetization  is  detected  can  be  as  small  as 
wavelength  of  the  light.  It  allows  one  to  reduce  the  detection 
volume  by  a  factor  of  10.  The  best  MSR  application  will  be 
the  detection  of  magnetization  tunneling  in  small  magnetic 
particles,  since  they  inherently  have  small  volumes. 

It  should  be  noted  that  samples  vibrations  in  the  external 
magnetic  field  and  random  magnetic  fields,  which  contrib¬ 
uted  to  the  change  of  the  in-plane  field,  lead  to  the  change  in 
basic  resonance  parameters  (2),  (3)  and,  hence,  to  the  reduc¬ 
tion  of  the  resonance  peak.  Mechanical  vibrations  and  ran¬ 
dom  fields,  which  result  in  the  magnetic  field  perpendicular 
to  the  film,  contributed  to  the  independent  upon  volume 
magnetization  noise. 

Finally,  we  would  like  to  emphasize  the  important  influ¬ 
ence  of  the  dc  magnetic  fields  applied  perpendicular  to  the 
film  on  the  magnetization  response  to  the  ac  field  in  the 
presence  of  noise.  Such  a  field  removes  the  degeneracy  of 
the  energy  minima,  changes  the  system  distribution  in  the 
absence  of  the  periodic  test  field,  and  changes  the  hopping 
rates  between  the  energy  minima.  Thus,  the  magnetization 
response  to  the  ac  field  depends  upon  the  presence  of  small 
dc  magnetic  fields  and  noise.  The  theoretical  treatment  of  the 
bistable  system  susceptibility  to  the  dc  field  in  the  presence 
of  the  ac  field  and  noise  is  beyond  the  scope  of  the  article. 
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An  extensive  analysis  of  ac  magnetic  susceptibility  measurements  of  single-crystal  gadolinium  is 
presented.  The  demagnetization-corrected  c-axis  data  are  analyzed  on  the  basis  of  a  power  law  of 
the  form  where  t  is  the  reduced  temperature  above  .  Our  results  yield  effective  values 

of  7^=293.57  K  and  7'=!. 327.  The  basal  plane  susceptibility  is  expressed  as  a  parametric  equation 
in  terms  of  the  c-axis  susceptibility  x7h  Xc^'^-  T'he  exponent  y,  which  is  related  to  the 

critical  exponent  associated  with  the  specific  heat  a  as  y  =  1  -  a,  is  determined  by  our  analysis  to  be 
y  =  1.01(2).  This  gives  a  temperature  scale  associated  with  the  ani.sotropy  as  ranjs=2.0X  10“^.  These 
results  are  interpreted  in  the  context  of  the  effects  of  dipolar  interactions  in  the  critical  region. 


I.  INTRODUCTION 

The  critical  magnetic  properties  of  gadolinium  have  re¬ 
cently  been  reported  by  several  authors.'”®  Although  early 
measurements  on  Gd"”'^  led  to  certain  ambiguities  concern¬ 
ing  the  proper  universality  class  for  this  ferromagnet,  recent 
studies  using  a  variety  of  experimental  techniques  have  pro¬ 
vided  a  consistent  picture  of  the  critical  behavior  which  has  a 
firm  foundation  on  modern  theoretical  predictions.  This  be¬ 
havior  has  been  shown  to  be  complex  and  to  be  dominated  in 
the  critical  region  by  the  presence  of  magnetic  dipole-dipole 
interactions.  The  recent  analysis  of  basal  plane  ac  suscepti¬ 
bility  by  Stetter  et  al.^  is  contrary  to  this  interpretation  and 
these  authors  have  suggested  the  Gd  exhibits  three- 
dimensional  Ising  behavior  and  that  sample  imperfections 
limit  the  asymptotic  critical  behavior.  It  is  the  purpose  of  the 
present  investigation  to  consider  the  reasons  for  these  appar¬ 
ent  inconsistencies,  to  provide  a  new  analysis  of  experimen¬ 
tal  results  and  to  interpret  these  data  in  the  context  of  recent 
theoretical  predictions  in  order  to  provide  a  consistent  and 
comprehensive  understanding  of  the  static  critical  magnetic 
behavior  of  gadolinium. 

II.  EXPERIMENTAL  METHODS  AND  DATA  ANALYSIS 

A  single  crystal  of  high  purity  gadolinium  with  a  resis¬ 
tivity  ratio  of  p(295  K/p(4.2  K)  =  156  was  cut  into  the  form 
of  a  cube  with  an  edge  length  0.249  ±0.005  cm  and  the 
c-axis  oriented  along  one  of  the  cube  edges.  Further  details 
of  the  sample  preparation  have  been  reported  in  Ref.  6.  Mea¬ 
surements  of  the  ac  susceptibility  have  been  performed"’^  for 
two  crystallographic  orientations;  with  the  c  axis  along  the 
applied  ac  field  direction  and  with  one  of  the  basal  plane 
axes  along  the  field  direction. 


The  c-axis  susceptibility  in  the  critical  region  is  defined 
for  r— >0^  by  the  power  law  of  the  form 

(1) 

where  the  reduced  temperature  t  is  defined  in  terms  if  the 
Curie  temperature  T^.  as 


In  contrast  to  the  c-axis  susceptibility  which  diverges  as  T^. 
is  approached  from  above,  the  basal  plane  susceptibility  re¬ 
mains  finite  and  is  described  by 

A:;,'  =  fl  +  C/^  (3) 

where  the  exponent  y  is  related  to  the  critical  exponent  for 
the  specific  heat  a  hy^ 

y  =  l-a.  (4) 

The  susceptibilities  given  in  the  above  expressions  are  intrin¬ 
sic  quantities  and  are  independent  of  sample  geometry.  The 
actual  measured  susceptibilities  are  the  demagnetization  lim¬ 
ited  external  quantities  and  are  related  to  the  intrinsic  quan¬ 
tities  by  the  demagnetization  factor  N  as,  e.g., 

1  1 

- = - +A  (5) 

Yc.ckI  Yc'.inI 

and  similarly  for  the  basal  plane  susceptibility.  Since,  in  our 
experimental  measurements  the  sample  geometry  was  cho¬ 
sen  to  he  cubic,  the  demagnetization  factors  for  the  c-axis 
and  the  basal  plane  susceptibility  were  identical.  Equation 
(5)  may  be  used  in  conjunction  with  Eqs.  (1)  and  (3)  to 
express  the  extrinsic  quantities  as 
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FIG.  1.  Measured  basal  plane  susceptibility  as  a  function  of  measured  c-axis 
susceptibility.  Each  point  represents  measurements  of  the  susceptibility 
along  the  two  directions  at  the  same  temperature.  The  reduced  temperature 
scale  as  obtained  from  a  fit  to  for  the  c-axis  data  is  indicated  in  the  figure. 


Al^c.cxt 


(6) 


and 


(7) 


In  these  expressions  the  coefficients  A,  B,  and  C  and  the 
exponents  y  and  y  are  filtec  nmeters.  While  the  Curie 


temperature  may  be  r  t;-' 
the  demagnetizatiot.  1  ct  r 
geometric  considta.  ..OHo, 
ues  of  the  parar  I'er^  in  ' 
manner.  It  is  clet.i  ft  'be  in 


dependent  methods  and 
^timated  on  the  basis  of 
'•■al  to  determine  the  val- 
and  (7)  in  a  const,  lent 
■  Bq.  (7)  that  the  values  of 


B  and  N  cannot  be  ‘V  rermined  ■  'dependcntly  from  the  basal 
plane  data.  It  should  also  be  noted  that  since  la^l,  then 
y  ~  1  and  the  value  of  C  is  highly  correlated  to  the  value  of 
B+N.  Because  N  is  the  same  in  Eqs.  (6)  and  (7)  it  is  pos¬ 
sible  to  combine  these  two  expressions  and  to  fit  the  c  axis 
and  basal  plane  data  simultaneously.  Solving  both  expres¬ 
sions  for  t  gives 


■Vc’.cxi  ^ 


N 


y/y 


(8) 


where  B'  is  given  by  B-i-A'  and  C  may  be  expressed  in 
terms  of  C  and  A .  This  expression  is  valid  for  a  given  value 
of  t  and  requires  that  experimental  measurements  for  the  c 
axis  and  basal  plane  orientations  be  made  for  the  same  values 
of  temperature  (as  is  the  case  for  our  measurements).  This 
expression  allows  B' ,  y,  and  y  to  be  determined  in  a  consis¬ 
tent  manner  for  both  the  c  axis  and  basal  plane  data  without 
the  need  to  know  7^ .  Fitted  ulues  of  these  parameters  may 
then  be  u.sed  to  obtain  T,.  from  a  fit  to  Eq.  (1)  for  the  c-axis 
data. 


TABLE  I.  Fitted  parameter  values  for  the  critical  susceptibility  of  gado¬ 
linium. 


Parameter 

Value 

Uncertainty 

A 

1728 

1.0 

B 

0.524 

0.005 

N 

3.84 

0.02 

y 

1.327 

0,002 

y 

1.01 

0,01 

7. 

293.57 

0,02 

III.  RESULTS  AND  DISCUSSION 

Measured  basal  plane  susceptibility  as  a  function  of  c- 
axis  susceptibility  measured  at  the  same  temperature  is  illus¬ 
trated  in  Fig.  1.  Parameters  obtained  from  least-square  fits  to 
Eqs.  (1)  and  (8)  are  given  in  Table  I  along  with  uncertainties 
based  on  a  statistical  analysis  of  the  fits. 

Although  the  use  of  a  cubic  sample  in  our  studies  results 
in  a  large  demagnetization  correction,  it  is  precisely  the  use 
of  this  geometry  which  allows  for  a  direct  comparison  of  the 
c-axis  and  basal  plane  behavior  in  the  critical  region  without 
the  need  to  apply  these  corrections.  Perhaps  the  ideal  sample 
geometry  in  this  respect  would  be  a  sphere.  However,  the 
likelihood  of  introducing  additional  defects  during  the  ma¬ 
chining  is  an  important  consideration  in  the  choice  of  a  cubic 
sample.  The  anisotropic  nature  of  the  critical  behavior  is 
readily  apparent  from  our  measurements  for  reduced  tem¬ 
peratures  less  than  about  10“^  and  this,  in  itself,  provides 
evidence  to  support  our  choice  of  the  model  based  on  dipolar 
interactions  as  described  above  for  the  analysis  of  these  data. 
A  direct  measurement  of  the  importance  of  the  dipolar  inter¬ 
actions  may  be  obtained  on  the  basis  of  the  above  treatment. 
A  reduced  temperature  scale  for  the  dipolar  interactions  is 
expressed  in  terms  of  the  coefficients  in  Eqs.  (2)  and  (3)  as’ 

(9) 

Using  the  values  of  these  parameters  as  given  in  Table  I, 
is  found  to  be  2.2X  10~\  This  corresponds  to  an  actual  tem¬ 
perature  difference  between  7„„|s  and  7,.  of  0.65  ±0.10  K. 
This  is  in  good  agreement  with  theoretical  predictions’’''^’'*' 
for  the  crossover  temperature  to  anisotropic  dipolar  behavior 
in  this  system;  A7=  =0.45  K,  and  previous  investi¬ 

gations  involving  an  independent  analysis  of  c-axis  and  basal 
plane  susceptibility  data. 

In  a  comparison  of  recent  experimental  studies  of  Gd  it 
is  essential  to  consider  differences  in  sample  quality  and  ge¬ 
ometry  and  their  effects  on  measured  magnetic  properties.  Of 
particular  relevance  in  this  respect  is  the  relationship  of  the 
sample  used  in  the  recent  study  by  Stetter  et  al.^  and  that 
used  for  our  own  investigation.  Stetter  et  have  used  a 
300  A  film  grown  with  the  Gd  basal  plane  parallel  to  the 
(110)  surface  of  a  tungsten  substrate.  It  is  clear  from  the 
annealing  studies  reported  by  these  authors  that  their  as- 
deposited  films  show  magnetic  behavior  which  is  severely 
influenced  by  the  presence  of  defects.  Even  after  annealing  at 
870  K  these  autuors  base  their  data  analysis  on  a  model 
involving  the  existence  of  imperfections  which  cause  a 
spread  in  Curie  temperatures  of  1  K.  No  further  improve¬ 
ment  in  the  sharpness  of  the  transition  was  observed  for 
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higher  temperature  anneals.  Stetter  et  al.**  have  suggested 
that  the  behavior  which  we  attribute  to  dipolar  effects  may 
actually  be  the  result  of  sample  imperfections  as  they  occur 
on  a  temperature  scale  comparable  to  the  T^.  smearing  ob¬ 
served  in  the  thin-film  experiment.  The  following  evidence 
would  seem  to  be  against  this  interpretation  for  the  following 
reasons: 

(1)  The  samples  used  in  our  studies  and  in  those  of  Stet¬ 
ter  et  al.^  have  been  prepared  by  different  methods  and  it 
would  be  highly  coincidental  if  the  level  and  type  of  imper¬ 
fections  in  the  two  samples  yielded  precisely  the  same  influ¬ 
ence  on  the  magnetic  properties. 

(2)  There  is  no  evidence  on  the  basis  of  our  resistivity 
studies  of  single-crystal  Gd  of  any  smearing  of  T,.  on  a  re¬ 
duced  temperature  scale  of  about  10“^  (see  Ref.  5),  or  in  the 
c-axis  ac  susceptibility  data  reported  previously.^’’^  This  is 
also  the  case  for  other  studies  of  the  magnetic  properties  of 
bulk  Gd  samples  reported  in  the  literature. 

Our  own  studies, as  well  as  those  of  others,  e.g.,  Ho- 
henemser  and  co-workers, indicate  that  the  critical  tem¬ 
perature  region  of  Gd  exhibits  complex  crossover  behavior 
over  an  experimentally  observable  range  of  reduced  tempera¬ 
tures  and  it  is  not  likely  that  measured  critical  properties  will 
be  asymptotic.  Instead,  critical  exponents  derived  from  stud¬ 
ies  of  Gd  should  be  treated  as  effective  exponents  for  the 
particular  range  of  reduced  temperatures  studied  and  that  the 
values  of  these  exponents  will  inevitably  be  dominated  by 
anisotropic  effects  which  result  from  the  presence  of  dipolar 
interactions.  This  behavior  of  critical  properties  has  been 
shown  to  result  from  a  crossover  pattern  from  exchange 
dominated  Heisenberg  behavior  far  above  T^.  to  isotropic  di¬ 
polar  to  anisotropic  dipolar  close  to  T,. . 


The  present  analysis  provides  additional  evidence  for  the 
behavior  described  above  and  indicates  that,  by  the  proper 
choice  of  sample  geometry  and  measurement  of  data  at 
proper  temperature  intervals,  meaningful  results  which  dem¬ 
onstrate  the  anisotropic  dipolar  character  of  gadolinium  can 
be  obtained  without  the  need  for  an  independent  knowledge 
of  the  Curie  temperature  or  the  sample  demagnetization 
factor. 
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Monte  Carlo  simulation  of  Ising  models  with  dipole  interaction 
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Recently,  a  new  memory  effect  was  found  in  the  metamagnetic  domain  structure  of  the  diluted  Ising 
antiferromagnet  Fe^Mgi_,.Cl2  by  domain  imaging  with  Faraday  contrast.  Essential  for  this  effect  is 
the  dipole  interaction.  We  use  a  Monte  Carlo  method  to  simulate  the  low-temperature  behavior  of 
diluted  Ising  antiferromagnets  in  an  external  magnetic  field.  The  metamagnetic  domain  structure 
occurring  due  to  the  dipole  interaction  is  investigated  by  graphical  representation.  In  the  model 
considered,  the  antiferromagnetic  state  is  stable  for  an  external  magnetic  field  smaller  than  a  lower 
boundary  while  for  fields  larger  than  an  upper  boundary  8^2  the  system  is  in  the  saturated 
paramagnetic  phase,  where  the  spins  arc  ferromagnetically  polarized.  For  magnetic  fields  in  between 
these  two  boundaries  a  mixed  phase  occurs  consisting  of  ferromagnetic  domains  in  an 
antiferromagnetic  background.  The  position  of  these  ferromagnetic  domains  is  stored  in  the  system: 
after  a  cycle  in  which  the  field  is  first  removed  and  afterwards  applied  again  the  domains  reappear 
at  their  original  positions.  The  reason  for  this  effect  can  be  found  in  the  frozen  antiferromagnetic 
domain  state  which  occurs  after  removing  the  field  at  those  areas  which  have  been  ferromagnetic  in 
the  mixed  phase. 


The  three-dimensional  Ising  model  with  an  antiferro¬ 
magnetic  exchange  interaction  undergoes  a  first-order  phase 
transition  from  an  antiferromagnetic  to  a  paramagnetic  satu¬ 
rated  phase  for  low  temperatures  during  an  increase  of  the 
homogeneous  external  magnetic  field.  Because  of  demagne¬ 
tizing  field  effects  in  experimental  systems  like  FeCl2  there 
occurs  a  mixed  phase  for  external  fields  In 

theoretical  considerations  the  existence  of  a  mixed  phase  is 
often  neglected  since  dipole  interactions  have  to  be  consid¬ 
ered  in  order  to  investigate  the  mixed  phase.  Especially  in 
Monte  Carlo  simulations,  the  dipole  interaction  can  hardly  be 
taken  into  account  for  lattices  large  enough  to  investigate 
domain  structures  due  to  its  long-range  nature:  for  each  spin 
flip  the  number  of  operations  to  calculate  the  change  in  en¬ 
ergy  scales  with  the  number  of  .spins  in  the  system.  However, 
we  used  a  .specially  adjusted  algorithm  to  do  these  calcula¬ 
tions  efficiently.  The  details  of  our  method  will  be  published 
elsewhere. 

In  this  paper,  we  perform  simulations  in  order  to  get  a 
deeper  understanding  of  a  new  memory  effect  that  was  found 
recently  in  the  mixed-phase  domain  structure  of  the  diluted 
Ising  antiferromagnet  Fe^Mg]  -^Cl2  by  domain  imaging  with 
Faraday  contrast.^  The  position  and  shape  of  paramagnetic 
saturated  domains  which  grow  within  the  antiferromagnetic 
state  while  the  field  is  increasing,  is  stored  in  the  .sense  that 
the  domains  reappear  even  after  a  cycle  in  which  the  field  is 
first  removed  and  afterwards  again  applied.  Essential  for  an 
investigation  of  this  effect  is  obviously  the  dipole  interaction, 
since  it  is  this  long-range  interaction  which  is  responsible  for 
the  occurrence  of  a  mixed  phase. 

The  diluted  Ising  antiferromagnet  in  an  external  mag¬ 
netic  field  (DAFF)  is  an  ideal  system  to  study  random  field 
behavior  theoretically  as  well  as  experimentally  since  it  is 
believed  to  be  in  the  same  universality  class  as  the  random 
field  Ising  model  (RFIM).’  A  well-known  feature  of  the 
DAFF  is  the  formation  of  a  domain  state  with  extremely  long 
relaxation  times  (for  an  overview  see  Ref.  4).  This  domain 
state  is  frozen  even  for  zero  field  and  it  is  obtained  by  either 


cooling  the  system  in  an  external  field  from  the  paramagnetic 
high-temperature  phase  or  by  decreasing  the  field  corre¬ 
spondingly,  The  mechanisms  which  are  responsible  for  the 
hy.steretic  properties  of  the  DAFF  have  been  investigated 
experimentally,*'''’  theoretically,’  and  in  computer  simu- 
lations.**'"  In  the  following,  we  will  show  that  the  under¬ 
standing  of  the  hysteretic  behavior  of  the  DAFF  is  essential 
for  an  understanding  of  the  memory  effect. 

The  Hamiltonian  of  an  Ising  model  with  dipole  interac¬ 
tion  in  units  of  the  coupling  constant  reads 

/7=2 

a.i)  I 

+  c/S  --S  --^1-3  cos^  Oi^j) 
i.j  ''i-i 

where  <r,  =  ±l  are  the  spins  and  the  e/=0,l  represent  the 
dilution  p  =  5%.  In  the  first  sum  {i,j}  means  all  combinations 
of  spins  which  arc  nearest  neighbors.  The  exchange  interac¬ 
tion  favoring  antiferromagnetic  alignment  of  spins  is  set 
equal  to  one.  The  .second  sum  represents  the  interaction  with 
the  external  magnetic  field  8.  The  third  sum  is  over  all  com¬ 
binations  of  spins  and  d  represents  the  strength  of  the  dipole 
interaction  (cl =0.5  in  this  case).  is  the  distance  between 
two  spins  on  sites  i  and  j  and  0  is  the  angle  between  the  z 
axis  (the  direction  of  the  external  field)  and  the  distance  vec¬ 
tor  r.  In  order  to  simplify  the  model  we  restrict  ourselves  to 
a  two-dimensional  system  with  open  boundary  conditions 
representing  one  plane  of  the  experimental  .system.  As  we 
will  .see  the  qualitative  behavior  of  the  experimental  system 
is  well  described  by  our  model  as  far  as  the  domain  structure 
is  concerned,  which  is  responsible  for  the  memory  effect. 

We  use  an  antiferromagnetic  long-range  ordered  system 
as  the  initial  spin  configuration.  The  simulation  is  done  at 
very  low  temperature,  7’  =  ().  1.  The  system  builds  up  a 
.saturated-domain  state  for  a  field  of  B=2.6.‘i  which  is  within 
the  mixed  pha.se,  then  we  investigate  the  development  of  this 
domain  state  during  a  field  cycle  to  zero  field,  8  =  0.  and 
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FIG.  1.  Spin  conf'igui'iition  and  column  magnetization  of  the  simulated  sys¬ 
tem  as  cxpluijied  in  the  text:  a  metamugnetic  domain  eonfiguratiun  in  the 
mixed  phase. 


then  back  to  the  mixed  phase,  B=2.65.  The  time  that  is 
needed  to  equilibrate  the  system  is  a  Few  hundreds  of  Monte 
Carlo  steps  per  spin. 

The  system  has  a  size  of  190X50  (xXz),  i.c.,  190  col¬ 
umns  and  50  rows.  The  figures  show  spin  configurations  of 
the  simulated  system  as  well  as  the  mean  magnetization  of 
the  columns  of  the  system.  The  externa!  magnetic  field  is 
aligned  with  the  easy  axis  of  the  spins,  the  z  direction.  Each 
site  of  the  two-dimensional  square  lattice  is  represented  by  a 
square,  the  vacancies  of  the  system  are  shown  as  black,  up- 
spins  as  grey  and  downspins  as  white  squares.  The  mixed 
phase  (Fig.  1)  consists  of  antiferromagnetic  domains  (chcck- 
crboardlikc)  and  paramagnetic  saturated  (ferromagnetic)  do¬ 
mains  (grey,  “spinup").  In  the  latter  domains  the  spins  are 
aligned  with  the  field.  The  domains  have  the  form  of  stripes. 
This  follows  directly  from  the  nature  of  the  dipole  interaction 
which  favors  those  spins  to  order  fcrromagnetically  which 
are  on  lattice  sites  placed  along  the  direction  of  the  easy  axis 
leading  to  the  development  of  ferromagnetically  ordered  col¬ 
umns.  Also  shown  in  the  upper  part  of  Fig.  1  is  the  column 
magnetization,  i.c.,  the  mean  magnetization  of  each  column 
of  the  system.  This  quantity  corresponds  to  the  Faraday  con¬ 
trast  that  is  observed  in  experiments.  Since  the  domains  are 
striped  there  is  a  sharp  contrast  between  antifcrromagnctic 
domains  (magnetization  =^l))  and  paramagnetic  saturated  do¬ 
mains  (magnetization”"  1/per  spin). 

Lowering  the  field  to  zero  the  saturated  di»mains  vanish 
(Fig.  2)  and  the  magnetization  decrea.ses  to  nearly  zero. 
However,  an  accurate  analysis  of  this  zero-field  spin  configu¬ 
ration  shows  that  it  is  not  completely  antifcrromagnetically 
long-range  ordered.  Instead,  those  regions  of  the  system 
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FIG.  2.  .Spin  conligurutinn  unit  column  nuigiiiMi/.nlion  of  tlic  xinuiiulcd  sy.s- 
tem:  ill!  nmifcrromagilctic  tloinain  conliyurntioii  after  removing  lire  (ickl. 


FIG.  3.  Spin  configuration  and  column  nragnetizution  of  the  simulated  sys¬ 
tem:  the  mutanuignctic  domain  conligurutinn  after  applying  the  field  again. 


which  have  been  paramagnetic  saturated  in  the  field  now 
consist  of  an  antiferromagnetic  domain  structure  correspond¬ 
ing  to  the  domain  state  of  a  DAFF  after  field  decreasing. 
Why  docs  this  happen? 

In  a  licld-decreasing  procedure  the  antiferromagnctic- 
paramagnelic  pha.se  boundary  is  cro.s.scd  in  a  direction  from 
the  paramagnetic  to  the  antiferromagnetic  phase.  In  this  ca.se, 
due  to  the  unconventional  dynamics  of  the  DAFF  which  fol¬ 
lows  from  random-lield  pinning,  the  system  cannot  develop  a 
long-range  ordered  state.  Instead,  it  freezes  in  an  antiferro¬ 
magnetic  domain  state.  This  effect  is  the  reason  for  the  un¬ 
conventional  structure  of  the  system  after  removing  the  ex¬ 
ternal  field.  In  regions  of  the  system  which  have  been 
paramagnetic  .saturated  in  the  mixed  phase,  a  frozen  anlifer- 
romugnetic  domain  state  develops  while  in  the  regions  of  the 
system  which  have  been  antifcrromagnctic  nothing  changes, 
the  long-range  order  persists.  The  nonexponential  dynamics 
of  antiferromagnetic  domains  in  a  DAFF  after  removing  the 
external  field  has  been  investigated  earlier  (.see  Ref.  12;  and 
references  therein).  The  domains  are  frozen  and  remain  prac¬ 
tically  constant  on  time  scales  accessible  for  observation. 
Note  that  due  to  the  existence  of  antiferromagnetic  domains 
and  domain  walls,  respectively,  there  is  a  finite  column  mag¬ 
netization.  This  magnetization  is  small  compared  to  the  mag¬ 
netization  of  a  saturated  domain  but  it  is  larger  than  the  mag¬ 
netization  of  an  antifcriomugnelic  column  which  is  also  not 
exactly  zero  due  to  fluctuations  of  the  vacancy  distribution  in 
our  finite  system. 

After  applying  tlic  magnetic  Field  again,  once  more  a 
conliguration  of  striped  antiferrornagnclic  domains  arises 
(Fig,  3).  Comparing  this  configuration  with  the  original  do¬ 
main  configuration  (Fig,  1)  one  finds  that  the  original  domain 
configuration  is  nearly  reproduced,  at  least  in  that  sense  that 
paramagnetic  .saturated  domains  grow  first  at  those  places 
which  have  been  paramagnetic  saturated  before.  This  is  the 
memory  effect.  Its  origin  is  the  antifcrromagnctic  domain 
conliguration  of  the  system  after  removing  the  field  (Fig.  2). 
The  regions  whicli  consist  of  an  amiferromagnctic  domain 
state  arc  less  stable  than  the  long-range  ordered  regions  since 
the  first  contain  domain  walls.  These  regions  are  the  first  in 
which  saluratetl  domains  during  an  increase  of  the  external 
field  occur,  restoring  tlie  original  metamagnelic  domain  con¬ 
figuration. 

This  work  was  supported  by  the  Dcul.sche  Forscluings- 
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Magnetic  phase  diagrams  of  NdRu2Si2  and  TbRu2Si2  compounds 
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Here  we  report  a  detailed  study  providing  complete  H-T  phase  diagrams  for  both  NdRu2Si2  and 
TbRu2Si2  intermetallic  compounds,  based  on  high  resolution  SQUID  magnetization  measurements, 
in  the  temperature  range  2-300  K  and  in  applied  magnetic  fields  up  to  5  T,  using  c-axis 
magnetically  oriented  powders.  For  NdRu2Si2,  our  results  are  in  good  agreement  with  recent 
neutron  diffraction  work  under  applied  magnetic  fields,  confirming  the  appearance  of  an 
intermediate  (temperature  and  field)  ferrimagnetic  phase  responsible  for  the  two-step  metamagnetic 
process  observed  in  the  temperature  range  16-22.5  K  Our  isofield  magnetization  curves  provide 
unambiguous  evidence  on  the  decomposition  of  this  ferrimagnetic  phase  into  ferromagnetic  and 
antiferromagnetic  components.  Furthermore,  at  low  temperatures  and  low  fields,  we  observe,  in  this 
compound,  the  presence  of  thermal  irreversibility  effects.  ForTbRu2Si2,  we  present  an  experimental 
account,  on  its  H-T  phase  diagram,  which  shows  striking  differences  with  respect  to  that  of 
NdRu2Si2.  In  particular,  the  ferrimagnetic  phase,  which  sets  in  at  50  K,  persists  down  to  the  lowest 
temperature.  In  addition,  we  observe  reentrant  ferrimagnetism  in  this  compound  (ferri-ferro-ferri) 


under  applied  fields  in  tht  range  28-31  kOe. 


I.  INTRODUCTION 

The  ternary  intermetallic  compounds  NdRu2Si2  and 
TliRu2Si2  crystallize  in  the  tetragonal  ThCr2Si2-type  crystal 
structure,  with  magnetic  moments  only  at  the  rare-earth  sites. 
Due  to  their  strong  crystal  field  magnetic  anisotropy,  they 
behave  us  uniaxiai  materials,  with  the  moments  always  di¬ 
rected  along  the  tetragonal  c  axis. 

The  first  neutron  diffraction  measurements  on  these 
compounds,  at  zero  magnetic  field,  have  shown  interesting 
sequences  of  magnetic  phases  at  low  temperatures,  specially 
in  the  case  of  NdRu2Si2.' 

At  the  Neel  point,  7\=23.5  K,  NdRu2Si2  undergoes  a 
second-order  phase  transition  from  the  paramagnetic  stale 
into  a  pure  sinusoidal  amplitude  modulated  phase,  with 
modulation  vector  [0,13,  0.13,  Oj.  As  temperature  decreases 
below  approximately  16  K,  the  growth  of  higher-order  har¬ 
monics  takes  place  and  the  structure  squares  up,  reducing  its 
entropy.  This  process  is  completed  at  7V'“‘^  K,  at  which  the 
system  becomes  partially  ferromagnetic  (FE),  through  a 
second-order  phase  transition.  Below  this  temperature,  the 
coexistence  of  both  the  FE  and  square-wave  modulated 
phases  was  observed, 

At  zero  field,  TbRu2Si2  orders  below  7’^  =  55  K,  through 
a  first-order  pha.se  transition,  in  a  [0.23,  0,  0]  modulated 
phase  which  squares  up  at  low  temperatures. 

The  application  of  a  magnetic  field  along  the  tetragonal 
c  axis  induces  the  appearance  of  nev/  phases  through  the 
inversion  of  moments  at  those  sites  where  the  internal  field  is 
small.  At  interrncdiaie  fields,  similar  ferrimagnetic  (FI) 
phases  stabilize  in  both  compounds.  In  NdRu2Si2,  a  FI  phase 
consisting  of  a  FE  component  and  antiferromagnetic  (AF) 
modulations  [0.13,  0.13,  Oj  and  [0.26,  0,  0]  in  the  tempera¬ 
ture  range  16  K<7'<23  K,  for  magnetic  fields  from  5.5  to  8 
kOe,  has  been  reported.^  In  TbRu2Si2,  a  FI  structure  with  a 


FE  component  and  [0.23,  0,  0],  [0.23,  0.23,  0]  AF  modula¬ 
tions  has  been  observed  at  4.2  K.^ 

The  aim  of  our  present  work  was  to  determine  the  com¬ 
plete  magnetic  phase  diagram  of  both  compounds  through 
SQUID  magnetization  measurements.  These  measurements 
were  performed  in  powder  samples  whose  grains  were  mag¬ 
netically  oriented.  The  original  samples  were  prepared  as 
described  in  Ref.  1. 

A.  NdRUjSIz 

Typical  isothermal  magnetization  curves  of  NdRu2Si2, 
arc  presented  in  Fig.  1,  We  see  that  for  magnetic  fields  in  the 
range  5  kOe  <// <8.5  kOe  a  FI  phase  stabilizes  from  22.5  K 
down  to  16  K,  the  temperature  at  which  the  zero-field  AF 
phase  starts  squaring-up.'  Below  16  K,  a  single-step  AF-FE 
magnetization  process  is  observed.  This  suggests  that  the 
metamagnetic  transition  to  the  FI  phase  is  only  possible 
when  the  nearly  pure  sinusoidal  amplitude  modulated  .struc¬ 
ture  is  the  starting  phase  at  zero  field. 

According  to  Ref,  2,  this  FI  phase  has  a  complex  .struc¬ 
ture  consi.siing  of  a  FE  and  two  AF  components,  [0.13,  0.13, 
Oj  and  [0.26,  0,  ()].  Such  decomposition  of  the  FI  phase  is 
consistent  with  our  isofield  magnetization  curves  (see  Fig. 
2).  Indeed,  the  usual  AF  cusplike  behavior  of  the  magnetiza¬ 
tion  near  persists  for  fields  up  to  ~8.5  kOe.  Starting  at 
~3  kOc  and  up  to  '-8.5  kOc,  the  shape  of  the  isofield  mag¬ 
netization  curves  can  be  viewed  as  a  superposition  of  an  AF 
(cusplike)  contribution  which  is  partially  masked  by  an  in¬ 
creasingly  important  FE  one.  Above  —8.5  kOe,  no  AF  be¬ 
havior  is  .seen  to  exist  and  the  system  behaves  as  a  typical 
ferromagnet. 

At  low  fields  {H<  \  kOe),  as  temperature  decreases  be¬ 
low  10  K,  the  magnetization  increases  in  a  FE-like  way, 
reaching  a  maximum  around  5  K.  Besides,  it  shows  thermal 
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FIG.  1.  Isothermal  mugneli/iilloii  curves  of  NdRujSij  at  several  tempera¬ 
tures. 


irreversibility  effects,  such  a”  the  difference  between  the  zero 
field  cooled  (ZFC)  and  field  cooled  (FC)  measurements. 
Such  magnetic  behavior  may  i'C  the  result  of  the  competition 
between  FE  and  AF  phases  which  were  reported  to  coexist  in 
this  region.' 

The  magnetic  phase  diagram  (Fig.  3)  was  coinpietcd 
with  both  isothermai  and  isoficld  results,  We  notice  that  the 
phase  line  separating  the  AF  and  FI  regions  is  not  horizontal, 
as  in  Ref.  2.  All  other  features  of  our  phase  diagram  arc  in 
good  agreement  with  Ref.  2. 


T(K) 


FIG.  .1.  H-T  magnetic  phase  diagram  of  NdRu2Sl2. 


B.  TbRUjSlj 

A  clear  two-step  metaniagnctic  process  is  observed, 
characterized  by  two  critical  fields,  //,.)  and  H^2<  which  per- 
.sists  from  the  lowest  temperature  up  to  about  50  K,  i.e.,  in 
almost  all  tiic  ordered  temperature  range  (.see  Fig.  4).  We 
also  observed  the  existence  of  magnetic  hy.stere.sis  above 
//(■i.  At  this  field,  the  magnetization  jumps  to  an  intermediate 
FI  plateau  with  approximately  half  the  saturation  moment, 
jumping  again  at  H^.2  towards  saturation.  The  intermediate 
pha.se  in  the  range  //j.|  <H<H^.2  has  been  identified  at  4.2  K 


FIG.  2.  Isoficid  magnctizulion  curves  of  NdRuiSi.  ul  several  applied  mag¬ 
netic  fields. 


FIG.  4.  Isotlicrmal  mugneli/ation  curves  of  ■n)RU2Si2  ul  several  tempera¬ 
tures. 
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FIO.  S.  H-T  magnetic  phase  diagram  of  TbRu^Si], 


by  neutron  diffraction^  as  a  complex  two-dimensional  modu¬ 
lated  structure  with  a  FE  component  and  AF  modulations 
[0.23,  0,  0],  [0.23,  0.23,  0]. 

The  observed  regular  increase  of  the  magnetization  be¬ 
low  Hci,  characteristic  of  the  development  of  a  FE  compo¬ 
nent,  is  attributed  to  the  growing  of  higher-order  harmonics 
in  the  AF  [0.23,  0,  0]  structure  as  H  approaches  The 
sudden  enhancement  of  this  FE  component  is  made  possible 
only  at  where  an  additional  [0.23,  0.23,  0]  modulation 
sets  in. 

The  obtained  H-T  phase  diagram  ('-.ee  Fig  5)  is  divided 
into  three  main  ordered  regions:  AF  f  .r  H<Hc\  and  T<  ; 
FI  resulting  from  the  superposition  of  two-dimensional  AF 
modulations  and  a  FE  component,  for  Hc\<H<.Hci  and 
r<50  K;  FE  for  H>Hc2-  As  shown  in  Fig.  5,  th»s  compound 
exhibits  reentrant  ferrimagnetism  (FI-FE-Fl)  under  applied 
fields  in  the  range  28-31  kOe  and  the  FI  phase  is  seen  to 
persist  down  to  the  lowest  temperature.  The  isofield  cuives 
near  this  field  range  also  illustrate  this  phenomenon  (see  Fig. 
6).  For  a  field  well  within  the  FI  region,  e.g.,  //=26  kOe,  and 
after  the  initial  cusplike  AF  behavior  just  below  the 
magnetization  increases  regularly  with  decreasing  tempera¬ 
ture.  However,  for  a  field  intercepting  both  FE  and  FI  re¬ 
gions,  e.g.,  H-19  kOe,  a  noticeable  change  in  slope  takes 
place  as  temperature  crosses  the  transition  from  the  FI  to  the 
FE  phases,  at  about  15  K.  The  magnetization  reaches  a  maxi¬ 
mum  at  a  lower  temperature  which  coincides  with  the  tran¬ 
sition  from  the  FE  back  to  the  FI  region.  At  H-22  kOe,  the 
AF  region  is  seen  to  extend  over  a  wider  temperature  range. 
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FIG,  f).  Isofleld  M/W  curves  of  TbRu2,Sl2  at  .several  applied  magnetic  tield,s. 

II.  CONCLUSION 

The  H-T  phase  diagrams  of  NdRu2Si2  and  TbRu2Si2 
were  obtained  from  SQUID  magnetization  measurements  on 
powder  samples. 

While  in  NdRu2Si2,  the  high  field  FI  phase  exists  only 
for  intermediate  temperatures,  in  the  case  of  TbRu2Si2  the  FI 
phase  persists  down  to  the  lowest  temperature  and  behaves 
as  a  reentrant  phase  for  28  kOe<//  <31  kOe. 

A  common  feature  of  both  diagrams  lies  in  tlie  fact  that 
the  respective  intermediate  FI  phases  set  in  through  the  ap¬ 
pearance  of  an  additional  AF  modulation.  In  the  resulting  FI 
structure,  a  larger  number  of  magnetic  moments  is  expected 
to  detect  a  reduced  exchange  field  and  thus  flip  in  a  smaller 
applied  field."* 
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The  modified  variational  cumulant  expansion  (VCE)  method  valid  for  the  whole  temperature  range 
and  for  arbitrary  fields  is  developed  to  study  the  critical  properties  of  the  general  q-state  Potts  model 
used  to  stimulate  various  magnetic  systems.  The  series  expansion  is  generated  directly  in  terms  of 
the  Potts  Hamiltonian.  The  free  energy  and  the  internal  energy  are  calculated  up  to  the  third-order 
cumulant  terms  for  the  d-dimensional  hypercubic  (^-state  Potts  model.  The  expression  for  the  critical 
temperature  Tc  is  derived  in  a  closed  form  which  allows  to  determine  up  to  arbitrary  order 
cumulant  terms.  The  modified  VCE  method  eliminates  the  unphysical  first-order  phase  transition  at 
the  mean-field  critical  point  in  the  internal  energy  of  the  Potts  model  which  plagues  the  conventional 
VCE  method. 


As  a  generalization  of  the  Ising  model  to  more  than  two 
components,  the  Potts  model  has  become  a  .subject  of  intense 
theoretical  studies.  In  the  absence  of  an  exact  .solution  for  the 
general  ^-state  Potts  model,  series  expansions  remain  one  of 
the  most  powerful  tools  in  the  theoretical  studies  of  this 
model,'  However,  the  critical  behavior  of  the  Potts  model 
has  been  studied  by  generating  series  expansions  only  in  the 
limiting  cases  of  low  and  high  temperatures.'  In  this  paper,  a 
modified  variational  cumulant  expansion  (VCE)  method  is 
developed  to  study  the  critical  properties  of  the  general 
(^-state  Potts  model  in  the  whole  temperature  range.  This 
modified  VCE  expansion  is  generated  directly  in  terms  of  the 
Potts  Hamiltonian.  The  expressions  for  the  free  energy  and 
the  internal  energy  for  the  d-dimensional  hypercubic  f/-state 
Potts  model  arc  obtained  up  to  the  third-order  cumulant 
terms  valid  for  the  whole  temperature  range.  A  procedure  is 
developed  to  eliminate  the  unphysical  fir.st-order  phase  tran¬ 
sition  at  the  mean-field  critical  temperature  for  the  correc¬ 
tions  higher  than  the  first  order,  which  plagues  the  VCE 
method.^  This  procedure  is  tested  for  the  Potts  model  with 
second-  {q=2,  d=2)  and  first-  (q=4,  d=3)  order  phase  tran¬ 
sitions. 

The  Hamiltonian  of  the  general  Potts  model  can  be  ex¬ 
pressed  as' 

//=-•/  2  <5(cr,,cr,)-/y  2  (D 

a.i) 

where  a,  =0,1,2,. ..,<7-1  specifies  the  spin  states  at  the  site  i, 
J  stands  for  the  coupling  constant,  and  H  is  the  external 
field.  In  applying  the  VCE  method^  one  first  introduces  a 
trial  Hamiltonian  with  variational  parameters  and 

expands  the  free  energy  of  the  Hamiltonian  H  of  a  real  sys¬ 
tem  as  a  scries  of  cumulants  averaged  over  H kT) . 
The  first-order  expre.ssion  for  the  free  energy  is  minimized  to 
determine  the  variational  parameters,  which  are  then  substi¬ 
tuted  back  into  the  free  energy  expansion  or  higher-order 
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cumulants.  The  action  for  the  system  is  defined  as  5  =  -  f// 
kT.  Our  trial  action  f>(|=  is  chosen  us  follows 

q-  1 

So=2  2  (2) 

i  *=t) 

where  1 -!-(</- l)-.v  for  ^  =  0  and  =  for 
k  =  l,2,.,.,q-l.  Here  s  is  the  variational  parameter  which 
serves  as  the  order  parameter  of  the  system.  The  asymmetric 
state  (/  =  ())  is  chosen  to  account  for  the  symmetry  break¬ 
ing  below  the  critical  temperature  (.v  =  0).  When 

T>Tc{H),  symmetry  should  be  retained,  i.c„  ^*=const,  (k 
=0,1,2,. ...ry),  which  implies  that  i  =0.  The  VCE  of  the  free 
energy  up  to  the  order  m  cun  be  expressed  as^ 

1 

W,„^W,-'2  -^{(S-SoYX  (3) 

1 

where  1V(,  is  the  free  energy  of  the  corresponding  trial  system 
and  the  symbol  denotes  the  cumulant  average  of  the 
enclosed  quantity  over  the  Boltzmann  weight  expfS’o).  The 
order  parameter  s  is  determined  us  a  function  oi  J/kT  by 
minimizing  the  first-order  free  energy  with  respect  to  s. 

The  free  energy  and  the  internal  energy  are  calculated  up 
to  the  third  order  in  the  cumulant  terms.  The  results  of  cal¬ 
culations  within  the  VCE  method  of  the  internal  energy  of 
the  Potts  model  with  a  second-order  phase  transition  (q-2, 
d  =  2)  are  plotted  in  Fig.  1.  It  follows  from  Fig,  1  that  the 
first-order  internal  energy  is  cttntinuous  as  it  should  be,  while 
the  second-  and  third-order  internal  energies  have  disconti¬ 
nuities  which  occur  at  the  mean-field  critical  point 
{kT,.{\)IJ  =  2\.  As  it  follows  from  the  comparison  with  the 
exact  results,  this  is  the  unphysical  phase  transition  which 
plagues  the  VCE  method,^ 

The  central  issue  for  the  VCE  method  is  how  to  deter¬ 
mine  the  variational  parameters  (,v  for  the  present  ca.se). 
Within  the  VCE  method  the  value  of  the  order  parameter  is 
calculated  only  to  the  first  order.^  This  is  actually  the  pure 
variational  result  which  gives  the  mean-field  results  when  the 
trial  action  is  chosen  in  the  mciin-field  form.'^  Thus,  the  ex- 
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FIO.  1.  VCE  results  fur  intcrnul  energy  vs  temperature  fur  the  q  =  2  and 
d°>2  Potts  model.  I'hc  curves  I,  2,  and  3  are  the  internal  energy  catuuiated 
up  to  first-,  second-,  and  third-order  cumulant  terms,  respectively.  Curve  4  is 
the  exact  result. 


FIO.  2.  Modilied  VCli  results  for  internal  energy  vs  temperature  fur  the 
r/~2  and  d=2  Potts  model.  Curves  !,  2,  and  3  ure  the  internal  energy 
calculated  up  to  first-,  second-,  and  third-order  cumulant  terms,  respectively. 
The  exact  result  is  curve  4. 


pansiotiii  with  the  order  higher  than  one  would  curry  the  fea¬ 
tures  of  the  flrst-order  expansion.  This  leads  to  the  appear¬ 
ance  of  the  unphysical  phase  transition  at  the  meun-ikld 
critical  point. 

To  eliminate  the  unphysicul  phase  transition  wc  use  a 
procedure  based  on  some  conjectures  for  the  location  of  the 
true  critical  temperature  T^{m)  for  the  wth  order  VCE.  From 
the  general  symmetry  consideration,  the  order  parameter  s 
should  take  value  zero  when  T>T^.{m)  for  the  /nth  order 
expansion.  It  is  therefore  reasonable  to  expect  that  the  values 
4  =0  corresponds  to  the  global  extremum  (not  necessarily  the 
global  minimum)  of  1V„(7',4)  for  '/  > '/',,(//()  and  that  .v=0 
remains  to  be  the  solution  as  temperature  decreases  until  it 
reaches  the  critical  temperature  when  this  solution  becomes 
“unstable,”  and  then  .v  changes  to  anolher  solution  which 
becomes  “stable.”  These  considerations  lead  to  tlic  follow¬ 
ing  two  equations  which  determine  the  critical  temperature 
r,.(m)  and  critical  order  parameter  s^. 

W„{T,,0)  =  W„iT,,s,) 

S  , 


with 


X 


s^w„{r,s) 


J  =  u 


(5) 


For  systems  with  the  second-order  phase  transition  .v,  =0  and 
the  equality  (5)  holds.  The  order  parameter  .v(7',//i)  within 
this  approach  is  determined  by 


s(T,m) 


0  for  T>T,.{m) 
s(T,\)  for  T<l\\my 


(6) 


The  internal  energy  of  the  Potts  model  with  the  .second-order 
(q=2,d~2)  phase  transitions  is  recalculated  by  meuns  of  the 
modified  VCE  method  up  to  the  third  order  in  the  cumulant 
terms  and  the  results  are  plotted  in  Fig.  2.  As  it  follows  from 
Fig.  2,  the  unphysicul  phase  transition  at  the  mean-field  criti¬ 
cal  point  has  been  eliminated  and  the  overall  features  have 
been  much  improved  although  tiic  hiij’licr-ordcr  internal  en¬ 
ergies  still  have  discontinuities,  which  arc  shifted  to  7',.(4,//t) 
and  are  strongly  reduced.  The  results  of  calculations  of  the 
internal  energy  of  the  Potts  model  with  the  first-order  (</  =4, 


l■'l<  I  1.  Mudilicd  VCi;  tc.sull  fui  intuiniil  uritrgy  v.k  tcinpcriiturc  for  llic  (/  =  4 
iiml  (/  .1  fulls  iiHultl.  C'urvL's  I,  .I,  aiKl  .3  arc  the  intciiial  energy  calculated 
lip  111  liral-,  .seciiml-,  aiiil  third  uidcr  ciiiniilaiil  leinis,  respectively. 
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FIG.  4.  Inverse  of  the  critical  temperature  vs  r/  for  the  d-2  Holts  model. 

d=3)  phase  transition  are  presented  in  Fig.  3.  It  follows  from 
Fig.  3,  that  the  discontinuity  in  the  internal  energy,  which  is 
a  characteristic  feature  of  the  first-order  phase  transition,  is 
present  to  all  orders.  As  a  test  of  our  conjecture  on  the  defi¬ 
nition  of  the  critical  temperature,  which  is  crucial  for  the 
modified  VCE  method,  we  calculated  the  first-  and  third- 
order  critical  temperatures  for  the  two-dimensional  Potts 


model  with  q  varying  from  3  to  20.  The  results  of  the  calcu 
lation  together  with  the  exact  ones  are  presented  in  Fig.  4.  As 
it  follows  from  Fig.  4  the  results  of  calculations  converge  to 
the  exact  one,  thus  supporting  our  conjecture. 

In  summary,  we  have  developed  the  modified  VCE 
method  valid  for  the  whole  temperature  range  to  study  criti¬ 
cal  behavior  of  the  general  r/-state  Potts  model.  The  free 
energy  and  the  internal  energy  for  the  ^/-dimensional  iiyper- 
cubic  (/-state  Potts  model  are  calculated  up  to  the  third-order 
cumulant  terms.  It  is  shown  that  by  analyzing  the  cumulant 
expansions  the  expression  for  the  critical  temperature  7\.  is 
derived  in  a  closed  form  which  allows  to  determine  7’,.  up  to 
arbitrary  orders.  It  is  found  that  the  fir.st-order  cumulant  term 
gives  results  which  coiticidc  with  the  mean-field  results  as 
expected.  The  modified  VCE  method  eliminates  the  unphysi¬ 
cal  first-order  phase  trattsition  at  the  mean-field  critical  tem¬ 
perature  in  the  internal  energy  of  the  Potts  model  which 
plagues  the  conventional  VCE  method.  Calculatiott  of  7',.  for 
q  varying  from  3  to  20  shows  tliat  the  results  obtained  up  to 
the  first-  and  third-order  cumulant  terms  converge  toward  the 
exact  results. 
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The  present  work  is  motivated  by  the  controversy  on  the  nature  of  the  phase  transition  on  the 
Heisenberg  stacked  triangular  antiferromagnet  (STA).  In  particular,  the  renormalization  group  with 
4-  t  expansion  suggests  a  new  universality  class,  while  the  renormalization  group  with  2+e 
expansion  using  a  nonlinear  er  (NLS)  model  shows  that  the  transition,  if  not  mean-field  tricritical  or 
first  order,  is  of  the  known  0(4)  universality  class.  In  order  to  verify  this  conjecture,  we  study  here 
an  equivalent  system  obtained  from  the  STA  by  imposing  the  local  rigidity  as  has  been  used  in  the 
Nl.S  model.  The  results  show  that  none  of  the  scenarios  predicted  by  the  NLS  model  is  found.  The 
critical  exponent  r'=0,48±().05  is  quite  different  from  the  original  STA  withou'  local  rigidity, 
indicaliiig  that  the  local  rigidity  changes  the  nature  of  the  transition.  It  is  also  different  from  that  of 
0(4).  It  means  that  successive  transformations  used  to  buildup  the  NLS  model  from  the  original 
STA  may  lead  to  the  0(4)  universality  class. 


1.  INTRODUCTION 

Phase  transitions  in  frustrated  spin  systems  have  been 
extensively  investigated  during  the  last  decade.'  In  particu¬ 
lar,  the  nature  of  the  phase  transition  in  the  stacked  triangular 
antiferroniagncts  (S  TA)  with  Heisenberg  spins  interacting 
via  nearest  neighbor  («h)  bonds  has  been  widely  studied. 
This  sy.steni  belongs  to  a  general  family  of  periodically 
canted  spin  systems  known  as  hclimagnets.  Recent  extensive 
Monte  C.'arlo  (MC)  simulations  which  are  more  precise  than 
early  MC  works"  have  shown  that  the  transition  in  STA  is  of 
second  order  with  the  critical  exponents  quite  different  from 
Ihoiie  of  known  universality  classes.’'"*'  The  body-centered 
tetragonal  liclimagnet  has  also  shown  almo.st  the  same  criti¬ 
cal  exponents.'’  I.lsing  a  renormalization  group  (RO)  tech¬ 
nique  in  a  4  <■  perturbative  expansion,  Kawamura’  has  sug- 
ge.sted  II  new  universality  class  for  that  transition.  However, 
bv  using  11  RG  technique  for  a  nonlinear  a  (NLS)  model  with 
a  4  I  (  ripansion,  Azaria  et  a/."'"'  showed  that  the  transition, 
if  noi  oi  lirst  order  or  mean-field  tricritical,  is  of  second  order 
with  the  known  0(4)  universality  class.  This  situation  is  em¬ 
barrassing  since  the  RG  technique  with  2-1-eand  4- e  expan¬ 
sions  usually  yields  the  same  result  in  three  dimensions  for 
non  I  rostrated  systems.  Furthermore,  it  is  clear  that  none  of 
the  scenarios  predicted  by  Azaria  ei  ul.  was  verified  by  the 
above-mentioned  independent  MC  simulations  of  the 
Heisenberg  STA.  '"*' 

The  purpose  of  this  paper  is  to  find  out  the  reason  of  the 
disagreement  between  the  2+e  and  the  MC  results.  To  this 
end,  we  study  by  the  histogram  MC  simulation 
technique,"  '^  the  approximated  system  used  in  the  NLS 
model""'"  and  to  compare  the  MC  results  with  those  per¬ 
formed  on  the  original  STA.""*'  The  approximated  system,  as 
seen  in  Sec.  II,  is  in  fact,  obtained  from  the  STA  by  neglect¬ 
ing  local  fluctuations  while  keeping  the  symmetry  of  the 
original  Hamiltonian. 

Section  II  is  devoted  to  the  description  of  our  model  and 
method.  Results  are  shown  and  discussed  in  Sec.  111.  Con¬ 
cluding  remarks  arc  given  in  Sec.  IV. 


II.  MODEL  AND  METHOD 

Let  us  consider  the  STA  with  nn  interaction.  The  ground 
state  (GS)  is  characterized  by  a  planar  spin  configuration 
where  the  three  spins  on  each  triangle  form  a  120°  structure 
with  either  left  or  right  chirality.  Thus,  the  GS  degeneracy  is 
twofold  in  addition  to  the  global  rotation.  The  Hamiltonian  is 
given  by 

ScS;  (1) 

0 

where  5,-  denotes  the  classical  Heisenberg  spin  of  unit  length 
at  the  ith  site,7(>0)  is  the  interaction  between  two  nn  spins, 
and  the  sum  runs  over  all  nn  pairs.  The  Hamiltonian  (1)  has 
been  used  in  previous  MC  simulations'"’^  which  all  give  the 
.same  critical  exponents  within  statistical  errors:  j^=0.59 
±0.01,  /3=0.28±0.02,  7=  1.25 ±0.03,  and  a=0.40±0.01. 

Following  Azaria  et  al. we  lake  the  continuum  limit  at 
each  triangle  by  putting  the  three  spins  at  its  center.  In  doing 
so  for  ail  triangles,  we  generate  a  new  superlatticc  [see  Fig. 
1(a)].  In  the  NLS  model,  the  local  rigidity  was  assumed,  i.e., 
the  sum  of  the  three  spins  on  each  triangle  is  set  to 
zero.""'"''’'  The  resulting  model  is  a  system  of  triads  each  of 
which  is  defined  by  the  three  orthogonal  unit  vectors 
e,(j:)(;  ’-- 1,2,3)  which  replace  the  spins  at  the  center  of  the 
Jtth  triangle  in  Fig.  Ka).  The  original  spins  at  thearth  triangle 
are  obtained  by  a  linear  combination  of  e,(a’)(j  =  1,2,3).  The 
sy.stcm  of  triads  is  shown  in  Fig.  1(b).  Note  that  the  third 
vectors  ei(.v)  which  are  perpendicular  to  the  figure  sheet  are 
not  shown  for  clarity.  Since  there  is  no  mom  frustration  by 
geometry,  one  can  take  indifferently  ferromagnetic  or  antifer- 
romagnctic  interaction  between  nn  triads  with  the  following 
Hamiltonian 

2  A',(.v,.v)e,(.v).e,(.v),  (2) 

O'  I  1, 2. a 

where  A,(x’,y)  is  the  interaction  between  the  two  ith  unit 
vectors  sitting  at  the  nn,  .vth,  iiiul  vth,  triads.  The  original 
STA  is  now  transformed  into  a  triad  system  which  is  defined 
on  a  simple  cubic  lattice.  Strictly  ipeaking,  the  .STA  corre- 
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FIG.  1.  (a)  The  continuum  limit  of  the  ground  state  of  the  STA  is  taken  by 
putting  the  spins  on  each  triangle  at  its  center  (b)  system  of  triads  which  is 
equivalent  to  the  Heisenberg  STA  with  local  rigidity.  The  third  unit  vectors 
perpendicular  to  the  figure  sheet  are  not  shown. 


spends  to  the  case  where  the  interactions  between  one  of  the 
unit  vectors,  say  e^ix),  are  zero.’®  We  will  consider  in  this 
paper  not  only  th’s  case  but  also  the  symmetric  case  where 
all  Ki(x,y)  are  equal.  Since  the  interactions  in  (1)  are  site 
independent,  all  interactions  for  the  triad  system  are  also  site 
independent,  i.e.,  Kj(x,y)=Ki. 

Before  showing  our  results,  let  us  emphasize  that  the 
model  considered  in  this  paper  is  equivalent  to  the  Heisen¬ 
berg  model  on  the  STA  only  within  the  so-called  local  rigid¬ 
ity  condition. 

The  method  used  here  is  the  histogram  MC  technique 
which  has  been  recently  developed  by  Ferrenberg  and 
Swendsen  to  study  phase  transitions."’'^  The  reader  is  re¬ 
ferred  to  these  papers  for  details.  In  our  simulations,  we  use 
a  simple  cubic  lattice  of  linear  size  1  =  10,12,14,16,18,20 
sites  with  periodic  boundary  conditions.  In  general,  we  dis¬ 
carded  500  000  MC  steps  per  triad  for  equilibrating  and  cal¬ 
culated  the  energy  histogram  as  well  as  other  physical  quan¬ 
tities  over  1-2  M  MC  steps.  We  first  estimate  roughly  the 
transition  temperature  Tg  a*  each  size  and  calculate  at  Tq  the 
energy  histogram  as  well  as  the  following  quantities: 


N{{0^)-{0y) 


{{0)')^{0E)-{0){E), 


{(o^y)={o^E)-{oy-{E), 

(OE) 

((lnO)')=^-<£), 

,  iO^E) 

((In  0^r)=\^J-{E), 


m 

(O'*) 

(10) 

(Wr}-iUE)-(U}(E).  (11) 

where  E  is  the  internal  energy  of  the  system,  T  the  tempera¬ 
ture,  O  the  order  parameter,  C  the  specific  heat  per  site,  x  the 
magnetic  susceptibility  per  site,  U  the  fourth-order  cumulant, 
V  the  fourth-order  energy  cumulant,  (...)  means  the  thermal 
average,  and  the  prime  denotes  the  derivative  with  respect  to 
P-y(kgT).  Using  the  energy  histogram  at  Tq,  one  can  cal¬ 
culate  physical  quantities  at  neighboring  temperatures,  and 
thus  the  transition  temperature  at  each  size  is  known  with 
precision." 

III.  RESULT 

Let  us  show  the  results  for  the  two  following  cases. 

A.  /Ci=K2  =  K,  K3=0 

The  system  in  this  case  is  equivalent  to  the  STA  with 
local  rigidity.  The  transition  is  found  of  second  order.  Using 
the  finite  size  scaling  for  the  maxima  of  (C),  (a'>,  ((In  O)'}, 
etc."’’’  we  obtained  the  critical  temperature  for  the  infinite 
system  which  is  1-5325  ±0.0020.  The  exponent  i^can 

be  obtained  from  the  inverse  of  the  slope  of  ((InO)')  [and 
((In  O^)')]  versus  In  L .  This  is  shown  in  Fig.  2  where  v=0.48 
±0.05.  The  critical  exponents  y  and  /3  are  obtained  by  plot¬ 
ting  ln(0)  and  (ln(;^'))  vs  InL,  respectively  (not  shown  here). 
They  are  /3=0.22±0.04  and  y=1.15±0.07.  These  exponents 
are  completely  different  from  those  of  the  original  STA 
(without  local  rigidity)  (see  values  of  exponents  given  in  the 
preceding  section).  They  are  also  different  from  those  of  the 
0(4)  universality  class  which  are  v=0.74,  /3=0.39,  y=  1.47. 

There  are  two  things  we  learn  from  these  results:  (i)  the 
local  rigidity  changes  the  nature  of  the  phase  transition;  (ii) 
when  one  starts  with  the  local  rigidity,  one  does  not  find  the 
scenarios  predicted  by  the  NLS  model  in  2+ e  expansion.'"  It 
means  that  the  subsequent  approximations  used  in  the  theo¬ 
retical  calculation,"'  for  instance,  the  continuum  limit  per¬ 
formed  at  some  steps,  may  alter  the  nature  of  the  transition 
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FIG.  3.  Energy  histogram  P{E)  for  L  =  12  at  T=2.3080  (diamonds),  for 
i  =14  at  r =2.2970  (crosses),  and  for  L  =20  at  7'=2,2904  (squares).  Bimo- 
dal  distribution  characteristic  of  first-order  transition  is  seen.  £  is  internal 
energy  per  unit  vector  e,(a:)(i  =  1,2,3) 

found  by  MC  simulation  for  the  discrete  lattice  system.  We 
believe  that  the  continuum  limit  used  in  the  NLS  model  ex¬ 
cludes  possible  topological  defects  which  can  change  the 
transition  nature. 

B.  K^=K2=K^-K 

In  this  case,  we  find  a  strong  first-order  transition.  This  is 
unexpected  since  the  symmetry  of  the  Hamiltonian  is  invari¬ 
ant  with  respect  to  the  previous  case.  We  show  in  Fig.  3  the 
energy  histogram  P{E)  performed  for  several  lattice  sizes  at 
the  transition  temperature  of  each  size.  The  bimodal  distri¬ 
bution  characteristic  of  a  first-order  transition  is  seen.  The 
two  maxima,  which  are  separated  by  a  continuum  for  small 
sizes,  show  a  real  discontinuity  between  them  for  1=20. 
Note  that  for  L=20  the  two  maxima  do  not  have  the  same 
height  because  the  temperature  at  which  the  simulation  was 
performed  is  not  precisely  the  transition  temperature.  An¬ 
other  signature  of  the  first  order  is  the  fact  that  the  energy 
cumulant  (V)  does  not  tend  to  2/3  at  the  transition  for  in¬ 
creasing  size  as  it  should  be  in  a  second-order  transition. 
Instead,  it  decreases  with  increasing  size  to  reach  the  value 
of  0.628  for  L  =20.  The  maxima  of  (C)  and  {\)  vary  as  L^ 
providing  another  evidence  of  the  first-order  character.  De¬ 
tails  will  be  shown  elsewhere. 
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At  this  stage,  it  is  interesting  to  note  that  there  should  be 
a  critical  value  of  K'^  between  0  and  1  where  the  transition 
undergoes  a  crossover  from  second  to  first  order.  The  deter¬ 
mination  of  this  tricritical  point  is  left  for  a  future  study. 

IV.  CONCLUSION 

Here  we  have  studied  a  system  of  interacting  triads 
which  is  equivalent  to  the  STA  if  one  neglects  local  fluctua¬ 
tions  by  imposing  a  local  rigidity  on  all  triangles.  In  the  case 
which  is  equivalent  to  the  Heisenberg  STA  {K^=K2  =  K, 
K2=0),  we  do  not  find  the  same  critical  exponents  as  those 
found  for  the  STA.  It  means  that  the  local  rigidity  changes 
the  -ature  of  the  transition.  The  obtained  critical  exponents 
are,  in  addition,  different  from  those  of  0(4)  found  in  the 
I  LS  calculation.  We  think  that  during  the  successive  trans¬ 
formations  of  the  initial  STA  to  build  the  NLS  model,'®  some 
ingredients  may  have  been  lost,  though  the  system  symmetry 
is  preserved.  In  the  case  where  Ki=^K2  =  K2,=K,  we  find 
that  the  transition  is  unexpectedly  of  first  order,  though  the 
symmetry  of  the  system  does  not  change  with  respect  to  the 
case  where  K]=K2=K,  K^—O.  We  hope  that  this  work  will 
stimulate  further  theoretical  investigations  on  the  nature  of 
phase  transition  in  helimagnets. 
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The  phase  transition  in  the  continual  random  « -component  Potts  model  is  studied  by  the 
renormalization  group  method.  It  is  shown  that  for  the  three-dimensional  model  and  /i=3  the  phase 
transition  is  to  be  of  the  first  order.  In  the  case  n-2  which  corresponds  to  the  random  Ising  model 
the  stable  fixed  point  exists  as  early  as  in  the  one-loop  approximation  of  renormalization  group 
equations. 


In  the  Potts  model  each  lattice  site  can  be  in  one  of  n 
possible  states.  The  energy  of  interaction  between  neighbor¬ 
ing  sites  is  equal  to  eo  for  the  sites  being  in  the  same  states 
and  to  ei>eo  in  the  opposite  case.  The  Landay  theory  pre¬ 
dicts  the  first-order  phase  transition  due  to  the  third-order 
vertex  in  the  Hamiltonian  of  continual  Potts  model  with  ten¬ 
sor  order  parameter.  On  the  other  hand,  it  was  shown  in  Refs. 
1  and  2  that  the  strong  fluctuations  can  lead  to  continuous 
transition  in  pure  Putts  model. 

The  static  point  defects  which  do  not  cause  the  matrix 
ordering  in  their  localization  lead  to  the  local  change  of  the 
effective  Hamiltonian  constants.  One  of  the  most  simple  de¬ 
fects  is  the  defectlike  “random  temperature,”  but  there  are  a 
number  of  situations  where  coupling  constants  may  vary  in  a 


random  way.  In  general,  the  third-  and  the  fourth-order  ran¬ 
dom  potentials  should  be  included  in  the  reduced  Hamil¬ 
tonian.  In  this  paper,  we  shall  consider  the  critical  behavior 
of  continuous  analogy  of  the  random  lattice  Potts  model  and 
take  into  account  local  changes  of  all  effective  parameters  in 
Hamiltonian. 

Earlier  it  was  shown  that  for  the  random  P-modcl  (the 
system  with  symmetric  nondiagonal  and  traceless  tensor  or¬ 
der  parameter)  its  critical  behavior  was  experimentally  un- 
distinguishable  from  pure  model.  The  reason  for  it  is  that  the 
stable  fixed  points  of  renormalization  group  equations  in  ran¬ 
dom  and  pure  systems  are  located  very  closely  to  each  other.^ 

For  the  model  we  consider  the  Hamiltonian  has  the 
form:'* 


H- 57  f  *'2(‘ll‘l2)(2a/3(‘I))Ga^(‘l2)+ TT  f  )!2/37(<l2)Gor(‘l3) 

-i!  .Jl  Jqiqjqj 

+  n  f  »'4(qiq2q3q4)(2a/3(qi)Q«/3('4.;;7..s(q3)Gys(q4)+ A  f  i'4(qiq2q3q4) 

•'niq2q3<i4  ■'‘iiq2Q3<i4 

XQa0i(il)Q0yifi2)Qrsi^i)Qsai*ii)-  (D 


Here  G„^(q)  is  the  Fourier  transform  of  symmetric,  diagonal, 
and  traceless  tensor  of  rank  n,  f^  =  fd‘^q/{2Tr)‘^.  are 

the  random  fields  for  which  we  suppose  the  translational 
invariance  of  all  averages  and  the  absence  of  the  long-range 
correlations.  The  average  value  of  v  is  transformed  according 
to  the  full  space  group  of  the  system  without  impurities  and 
can  be  obtained  by  the  averaging  over  a  probability  distribu¬ 
tion  of  fields  V  in  the  Hamiltonian 

<»'2(qiq2))=('‘+9i)<5(qi+q2). 

<«^2(qiq2q3))=5^(qi+q2+q3). 

<  >^4(qiq2q3q4))  =  C  <5(qi  +  -l-  qj  -l-  q4), 

(>'4(qiq2q.3q4))=i^5{qi  +  q2+q3+q4)-  (2) 

The  renormalization  group  transformation  change  also  aver¬ 
ages  {Si^Si)  as  well  as  parameters  B,  C,  and  V.  Here  Sv 
denotes  the  deviation  from  the  translation  invariance  v=v 
+  Sv.  In  the  three-dimensional  space  it  is  necessary  to  con¬ 
sider  the  following  cumulants; 


<  <5 1/,.  ( q  1  q  2 )  <5  2^;  ( q.i  q4 ) )  =  A ,;  ( q  1 4- q  2 -I- q  3 -I- q4 ) , 

(3) 

The  functions  B(T)=rj  and  C(r)  =  FJ,  (i  is  a  number  of  the 
fourth-order  invariant)  are  the  irreducible  vertices  at  zero 
momentum  for  the  Hamiltonian  (1).  Besides  those  verfices 
there  are  a  number  of  effective  impurity  vertices:  the  vertex 
Arr  has  the  same  dimension  as  r4,  the  vertex  A^b  is  equiva¬ 
lent  to  the  fifth-order  invariant  in  the  Hamiltonian,  and  ver¬ 
tices  Abb ,ArC',A,.{;  equivalent  to  the  sixth-order  invari¬ 
ant.  For  the  continuous  transition  all  vertices  depend  on 
correlation  radius  k  by  means  of  the  power  law 

(4) 

where  77  is  the  Fisher  critical  exponent.  One  can  obtain  the 
Gell-Mann-Low-like  equations  for  dimensionless  invariant 
charges  g*E(5,C,(;,A,y) 
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TABLE  I.  The  fixed  points  of  renormalization  group  Eq.  (5)  for  n=3. 


0(2) 

A. 

A.. 

0'{2) 

At, 

a: 

a; 

a; 

U 

0 

2 

18 

0 

2.27 

0.54 

0.19 

5.64 

0 

C 

3 

20 

4 

In 

43 

f 

\ft 

n.3 

0.44 

0.33 

1.47 

0 

0 

0 

0 

0.03 

-0.!2 

0.04 

0.1 

1(1 

0 

0 

0 

0 

0.004 

-0.05 

0.01 

-0.45 

0 

0 

0 

0 

0 

0.04 

-0.03 

0.02 

1.43 

0 

A,c- 

0 

0 

0 

0 

-0.008 

-0.03 

0.0007 

-0.31 

0 

related  with  the  lattice  model  mentioned  at  the  beginning  are 
discussed.  By  means  of  functional  integration,  the  lattice 
model  may  be  presented  as  a  field  theory  with  a  nonpolino- 
mial  interaction  potential  in  which  all  bare  constants  arc  con¬ 
nected.  It  is  not  obvious  that  the  expansion  up  to  the  fourth- 
order  invariants  in  (1)  is  sufficient  to  describe  the  phase 
transition  in  a  lattice  model.  However,  if  that  is  the  case  then 
Hamiltonian  (1)  will  correspond  to  the  lattice  model  only 
with  the  definite  correlations  between  the  bare  parameters  in 
(1).  After  that  the  critical  behavior  of  a  lattice  model  will 
described  only  by  the  same  phase  flow  of  renormalization 
group  equations.  Probably,  this  flow  line  will  go  near  the 
fixed  point  A  „  or  A In  this  case,  one  can  obtain  the  critical 
exponent  of  susceptibility  y  from  equation 


n  +  \  3(n-2) 


(6) 


where  f=ln  For  arbitrary  n  there  are  eight  such  equa¬ 
tions.  For  n=3  the  two  fourth-order  invariants  in  (1)  are 
connected  by  means  of  equality  TrQ‘^~(TrQ^)^l2.  In  this 
case  the  number  of  equations  is  reduced  to  six,  but  they  are 
still  rather  complicated.  The  numerical  solution  gives  the 
fixed  points  with  positive  and  C  that  is  summarized  in 
Table  I. 

The  first  three  fixed  points  with  A=0  earlier  obtained  in 
Ref.  1,  describe  the  critical  behavior  of  the  Potts  model  with¬ 
out  impurities.  The  fixed  point  A  +  is  the  saddle  point  while 
th>-  stable  point  A  _  is  the  stable  focus.  The  Hamiltonian  flow 
of  renormalization  group  equations  that  is  going  through  the 
fixed  point  A  4.  divides  the  phase  diagram  into  two  parts. 
Flows  from  the  one  part  are  going  to  the  line  01  of  the  Fig.  1 
on  which  the  first-order  phase  transition  occurs,  and  flows 
from  another — to  the  fixed  point  A  _ ,  where  the  second-order 
phase  transition  takes  place.  For  the  random  Potts  model  the 
only  one  stable  fixed  point  is  the  A 1 .  In  the  real  physical 
system  the  cumulants  and  Aga  are  by  definition  a  posi¬ 
tive  definite  quantities.  The  flow  lines  make  it  impossible  for 
a  point  that  starts  in  the  region  with  A„>0  to  flow  after 
renormalization  into  the  region  with  A;/<0  (Fig.  2).  Thus, 
the  fixed  point  AL  is  inaccessible  to  physical  systems. 
Hence,  the  phase  tran^dion  in  the  random  three  component 
Potts  model  described  by  the  Hamiltonian  (1)  is  the  phase 
transition  of  the  first  order.  It  is  important  to  note  that  the 
fixed  point  A  _  of  the  pure  system  is  unstable  with  respect 
only  to  Agg  and  A^^; .  All  given  fixed  points  in  Table  I  are  in 
the  region  of  values  B^  and  C  that  is  stable  about  condensate 
separation.  Presently,  results  for  the  continual  model  are  cor- 


FIG.  1.  Fli)w  diagram  for  pure  model,  ;i=3. 
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Therefore  7=  1 ,3.  If  the  flow  line  passes  near  A  +  or  A  + ,  then 
7=0.6.  In  order  to  investigate  the  critical  properties  for  «>3 
one  has  to  solve  eight  equations  like  (.“i).  Tins  problem  is 
rather  complicated  in  comparison  with  the  three-component 
system.  Therefore,  we  will  discuss  only  impurities  of  “ran¬ 
dom  temperature”  type,  i.e.,  A,.,,#0.  In  this  regime  the  un¬ 
stable  fixed  point  for  n  =  4  and  the  stable  fixed  point  for  n  >5 
with  B^,  U>0,  and  C,Arr<0  could  be  obtained.  There  are 
not  stable  fixed  points  in  the  physical  region  with  B^,A,r>0. 

If  we  take  B=0  in  the  Hamiltonian  (1)  and  consider  the 
limit  rt— *00  (in  this  case,  the  condition  7'rQ=()  becomes  ir¬ 
relevant),  then  the  stable  unphysical  fixed  point  with  (7  =  1/ 
12,  C-  l/(4ri),  A,.r=  — 1/48,  and  the  stable  fixed  point  (7  =  1/ 
6,  C=l/(2n),  A„.=0  appear.  The  latest  point  describes  the 
critical  properties  of  the  spherical  model  with  cubic  anisot¬ 
ropy.  Calculating  the  exponent  7  for  it 


FIO,  2.  The  lixed  poinls  on  the  (/i^A^.,)  pliinc  for  fp=3. 
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1 

\-y-i  =  -C+U, 

we  have  7=  3/2.  In  the  three-loop  approximation  the  stable 
fixed  point  is  equal  to  nC =0.480,  ^=0.176,  ^rr~^<  “nd 
■>'=1.43.  It  happens  that  in  the  zero  order  to  l/«  the  renor¬ 
malization  group  equation  for  vertex  U  and  the  critical  ex¬ 
ponent  77  depend  only  on  U,  so  the  value  of  77  for  the  spheri¬ 
cal  model  with  cubic  anisotropy  is  equal  to  77  of  the  Ising 
model.  The  same  results  were  obtained  in  Ref.  5  where  the 
perturbation  theory  on  vertex  C  was  used.  Note  that  if  one 
can  take  only  C^O  in  the  Hamiltonian  (1)  (spherical  model) 
then  the  well-known  result  in  three-dimensional  space  ■>'=2 
follows.  The  limit  of  large  n  considered  here  is  of  conse¬ 
quence  with  the  statement  that  for  «— ►<»  and  d>2  the  inter¬ 
action  of  fluctuations  C  disappears  while  the  value  nC  re¬ 
mains  finite  and  the  expansion  over  l/«  can  be  effective. 

The  case  n=2  that  corresponds  to  the  Ising  model  is  the 
subject  of  special  interest.  Here,  the  third-order  vertex  B 
does  not  influence  the  critical  behavior,  and  corresponding  to 
it,  charge  drops  out  of  Eqs.  (5).  This  circumstance  follows 
from  the  symmetry  of  ‘he  Potts  model  for  «=2.  Besides, 
here  as  well  as  for  rt=3,  there  is  only  one  fourth-order  in¬ 
variant  in  (1),  so  the  total  number  of  variables  is  reduced  to 
three;  C  and  two  cumulants  A,.^  and  Eqs.  (5) 

are  degenerated  in  the  one-loop  approximation  and  do  not 
have  nontrivial  solutions.  There  is  no  degeneracy  in  the  two- 
loop  approximation,  but  at  the  same  time  the  fixed  point 
describing  the  critical  behavior  in  the  pure  Ising  model  is 
absent.  The  pure  and  random  fixed  points  appear  only  in  the 
three-loop  approximation.*’  Assuming  that  A,.c=/=0,  one  can 
get  nontrivial  random  stable  fixed  point  even  in  the  one-loop 
approximation:  C  =0.390,  A,,,=0.051,  A^f  = -0.002,  Using 
(6)  it  is  easy  to  find  susceptibility  exponent  y.  Other  critical 
exponents  are  expressed  through  y  and  77  with  the  help  of  the 


scaling  relation  laws.  One  can  use  two  approaches  in  order  to 
find  the  value  of  y  in  the  three-dimensional  renormalization 
perturbation  theory;  (i)  to  substitute  into  (6)  the  fixed  point 
coordinates  and  to  reverse  the  obtained  value;  (ii)  on  the  first 
inverse  Eq.  (6)  and  to  expand  y  as  a  series  of  C  and  A,.^ ,  then 
the  fixed  point  coordinates  into  obtained  expressions  are  sub¬ 
stituted.  As  a  result,  we  find  for  y  and  the  heat  capacity 
exponent  a  the  following  values,  calculated  in  the  following 
ways,  respectively:  y=1.4,  a=— 0.1,  and  y=1.29,  a=0.07. 
Higher-order  terms  of  perturbation  theory  (it  is  necessary  to 
consider  the  three-loop  approximation)  lead  to  the  small  in¬ 
crease  of  y  and  can  essentially  change  the  value  of  a.  Even 
in  the  one-loop  approximation,  two  ways  of  calculations  give 
the  opposite  signs  of  a.  Hence,  the  obtained  results  do  not 
allow  to  estimate  reliably  estimate  the  value  of  the  random 
exponent  a.  It  is  a  very  reasonable  possibility  that  this  cannot 
also  be  made  in  the  three-loop  approximation  as  it  was 
shown  in  Ref.  6  for  the  “random  temperature”  impurities. 
Using  Harris’  arguments’  it  is  possible  to  show  that  two  dif¬ 
ferent  kinds  of  the  disorder  variables  A,,  and  A,.,--  do  not 
change  the  .statement*’  that  critical  exponent  a  must  be  nega¬ 
tive. 
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Influence  of  exchange  bond  disorder  on  the  magnetic  properties  of 
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A  summary  of  a  detailed  study  of  the  field  and  temperature  dependent  ac  susceptibility  of  a  series 
of  ternary  (Pdj  _^Fe^)95Mn5  alloys  near  the  ferromagnetic  ordering  temperature  T,.  is  presented,  By 
following  the  behavior  of  the  crossover  line  (a  line  of  maxima  in  the  field  dependent  susceptibility 
above  ,  the  maxima  moving  upwards  in  temperature  but  decreasing  in  amplitude  with  increasing 
field)  k  is  possible  to  catalog  the  influence  of  exchange  bond  disorder  on  aspects  of  the  critical 
behavior.  These  ternary  systems  are  not  soft  ferromagnets  and  thus  asymptotic  critical  exponents  are 
difficult  to  estimate  using  this  technique.  Nevertheless,  effective  exponents  (i.e.,  obtained  away  from 
the  critical  point)  clearly  reflect  the  presence  of  significant  variance  in  the  distribution  of  exchange 
bonds. 


I.  INTRODUCTION 

(Pdi_jFeJ  (0.01^jc<0.2.‘5)  is  a  well-known 
ferromagnet'  and  Pd^sMos  is  a  spin  glass.^  In  the  frequently 
referenced  approach’  in  which  the  exchange  bond  distribu¬ 
tion  that  exists  in  such  metallic  systems  is  approximated  by  a 
Gaussian,  the  mean  value  of  this  distribution  thus  exceeds  its 
variance  in  the  former  system,  while  in  the  latter  this  in¬ 
equality  is  reversed. 

Binary  Pdi..j(Fe;(  (a:^0.014-0.016)  is  a  nearly  ideal  ex¬ 
ample  of  a  soft  ferromagnet.'  Internal  fields  us  low  as 
Oe  are  capable  of  revealing  structures  normally  associated 
with  critical  fluctuations  at  a  second-order  phase  transition, 
and  a  detailed  analysis  of  this  structure  yields  critical 
exponents'  (r=l,36±0.03,  i3=0.39(5)±0.015,  S=4,5 

±0.15)  close  to  the  values  predicted  by  the  Isotropic,  three- 
dimensimal  Heisenberg  model''  using  renormalization  group 
techniques  ('y=1.386,  /3=0.365,  <5=4.8).  Binary  Pd|_^.Mn;f 
(x^O.05)  is  a  spin  glass,  characterized  by  a  divergence  in  the 
nonlinear  susceptibility’’"  (the  associated  exponents  having 
been  most  recently  reported"  as  •y=  2.010.2,  ;3=0.9±0.15, 
5=‘3).  Ternary  (Pdi_^Fe^)95Mn5  (x  =0.0035)  remains^’"  as 
one  possible  example  of  a  system  exhibiting  sequential  phase 
transitions  following  detailed  studies,"  viz.  near  7',.=9  K  the 
field-  and  temperature-dependent  susceptibility  exhibits  fea¬ 
tures  associated  with  critical  fluctuations  near  a  second  order 
paramagnetic  to  ferromagnetic  transition  (but  with  some  in¬ 
dication  of  the  influence  of  variance  in  the  exchange  bond 
distribution),  while  at  lower  temperature,  T^q=^4A  K,  the 
nonlinear  response  displays  a  marked  (but  not  divergent) 
anomaly. 

Here  we  present  a  summary  of  comparable  measure¬ 
ments  on  ternary  (Pd|_^Fet)g5Mn5.  At  rather  higher  Fe  con¬ 
centrations  (jc=0.016-0.022),  these  samples  have  corre¬ 
spondingly  higher  ferromagnetic  ordering  temperatures,  and 
the  “reentrant”  transition  is  also  suppressed.  For  this  reason 
we  have  focused  attention  on  the  detailed  behavior  of  the 
field-  and  temperature-dependent  response  near  T,. ,  and  on 
the  influence  exerted  on  this  response  by  the  exchange  dis¬ 
order  expected  in  such  systems. 


II.  EXPERIMENTAL  DETAILS 

Samples  were  prepared  individually  in  an  argon  arc  fur¬ 
nace  from  high  purity  starting  materials  using  a  well- 
established  sequence  of  inverting,  remelting,  cold  rolling, 
and  annealing  steps, to  en.sure  homogeneity.  Field-  and 
temperature-dependent  ac  susceptibility  data  were  collected 
continuously  using  a  previously  described'  phase-locked  sus- 
ceptometer  on  samples  of  typical  dimensions  (17X2X0.1) 
mm;’  both  the  ac  excitation  field  (50  m  Oe  rms  at  2.4  kHz) 
and  static  biasing  fields  up  to  1  k  Oe  were  applied'  along  the 
largest  specimen  dimension.  The  data  were  corrected  for 
background  and  demagnetizing  effects,  as  described 
previously.' 

III.  RESULTS  AND  DISCUSSION 

Figure  1  reproduces  the  zero-field  susceptibility  in  bi¬ 
nary  Pd-1.6  at.  %  Fe  [Fig.  1(a)],  and  in  ternary 
(Pdi.^-FeJyjMn,  (x  =0.0035  [Fig.  1(c)]  and  0.016  [Fig. 


0  50 


riG.  1.  The  zcro-licld  susecpiiliility  xW,T)  (in  eniu/g)  ploltcd  against  tem¬ 
perature  (in  K)  for  (a)  Pd+l.h  at,  %  Fe,  (b)  (P(l+1.()  at.  %  FehuMn,.  and 
(c)  (P<i  1-0.35  at.  %  Fei^Miiv 
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FIG.  2.  The  susceptibility  (in  emu/g)  plotted  against  temperature  T 

(in  K)  for  (Pd+1.6  at.  %  Fc)q]Mn5;  the  numbers  marked  against  each  curve 
ate  the  estimated,  superimposed  (internal)  fields  H,  (in  Oc),  The  dashed  line 
represents  the  crossover  line. 


1(b)]),  so  that  the  general  features  of  the  behavior  of  these 
systems  can  be  compared  and  contrasted.  While  the  charac¬ 
teristic  structure  usually  associated  with  reentrant  behavior  is 
evident  in  Fig.  1(c),  the  lower  (reentrant)  transition  is  sup¬ 
pressed  in  both  binary  and  ternary  samples  with  higher  Fe 
concentration.  Nevertheless,  as  is  clear  from  a  comparison  of 
Figs.  1(a)  and  1(b),  the  ferromagnetic  ordering  temperature 
is  lowered  by  the  addition  of  Mn.  Figure  2  details  the 
influence  of  superimposed  static  biasing  fields  on  Fig.  1(b) 
near  40  K;  such  fields  suppress  the  principal  (Hopkinson) 
maximum  enabling  a  secondary  peak  structure  to  be  ob¬ 
served.  These  latter  peaks  decrease  in  amplitude  and  move 
upwards  in  temperature  as  the  applied  field  increases;  they 
are  a  characteristic  signature'  '”  of  critical  fluctuations  at  a 
second-order  paramagnetic  to  ferromagnetic  transition,  and 
their  locus  defines  the  crossover  line.'”’"  In  terms  of  the 
usual'^  scaling  law  expression  for  the  field  (/i)  and  tempera¬ 
ture  (f)  dependent  susceptibility  ;^/j,r) 

=  (1) 

[with  and  t~(T—T^.)/Tc  (be  usual  notation], 

the  temperature  T„  of  these  critical  (secondary)  peaks  varies 
with  fields  as 

(^m  ~  yrj  ,  (2) 

while  the  critical  peak  amplitude  behaves  as 

X{h,tJoch^/s-\  (3) 

Equations  (2)  and  (3)  along  with  the  more  conventional  de¬ 
pendence  of  the  zero-field  susceptibility  on  (reduced)  tem¬ 
perature.  above  T^,  viz: 


FIG.  3.  The  peak  susceptibility  (in  emu/g).  taken  from  duta  similar 

to  that  shown  in  Fig.  2,  plotted  against  the  internal  Held  H,  (in  Oe)  on  a 
double  logarithmic  scale  for  (Pd|_,Fe,)g,Mn,,  with  1,6  at.  %  Fe  (•),  1,8 
at.  %  Fe  (A),  2,0  at.  %  Fe  (▼)  and  2.2  at,  %  Fc  (■).  The  lines  drawn  yield 
the  i5*(//)  values  listed  in  Table  I. 


XiO, (4) 

have  provided  the  basis  for  a  detailed  analysis  of  the  critical 
behavior  in  a  variety  of  systems.'’'” 

Here,  however,  two  factors  conspire  to  preclude  such  a 
detailed  analysis;  (a)  fields  in  excess  of  W,«15  Oc  are  re¬ 
quired  initially  to  resolve  critical  peak  structure,  and  (b), 
even  when  these  peaks  arc  resolved  they  are  considerably 
broader  than  those  in  the  corresponding  binary  Pdi..jFCj 
samples.  The  influence  of  point  (a)  can  be  seen  in  Fig.  3 
which  tests  Eq.  (3)  via  a  double  logarithmic  plot  of  the  peak 
susceptibility  x(.HJ„)  (evident  in  Fig.  2)  against  internal 
field  (//,);  in  the  case  of  the  1.6  and  1.8  at.  %  Fe  samples  the 
line  drawn  at  low  field  corresponds  to  the  3D-Heisenbeig 
model  value  of  5=4.8  while  the  higher  field  slope  yields  an 
effective  exponent  (the  mean-field  value).  This  fall 

in  the  effective  exponent  <5*(//)  with  increasing  field  is  well 
cataloged’’'”  in  systems  with  exchange  bond  disorder.  The 
field  dependence  of  the  effective  exponent  S*{H)  is  not  so 
evident  in  the  2.0  and  2,2  at.  %  Fe  specimens  as  even  larger 
fields  Hq  (listed  in  Table  I)  are  required  to  resolve  critical 
peak  structure  in  them. 

Figure  4  tests  the  predictions  of  Eq.  (2)  and  also  illus¬ 
trates  the  difficulties  introduced  as  a  result  of  point  (b) 
above.  Briefly,  in  the  most  favorable  cases,'''”  t„,  can  be 
plotted  against  //,  on  a  double  logarithmic  scale,  the  slope  of 
which  yields  the  crossover  exponent  {y+/3).  Here  the  diffuse 
nature  of  the  critical  peaks  renders  this  procedure  inappro¬ 
priate  since  T„  (and  hence  t„)  cannot  be  established  with 
sufficient  accuracy.  The  best  that  can  be  done  is  a  linear  plot 
of  the  peak  temperature  T„,  against  (//,)“”  ([')'4-/3]"'=0.57 


TABLE  I.  A  compilation  of  parameters  deduced  from  ac  susceptibility  data 
on  (Pdi-iFCjIgjMnj. 

<5*  m 


X 

(at.  %  Fc) 

Tc 

(K) 

T,‘ 

(K) 

Wo 

(Oc) 

Low 

field 

High 

field 

0.35 

9,3+0.02 

7,5  ±0.03 

3 

4,1±0,1 

4.1+0, 1 

1.6 

38.0+0,2 

61.5+0.2 

15 

4.8±0,2 

3.Q+0,2 

1.8 

41,6+0.3 

69,1+0.2 

25 

4.8±0,4 

3.0+0,2 

2,0 

44.9+0.5 

75.4+0,3 

28 

3.7 +0.4 

3,0+0, 2 

2.2 

47.9±0,5 

80,6+0.5 

35 

3,0+0,2 

3.0+0,2 

‘For  the  corresponding  binary  (Mn  free)  PdFe  sample  (Ref.  1). 


for  Heisenberg  model  exponents),  which  indicates  that  these 
data  are  generally  consistent  with  such  model  exponents 
within  the  rather  appreciable  scatter  evident  here.  The  inter^ 
cept  from  such  plots  yields  the  estimates  listed  in  Table  I. 

Further  effects  of  exchange  bond  disorder  are  provided 
in  Fig,  5  where,  rather  than  to  test  Eq.  (4)  directly,  the  effec¬ 
tive  Kouvel-Fisher  susceptibility  exponent'^ 

y*(f)  =  d  ln[;f(0./)]/c/  ln(/)  (5) 

is  plotted  against  t  for  tlie  2.0  at.  %  Fe  sample.  The  non¬ 
monotonic  variation  of  this  effective  exponent  with 
temperature — specifically  the  peak  in  •y*(f)  above  near 


FIG.  4.  The  susceptibility  peak  temperature  7'„,  (in  K)  plotted  against  inter¬ 
nal  field  Hj  (in  Oe)  raised  to  the  powc,  (•y+^)"'=0.57.  Symbols  arc  the 
same  as  those  used  in  Fig.  3. 


0  0.2  0.4 


FIG.  .S.  The  Kouvel-Fisher  effective  susceptibility  exponent  y*{i)  plotted 
against  reduced  temperature  t  for  the  (Pd  l-2.0  at.  %  Fe)45Mns  specimen. 

/=“0.16 — is  well  documented  in  systems  with  bond 
disorder,''*”’'"'  confirming  the  conclusions  drawn  from  the 
data  shown  in  Fig.  3. 

IV.  SUMMARY 

A  detailed  study  of  the  field-  and  temperature-dependent 
ac  susceptibility  near  the  ferromagnetic  ordering  temperature 
Tc  in  (Pdi^^Fe^lvsMns  indicates  a  significant  suppression  in 
the  value  for  following  the  addition  of  Mn.  Within  the 
framework  of  an  S-K  like  model,^  this  represents  a  marked 
reduction  of  the  mean  value/second  moment  ratio  for  the 
exchange  bond  distribution.  The  field  and  temperature  de¬ 
pendence  of  the  effective  exponents  S*{H)  and  y*U)  indi¬ 
cate  that  this  distribution  retains  a  substantial  width/second 
moment  although  the  width  cannot  exceed  the  mean  value  as 
the  reentrant  transition  is  suppressed. 
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Magnetic  transitions  at  high  fieids  in  (Fe,Mn)3Si  aiioys 
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In  the  scries  of  ordered  DO3  solid  solutions  Fcj  _  ,-MntSi,  field-induced  transitions  have  previously 
been  found  to  occur  for  antiferromagnetic  alloys  with  values  of  a"  near  1.70.  The  present  work  has 
determined  a  region  of  composition  in  which  antiferromagnetism  is  the  low-field,  low-temperature 
state  and  gives  the  variation  of  the  critical  field  as  a  function  of  temperature  and  composition.  The 
critical  field  decreases  approximately  quadratically  with  temperature  and  rises  to  beyond  6  T  in  the 
range  of  composition  from  1.6=€.v^  1.8.  Neutron  diffraction  indicates  that  the  antiferromagnetic  axis 
is  shifted  from  the  [111]  direction  and  that  in  a  5  T  field  the  antiferromagnetic  component  of  the 
scattering  is  reduced  considerably  from  that  in  zero  field.  However,  no  corresponding  increa.se  in 
ferromagnetic  component  is  observed  within  experimental  error  and  Arrott  plots  suggest  the 
high-field  state  is  still  largely  antiferromagnetic. 


I.  INTRODUCTION 

Fe^Si  and  Mn^Si  are  known  to  form  solid  solutions  with 
the  DOj  ordered  structure.  The  substitution  of  Mn  for  Fe  in 
forming  the  series  FeT_^,Mn(Si  results  in  a  selective  site  oc¬ 
cupation  which  has  been  fully  described  in  earlier  papers.’’'^ 
The  pre.sent  paper  is  concerned  with  the  magnetic  properties 
of  the  compounds  in  the  compositional  range  1.6«a^1.8. 
These  properties  derive  from  the  occupation  of  the  A  and  C 
sites  by  Mn  atoms,  the  B  site  being  already  fully  occupied.' 
Magnetization  studies  show  that  the  zero  field  magnetization 
(Tqj  for  these  compounds  decreases  below  a  “reorientation 
temperature”  (—65  K)  to  give  a  smaller  saturation  mag¬ 
netization  (To  o.  The  previous  work  has  shown  that  rroo  is  zero 
at  A  =  1.70  beyond  which  antiferromagnetism  is  the  low  tem¬ 
perature,  low-field  state.  The  present  work  stems  from  the 
observation^  that  for  the  alloys  with  a  =  1.70  and  1.75  a  field- 
induced  transition  from  antiferromagnetism  to  another  mag¬ 
netic  state  occurs  at  temperatures  below  I'n .  We  have  ex¬ 
tended  this  work  considerably  to  determine  the  alloy 
compositions  for  which  this  transition  occurs  (i.e.,  for  which 
antiferromagnetism  is  the  low-temperature,  low-field  state) 
and  the  variation  of  the  critical  fields  as  a  function  of  tem¬ 
perature  and  composition.  We  have  also  attempted  to  deter¬ 
mine  the  high  field  magnetic  state  of  the  compounds  by  com¬ 
paring  the  neutron  diffraction  patterns  in  zero  Held  and  in  a 
field  of  5  T  as  a  function  of  temperature,  as  well  as  examin¬ 
ing  the  Arrott  plots. 

II.  EXPERIMENTAL  DETAILS 

The  material  used  for  this  investigation  was  prepared  in 
an  identical  manner  to  that  employed  in  the  earlier 
examinations.'’^  The  new  material  consisted  of  alloys  with  a 
having  values  of  1.60,  1.625,  1.65,  and  1.80.  X-ray  exami¬ 
nation  of  the  alloys  indicated  all  to  be  single  phase  alloys. 
The  quenched  samples  in  powder  form  were  examined  in 
field  up  to  12  T  using  the  Manchester  and  Salford  Vibrating 
Sample  Magnetometer  facility  over  the  temperature  range 
2-300  K.  Data  acquisition  is  by  microprocessor  control  in 
which  at  a  given  temperature  the  field  is  swept  automatically 


from  0  to  12  T  and  back  to  0  within  about  20  min.  The 
critical  field  was  taken  to  be  that  at  which  the  differential 
susceptibility  dtrldH  was  a  maximum.  Neutron  diffraction 
mea.suremcnts  as  a  function  of  field  and  temperature  were 
obtained  at  the  HFIR  Reactor,  Oak  Ridge  National  Labora¬ 
tory  using  a  wavelength  of  1.42  A.  24  h  isothermal  scans 
were  normally  employed  with  the  field  applied  vertically, 
perpendicular  to  the  scattering  vector.  Rietveld  plots  were 
obtained  above  the  magnetic  ordering  temperatures  allowing 
the  site  occupations  and  compositions  to  be  refined. 

III.  RESULTS 

The  determination  of  the  composition  at  which  (r^^j  be¬ 
comes  zero  was  made  more  difficult  by  the  observation  that 
for  A=  1 .60  and  1.625  the  low-temperature  properties  of  the 
aiioys  (in  common  with  those  of  alloys  having  smaller  values 
of  A  (Ref.  1)  arc  dependent  on  previous  magnetic  field  his¬ 
tory.  Since  a  demagnetizing  facility  was  not  available  mag¬ 
netization  measurements  at  each  temperature  were  obtained 
only  after  cooling  in  zero  field  from  the  paramagnetic  state. 
Following  this  procedure  it  was  established  that  fru  ,,  is  zero 
for  A=  1.61)  and  1.625,  although  as  indicated  in  the  inset  to 
Fig.  1,  a  magnetic  measurement  produces  a  large  remanent 
moment  in  these  cases  which  is  associated  with  the  transition 
fields  being  very  small.  Such  effects  are  not  observed  for 
A>  1 .65.  A  typical  field  transition  is  shown  in  Fig.  1  for  the 
alloy  with  a=  1.80.  The  transition  occurs  over  a  wide  range 
of  Held  and  is  accompanied  by  considerable  hysteresis  at  the 
lowest  temperatures  suggesting  a  first-order  phase  transition 
and  possibly  a  large  magnctostrictivc  effect.  It  is  possible 
therefore  to  define  two  critical  fields.  At  the  lowest  tempera¬ 
tures  the  difference  between  these  two  fields  is  often  large,  of 
the  order  of  1  T.  At  low  fields  the  magnetization  increases 
linearly  with  field  as  expected  for  an  antiferromagnetic  ma¬ 
terial  but  above  the  transition  the  observed  curvature  sug¬ 
gests  an  unsaturated  state.  The  variation  of  the  mean  critical 
fields  with  temperature  and  composition  is  illustrated  in  Fig. 
2  where  a  quadratic  decrease  with  increasing  temperature  is 
seen  (the  results  for  a=  1.75  are  included  for  comparative 
purposes).  The  solid  lines  are  a  fit  to  H*  ={\  —  T*^)  where 
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FIO.  1.  Topical  variation  of  magnetization  with  applied  field  at  several 
temperatures  below  for  FC]  ^oMni  goSi,  Inset,  low  field  data  at  low  tem¬ 
peratures  for  AC  =  1,60  and  ac=  1.625, 

the  asterisks  indicate  reduced  critical  fields  and  temperatures, 
i.e.,  H*=H,{T)IHM  and  T*  =T/Tn.ArtoU  plots  were 
obtained  both  above  and  below  T ^ .  Figure  3(a)  shows  that 
for  Jt=1.8  above  the  intercept  on  the  HI  a  axis  ap¬ 
proaches  the  origin  as  the  temperature  falls  towards  the  or¬ 
dering  temperature.  Information  on  the  high-held  state  below 
Tn  is  provided  by  the  Arrott  plots  shown  in  Fig.  3(b)  for 
which  the  intercept  on  the  H/cr  axis  retreats  away  from  the 
origin  as  the  temperature  continues  to  fall.  This  behavior  has 
recently  been  shown  to  be  characteristic  of  an  antiferromag- 
netic  state^  and  will  be  discussed  below.  The  situation  for  the 
other  alloys  is  complicated  by  the  appearance  of  a  ferromag¬ 
netic  region  in  a  narrow  temperature  range  above  .  This  is 
also  reflected  in  the  Arrott  plots  of  those  materials.  Table  I 
gives  the  approximate  values  of  and  versus  x. 

Neutron  diffraction  was  carried  out  on  the  alloy  with 
x  =  1.65  at  the  following  temperatures  and  fields:  130  K  and 
zero  field  in  the  paramagnetic  regime;  80  K  and  zero  field  in 


i  i  >■  1 


FIG.  2.  Mean  transition  field  vs  temperature  for  the  alloys  discussed  in  this 
paper.  Data  forx  =  .l.75  is  included  from  Ref.  2  for  comparative  purMsc.s. 
The  solid  lines  arc  fits  to  the  data  using  Hc(T)/H c(0)  =  [  1  “  (7/f  r)  ]• 
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FIO.  3.  Arrott  plots  for  Fc,,2oMn,,soSi  (a)  above  7’r  atid  (b)  below  Tr  . 


a  regime  where  the  alloy  is  weakly  ferromagnetic;  4.2  K  and 
zero  field  where  the  alloy  is  antiferromagnetic;  4.2  K  and  5  T 
at  which  field  the  transition  to  another  magnetic  phase  has 
occurred.  For  the  results  from  the  paramagnetic  regime  (130 
K)  the  composition  and  site  occupations  were  refined  by  a 
Rietveld  plot  which  included  parameters  taking  into  account 
a  small  preferred  orientation.  The  refined  composition  corre¬ 
sponded  to  x=  1.64  and  the  following  site  occupation:  (A) 
(0.32  Mn-FO.fiS  Fe),  (B)  Mn,  (C)  as  (A),  and  (D)  Si.  Figure 
4(a)  shows  the  results  in  zero  field  at  4.2  K  and  this  is  com¬ 
pared  with  the  equivalent  results  in  a  field  of  5  T  in  Fig.  4(b). 
The  very  small  peaks  in  Fig.  4  were  not  observed  at  130  K 
and  indicate  the  antiferromagnetic  order. 


TABLE  I.  Approximate  values  of  Tr  and 


for  the  scries 


X 

(K) 

(K) 

1.60 

60 

125 

1.625 

60 

118 

1.65 

60 

80 

1.70 

60 

75 

1.75 

65 

1.80 

65 
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TABLE  II.  Comparison  of  the  observed  structure  factors  of  the  supcriattice 
Iine.s  in  0  and  5  T  Helds  for  FC| viMni  ^jSi. 


FIO.  4.  FC| ]>|Mn|.(,)Si  neutron  diffraction  patterns  at  4.2  K  with  (a)  f/^0 
and(b)//  =  5T. 

IV.  DISCUSSION 

The  remarkable  feature  of  Fig.  3  is  the  observation  that 
below  Tn  the  Arrott  plot  intercepts  on  the  HI  a  axis  retract 
from  the  origin.  It  has  recently  been  shown  using  the  Landau 
theory  of  phase  transitions^  that  such  behavior  is  character¬ 
istic  of  systems  with  coupled  antiferromagnetic  and  ferro¬ 
magnetic  components  with  Tf/<Tc  and  theoretical  curves 
similar  to  those  in  Fig.  3  have  been  obtained.  It  is  possible 
that  the  high-held  state  remains  predominantly  antiferro-  (or 
ferri-)  magnetic  and  that  further  transitions  at  even  higher 
fields  might  be  expected.  The  magnetization  and  neutron  dif¬ 
fraction  data  have  previously  been  shown  to  be  consistent 
with  a  model  in  which  in  the  zero  held  the  Mn  .moments  on 
alternate  B  sites  (~2  /j,g  independent  of  x  in  this  range  of  x) 
are  canted  at  opposing  angles  to  the  magnetic  axis  and  it  is 
assumed  that  at  T/,  these  moments  “hip”  to  become  parallel 
to  the  moments  on  A  and  C  sites.  In  the  composition  range 
considered  here  the  previous  neutron  diffraction  data  has  in¬ 
dicated  that  the  moments  on  A  and  C  sites  are  practically 
zero  so  that  the  BB  antiferromagnetic  interactions  dominate 
and  indeed  become  stronger  as  x  increases  beyond  1,5.  The 
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neutron  diffraction  results  in  Fig.  4  show  that  the  intensities 
of  the  superlatticc  peaks  in  zero  held  are  much  reduced  by 
the  application  of  a  5  T  held.  Since  the  applied  held  is  per¬ 
pendicular  to  the  scattering  vector  one  might  expect  that  any 
reduction  in  the  antiferromagnetic  alignment  would  corre¬ 
spond  to  the  appearance  of  a  ferromagnetic  component  and 
that  this  would  be  rehected  in  an  increase  in  the  scattering  at 
the  nuclear  peaks.  The  structure  factors  for  the  latter  arc  such 
that  one  would  expect  the  (111)  line,  which  contains  only  the 
contribution  from  the  B  site,  to  be  most  sensitive  to  an  in¬ 
crease  in  ferromagnetic  alignment  but  within  experimental 
error  the  intensity  remains  the  same.  Table  II  gives  the  effeet 
of  field  on  the  intensities  of  the  superlattice  lines  showing,  in 
general,  a  reduction  to  some  57%  of  the  zero-field  value.  The 
application  of  a  magnetic  field  alters  the  basic  antiferromag- 
nctic  arrangement  but  it  seems  likely  that  the  resultant  state 
is  another  unsaturated  one.  To  explain  the  observations  this 
state  must  be  such  as  to  contribute  only  very  small  ferromag¬ 
netic  components  to  the  scattering. 

Clearly  further  work  on  this  most  interesting  region  of 
concentration  is  required  and  further  neutron  diffraction  and 
/uSR  investigations  arc  planned. 
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The  critical  behavior  of  2D  magnetic  easy-plane  systems  has  mainly  been  studied  by  the  classical 
XY  model.  However,  the  z  components  of  the  spins  have  to  be  considered  in  order  to  describe  real 
systems,  and  their  fluctuations  cannot  positively  be  neglected  when  quantum  effects  are  to  be 
included,  quantum  spins  being  intrinsically  three-component  objects.  Therefore,  Monte  Carlo 
simulations  are  performed  for  the  Heisenberg  ferromagnet  with  easy-plane  anisotropy  (XXZ  model) 
on  a  two-dimensional  square  lattice  with  a  twofold  aim:  first,  to  obtain  accurate  quantitative  results 
about  the  critical  behavior  of  the  classical  model,  showing  the  relevant  role  played  by  the 
out-of-plane  fluctuations;  .second,  to  open  the  way  for  approaching  the  quantum  thermodynamics  by 
means  of  the  effective  Hamiltonian  method  that  reduces  the  quantum  thermodynamics  of  the  XXZ 
ferromagnet  to  the  investigation  of  an  effective  classical  model  with  temperature-dependent 
renormalized  interaction  parameters.  Specific  heat,  magnetic  susceptibility,  and  correlation  length 
are  calculated  in  the  critical  region  for  lattice  sizes  up  to  128X12K.  These  quantities  preserve  the 
Kosterlitz-Thouless  behavior  of  the  XY  model.  For  the  transition  temperature  of  the  classical  A'A'O 
model  we  obtain  the  estimate  kn'l\./(JS^)=0.M±0.{)l. 


The  two-dimensional  XXZ  model  is  described  by  the 
Hamiltonian 

>=  -Ul  [&iSUj+Sl%,,)  +  XSjS’j, J.  (1) 

^  I,<1 

The  index  labels  the  sites  of  a  two-dimensional 

Bravais  lattice,  and  d»{d^  ,d2)  represents  the  displacements 
of  the  z  nearcst-neighbors  of  each  site.  The  easy-plane  an¬ 
isotropy  is  represented  by  the  dimensionless  parameter  \{j\| 
<1).  For  \=0  the  above  Hamiltonian  describes  the  A'A'O 
model  (also  called  “quantum  XY  model”). 

In  this  paper,  we  are  mainly  concerned  with  the  cla.ssical 
counterpart  of  Eq.  (1).  For  our  purposes  it  is  sufficient  to  take 
the  spins  in  Eq.  (1)  as  classical  vectors  of  length  S,  i.c., 
.S,— *,Ssi  with  the  classical  vectors  S|  varying  onto  the  unit 
sphere  |S||  =  1.  'fhe  natural  energy  scale  is  then  c=JS^,  so  we 
define  a  dimensionless  reduced  temperature  t  =  ki,Tf^.  The 
classical  A'A'Z  Hamiltonian  reads 

.:^=-r2  (2) 

^  i,d 

This  system  belongs'  to  the  universality  class  of  the  planar 
(or  XY)  model  (i.e.,  S/^0),  that  is  characterized  by  the 
Berezinskii-Kosterlitz-Thouless^  (BKT)  phase  transition  at 
r,.=*0.89.'’’‘'  The  transition  is  driven  by  the  unbinding  of  vor¬ 
tex  pairs,^  and  its  peculiar  characteristics  are  that  for  r<r,. 
the  correlation  function  (S|-Sj)  displays  a  power  law  decay, 
whereas  for  t>t^  its  behavior  is  exponential. 
Moreover,  the  susceptibility  and  the  correlation  length  have 
an  exponential  divergence  for  /— *t,^,  although  long-range 
order  is  also  absent  in  the  low-temperature  phase,  i.e.,  (.S()=0 
at  any  T. 

In  the  case  of  the  A’A’Z  model  the  out-of-plane  compo¬ 
nents  ,vj  of  the  spins  can  fluctuate  and  give  a  t^fX)  lower  than 


the  value  for  the  XY  model.  In  the  isotropic  limit  X— *1  the 
transition  disappears  logarithmically,'  rj,~[-ln(l-X)]”'. 

Kawabata  and  Bishop'’’''  performed  pioneering  Monte 
Carlo  (MC)  simulations  of  the  classical  XXZ  model,  and 
obtained  estimates  of  the  transition  temperature  confirming 
the  theoretical  asymptotic  dependence  of  /,.(X).  Their  result 
in  the  ^A'O  limit  is  /,(X=0)=().78±().03. 

As  the  first  step  to  approach  the  quantum  model  by 
means  of  the  effective  Hamiltonian,"  we  have  reconsidered 
the  classical  A’A’O  model  producing  accurate  thermodynamic 
data  and  giving  a  quantitative  description  of  the  relevant 
quantities  in  the  transition  region.  We  present  here  MC  re¬ 
sults  for  the  A’A’O  model,  i.e.,  for  X=0.  The  MC  sample 
consists  of  a  .square  lattice  of  LXL  classical  spins,  with  pe¬ 
riodic  boundary  conditions,  and  we  considered  lattices  with 
L-32,  64,  128.  The  simulations  were  based  on  single  spin 
movc.s,  using  a  combination  of  the  Metropolis  and  the  over- 
relaxed  algorithm.'*  The  former  consists  in  rotating  a  single 
spin  at  random,  and  accepting  the  resulting  configuration  af¬ 
ter  the  Metropolis  test;  the  maximum  amplitude  of  the  move 
is  such  that  45%-.‘55%  of  the  trial  moves  arc  accepted.  The 
overrelaxcd  algorithm''  is  a  reflection  of  the  in-plane  compo¬ 
nent  of  one  single  spin  with  respect  to  the  in-plane  compo¬ 
nent  of  the  resultant  of  its  nearest  neighbors;  this  move 
leaves  the  energy  unchanged  and  is  always  accepted.  The 
advantage  is  in  the  reduction  of  the  MC  critical  slowing 
down,  in  spite  of  the  fact  that  this  algorithm  is  local.  One 
MC  step  is  defined  as  Nq  overrelaxcd  sequential  sweeps 
through  the  two  sublattices  whose  sites  i=5(i|  ,(2)  have  even 
and  odd  I'l  + 12>  plus  Metropolis  random  sweeps  (i.e., 
randomly  chosen  spins  are  moved).  For  each  run  the  system 
has  been  equilibrated  for  1000  steps  with  Nq-O  and  N 
i.e.,  2000  Metropolis  steps  have  been  employed  in  order  to 
take  the  system  in  a  typical  equilibrium  configuration  before 
accumulating  data.  After  a  preliminary  scries  of  test  runs  we 
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FIG.  1.  SpccHic  heat  per  site  c  vs  reduced  temperature  l-ki,T/c.  MC  data 
for  t=32  (trianglc.s),  64  (squares),  and  128  (circles), 


FIG.  2.  Tile  in-plane  magnetic  susceptibility  Xxx  temperature.  MC  data 
for  L=32  (triangles),  64  (squares),  and  128  (circles). 


observed  that  the  initial  configuration  chosen  (spins  aligned 
along  one  axis,  or  random)  doc.s  not  affect  the  subsequently 
accumulated  averages,  within  the  statistical  uncertainty,  at  all 
the  temperatures  we  used.  The  averages  were  accumulated 
for  10  000  steps  with  Nq=4  and  For  each  quantity 

with  measured  values  Qi  at  the  I'th  MC  .step,  the  average  is 
calculated  as  Q  =  {Qi)  and  in  order  to  account  for  MC  cor¬ 
relation  effects  its  variance  cq  is  multiplied  by  2r,  where  the 
decorrelation  MC  time  r  is  defined  by  the  fit 

quantities  rturns  out  to  be 
less  than  10  for  ,  and  increa.ses  by  one  order  of  magni¬ 
tude  for  l<tc. 

We  have  ealculated  the  internal  energy  per  spin 
ti  =L  the  specific  heat  per  spin 

(3) 

the  magnetization  (/u=x,.v,2),  the  spin-row  corre¬ 

lation  function 


(4) 


where  =  ^iV''V'2  ’  in-plane  k-dependent  suscepti¬ 

bility 


xr-i- 


2  •'■fe'*  ' 


(5) 


which  for  Jt=0  gives  the  magnetic  susceptibility  Xntx‘  "^he 
correlation  length  has  been  obtained  in  two  ways:  by 
means  of  an  exponential  fit  of  the  spin-row  correlation  func¬ 
tion  (accounting  for  periodicity,  the  fitting  function  is 
cosh[(L/2-r)/y)  and  by  an  Ornstein-Zernicke  fit  of 
using  the  lowest  six  irreducible  values 
of  k.  The  two  determinations  coincide  within  the  MC  uncer¬ 
tainty. 

The  results  lor  the  specific  heal  c(r)  depend  weakly  on 
the  lattice  size  L,  as  it  appears  from  Fig.  1,  and  do  not  give 
rise  to  divergencies.  The  temperature  dependence  of  the  spe¬ 
cific  heat  shows  a  peak  around  r=(),78,  similar  to  the  one 
observed  in  the  planar  modeP'"'  at  a  temperature  r  —  1 . 15r, ; 
then,  if  the  similarity  would  be  quantitatively  correct,  the 
BKT  transition  temperature  of  the  A'A’O  model  should  be 
expected  to  be  around  r^.— 0.7. 


The  finite-size  saturation  at  low  temperatures  is  apparent 
in  the  data  we  obtained  for  the  in-plane  susceptibility 
and  the  in-plane  correlation  length  i^{t)  (Figs.  2  and  3). 
Indeed,  when  is  comparable  with  L ,  L  becomes  the  domi¬ 
nant  length  scale  of  the  system,  and  the  first  consequence  is 
that  the  measured  4  is  linear  in  L,  i.e.,  is  independent 
of  L  (see  Fig,  3).  At  the  same  time,  these  figures  show  that 
the  data  at  temperatures  where  are  smaller  than  ~L/3 
arc  unaffected  by  finite-size  effects,  and  can  be  taken  as  re¬ 
liable  estimates  of  the  infinite  lattice  values.  For  the  128 
XI 28  lattice  this  happens  for  temperatures  larger  than 
-0.75. 

As  for  the  direct  estimate  of  the  critical  temperature,  we 
have  made  use  of  BKT  fits  with  the  trial  function 

=  ^  (f'»1/2),  (6) 

Also,  the  power-law  fit,  typical  of  second-order  phase  tran¬ 
sitions, 

g{t\a,v,tc)^a{t-tcY  (7) 

has  been  considered  for  comparison.  In  Table  I  we  report  the 
results  for  obtained  from  weighted  fits  to  the  data  points 
for  t>0.7fi  and  those  for  />0.78,  respectively.  The  second 
case  is  reported  in  Fig.  4.  The  BKT  form  (6)  appears  to  be 
superior,  both  because  it  displays  a  more  favorable  )Yloot 
with  respect  to  the  power  law,  and  because  there  is  agree- 
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FIG.  3.  The  in-planc  correlatiiin  length  vs  tcmpcriiturc.  The  data  points 
for  ^JL  show  the  onset  of  finite-size  scaling  when  fx-/..  MC  data  for 
/..  =32  (triangles),  64  (.squares),  and  128  (circles). 
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TABLE  I.  Results  for  the  critical  temperature  from  weighted  fits  to  the 
in-plane  susceptibility  Xxx(0  and  correlation  length  ^/l)-  MC  data  for  the 
128X128  lattice.  Data  sets  for  r>0.76  and  for  r&0.78,  with  power  law  and 
BKT  fitting  functions  following  Eqs,  (7)  and  (6)  in  the  text,  x^/mr  repre¬ 
sents  the  sum  of  the  squared  deviations  from  the  fit  divided  by  the  number 
of  degrees  of  freedom  (DOF). 


Data 

Fit 

‘c 

Xxx 

power 

0.742±0.00.3 

3,86 

f;»0.76 

BKT 

0.694  ±0.002 

0.45 

Xxx 

power 

0.752+0.003 

2.10 

r>0,78 

BKT 

0.697  ±0.003 

0.43 

ix 

power 

0.721  ±0.(H)4 

3,10 

1^0.16 

BKT 

0.681  ±0.005 

2.02 

(x 

power 

0.727±0.008 

3.24 

ls*0J8 

BKT 

0.679±0.011 

2.29 

ment  among  the  values  obtained  for  ,  whereas  those  foi  the 
power  law  are  not  in  agreement.  At  present,  we  are  comput¬ 
ing  more  accurate  data  for  giving  a  final  answer  about  the 
BKT  character  of  the  transition,  and  determining  the  critical 
exponent  v,  that  here  is  kept  fixed  to  the  BKT  value  v=0.5. 
The  results  for  obtained  through  XxAO  ntof®  accurate 
since  XxxiO  is  “  direct  product  of  the  MC  simulations. 
Therefore,  at  present  there  is  good  evidence  that  the  classical 
XXO  model  undergoes  a  BKT  transition  at  f^.~C.69±0  01. 
This  value  turns  out  to  be  much  lower  than  the  one  (0.78) 
estimated  by  Kawabata  and  Bishop.’  In  our  opinion  their 


0.7  0.8  0.9  1.0  t.l  1.2 

t 

FIG.  4.  MC  data  at  1  =  128  for  the  magnetic  susceptibility  and  the 
correlation  length  vs  temperature.  The  solid  and  dashed  cu.-ves  report  the 
best  fits  obtained  using  Eqs.  (6)  and  (7),  respectively  [see  also  Ihble  1).  with 
the  data  at  lXi.78  (data  with  open  symbols  arc  excluded  from  the  fit). 


FIG.  5.  MC  data  for  vs  L,  at  different  temperatures.  Below  n 

linear  behavior  with  positive  slope  1/4  -?X()  is  displayed  as  expected  for  a 
BKT  system.  The  inset  shows  the  corresponding  values  of  )j(r). 

determination  suffered  from  the  poorer  stati.stics  {NqM'), 
=  6()(X)  steps)  and  the  smaller  lattice  size  (I.  =40).  In 

addition,  they  have  extrapolated  by  looking  for  the  cross¬ 
over  where  the  correlation  function  ceases  U)  be  exponential. 
Since  the  crossove-  is  strongly  dominated  by  finite-size  ef¬ 
fects,  they  got  an  overestimated  . 

For  the  susceptibility  satisfies  the  finite-size  scaling 
relation  where  the  exponent  r^t)  increases 

with  t  and  should  reach  the  BKT  critical  value 
Therefore,  in  Fig.  5  we  report  a  log-log  plot  of  the  depen¬ 
dence  of  Xxx!^"^'^  on  L  in  such  a  way  that  the  dependence  at 
is  linear  with  a  slope  that  at  the  critical  temperature 
decreases  to  l/4-7)(ft)=0.  Even  thougn  at  each  t  there  are 
only  three  data  points,  it  is  possible  to  roughly  estimate  7]{t) 
by  taking  the  linear  fits  shown  in  Fig.  5.  As  reported  in  the 
inset,  T^f)  behaves  in  the  expected  way;  the  critical  value, 
?;=0.25,  is  indeed  reached  at  about  /“0.7,  consistent  with 
the  above  estimate  of  . 
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Magnetic  anomaly  in  insulator-conductor  composite  materials  near  the 
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The  effective  magnetic  permeability  of  composite  materials  containing  line  iron  particles  of  1  -2  /im 
size  is  investigated  theoretically  and  experimentally.  This  permeability  is  considered  due  to  both  the 
ferromagnetic  properties  of  iron  and  the  generation  of  eddy  currents  by  an  alternating  magnetic 
field.  An  analytical  result  shows  that  as  the  percolation  threshold  is  approached,  the  skin  effect  in 
large  conducting  clusters  dominates,  suppressing  the  ferromagnetic  behavior  for  any  value  of 
frequency.  As  a  result  of  this,  the  effective  permeability  tends  to  become  zero  near  the  percolation 
threshold,  having  a  “v”  form  anomaly.  The  experimental  data  for  frequencies  of  6-10  GHz  where 
the  skin  depth  is  of  the  order  of  a  particle  size,  clearly  exhibit  a  sharp  decrease  near  the  percolation 
threshold  in  the  real  part  of  the  effective  magnetic  peimeability.  We  believe  this  is  the  first 
observation  oi  a  possible  magnetic  anomaly  in  a  percolating  system. 


!.  INTRODUCTION 

The  study  of  composite  materials  has  been  the  subject  of 
considerable  interest  in  recent  years  because  of  their  possible 
technological  applications.  The  mixture  of  metal  and  insula¬ 
tor  particles  with  the  concentration  of  metal  particles  p  close 
to  the  percolation  threshold  p^.  at  which  the  system  first  ex¬ 
hibits  a  nonzero  conductivity  has  a  i.umber  of  anomalies  in 
electrophysical  properties.  For  example,  the  dielectric  con¬ 
stant  and  the  inductance  of  percolating  materials  become  in¬ 
finite  on  appre  aching  Pc-'~^  In  Refs.  4-6  it  has  been  re¬ 
ported  on  a  divergence  in  the  limit  p-*Pc  (P'^pJ  for  the 
imaginary  part  of  the  magnetic  permeability  associated  with 
eddy  currents  induced  in  the  system  by  an  alternating  mag¬ 
netic  field.  These  investigations  have  ignored  the  effects  of 
the  inductive  interactions  of  currents,  however,  these  effects 
are  of  predominant  importance  near  and  allowance  for 
them  removes  the  divergence  of  the  magnetic  permeability^ 
whi  1  tends  to  become  zero  at  p  -^Pc  ■ 

In  the  present  paper,  we  investigate  both  theoretically 
and  experimentally  the  effective  magnetic  permeability 
I'-t-eft  -  Acff  +  a  percolatin,g  system  composed  of  fine 

iron  particles.  The  eddy  current  contribution  to  becomes 
dominant  near  p,.  even  if  the  skin  effect  in  a  single  particle  is 
weak.  'The  reas  an  for  this  is  re’ated  to  the  appearance  of  large 
conducting  cluztirs  in  the  vicinity  of  the  percolation,  thresh¬ 
old.  t'he  induced  magnetic  moments  of  those  clusters  sub¬ 
stantially  suppress  the  ferromagnetic  properties,  resulting  in 
a  r-harp  drop  in  at  p-*Pc-  We  observed  this  behavior  in 
a  mixture  with  iron  inci^.sions  of  1-2  pm  size  in  the  fre¬ 
quency  region  of  6-10  GHz. 

II.  EFFECTIVe  MAGNETIC  PERMEABILITY  OF 
COMPOSITE  MATERIAL 

The  proximity  of  a  composite  system  i-.i  the  percolation 
threshold  is  characterized  by  -.he  value  of  the  correlation 
length  {-  which  defines  the  typical  m  .gnitucle  of  fluctuaiioiis. 
t^'ear  the  percolation  threshold  {  varies  with  concentration  as 
\{Pc~ r-O.Sk,*^  tending  towards  infinity  at 


p— .  The  composite  material  placed  in  an  electromagnetic 
field  can  be  described  by  the  effective  magnetic  permeability, 
/Zpff ,  and  the  dielectric  constant,  e^ff,  if  the  wavelength  of  this 
field  \  is  smaller  than  the  correlation  length  {.  The  most 
general  analytical  approach  for  calculating  p,.ff  and  e^ff  is  to 
use  the  effective  medium  approximation,®””  in  which  the 
influence  of  all  the  other  particles  on  a  selected  one  reduces 
to  the  replacement  of  the  environment  by  some  effective  me¬ 
dium  with  /Xjff  and  .  The  effective  magnetic  permeability 
/Uoff  of  an  « -component  percolating  system  can  be  found 
from  the  following  equation” 

n 

S  T/“/(Acff)  =  0,  (1) 

i 

where  pj,  ay(/Ucff)  <1*2  the  concentration  and  the  magnetic 
polarizability  of  the  j-th  component.  For  a  magnetic  particle 
of  a  spherical  shape  the  polarizability  is  of  the  form 

^  Mcff  Am  I 

p„=^p[2  f{ka)]/[\-f{ka)],  /c  =  (  I  +,)/<? 

f{x)=  Hx^  ~  CQt{x)lx,  S^ci  lTtxrwp)  '  (3) 

where  p„  substitutes  for  the  magnetic  permeability  p  in  the 
case  of  a  conducting  particle  if  the  skin  effect  is  essential 
(S<a).  a  is  the  particle  size  and  <r  is  its  conductivity, 

To  extend  Eq.  (1)  for  the  case  of  a  cluster  structure 
which  exists  near  p,. ,  the  averaged  magnetic  polarizability  of 
clusters  a^i  due  to  eddy  currents  has  to  be  included  in  Eq. 
(1).  Each  cluster  lepresents  a  set  of  doubly  connected  regions 
having  a  scalc-invaiiant  drop  structure.  It  is  a.ssumed  that, 
relative  to  the  alternating  magnetic  field,  a  doubly  connected 
cluster  is  equivalent  to  a  contour  of  size  identical  to  the  char¬ 
acteristic  size  /  of  this  cluster,^  then  the  averaged  polarizabil¬ 
ity  can  be  written  in  the  form 
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(4) 


..J  1^'’  P^Pc 

^  \l/l  +  B2Sil-^),  p>p, 

where  F{1)  is  the  size  distribution  of  doubly  connected  clus¬ 
ters  and  a^i  is  the  total  polarizability  of  doubly  connected 
clusters.  and  S2  certain  normalization  constants  inde¬ 
pendent  of  The  additional  term  appearing  in 

F(0  above  the  percolation  threshold  is  attributed  to  a  regular 
conducting  structure.  By  analogy  to  a  contour  placed  in  a 
medium  with  the  magnetic  permeability  p^ff,  the  parameter 
ffc/(0  can  be  written  in  the  form 

-ApcuP’IZ,  Z  =  p^f[\n  l/a+Zci', 


2c;=Mm/4  +  i(<5„,/a)^  S„>a, 

where  A  is  a  correction  factor  independent  of  both  and  1. 

For  a  binary  mixture  with  a  nonmagnetic  dielectric  ma¬ 
trix,  effective  medium  Eq.  (1)  which  accounts  for  all  kinds  of 
polarizabilities  (2)  and  (4)  reduces  to  the  form 

^eff=  1  +  3pAeff{Mm  '  1  )/(2/Zeff+  /^m) 

^  fm-^+B29{p)S{l-n)dl 
P,„  In  (l/a)+Z,,  ’ 


where  6(p)  =  0  for  p^Pc  and  6(p)  =  \  for  p>Pc-  Far  from 
Pc{^^a)  the  last  term  can  be  neglected  and  Eq.  (5)  reduces 
to  the  standard  form  for  noncontacting  inclusions.*'  In  the 
opposite  limit  of  p-*Pc{^--*’=^),  Eq.  (5)  ensures  the  domi¬ 
nance  of  the  induced  magnetic  moments  of  large  clusters 
even  in  the  case  of  a  weak  skin  effect  (^a).  It  can  be  clear 
from  the  asymptote  of  p^ff  for 

F-td  ^/Zci  -K» )  =  [  1  -  exp(  1  /B 1 )  ]Z,,  /  ln(  ^/a ) .  (6) 

It  follows  from  Eq.  (6)  that  at  any  fixed  frequency  the  effec¬ 
tive  permeability  tends  to  become  zero  on  approach  to  the 
percolation  threshold.  This  conclusion  is  valid  for  p  ap¬ 
proaching  Pc  from  both  p<Pc  and  p>Pc-  For  ^r'>l,  near 
Pc  a  “  n”-form  anomaly  appears  on  the  plot  of  p'^dp)^  as  can 
be  seen  in  Fig.  1(a).  The  corresponding  anomaly  in  the 
imaginary  part  p'lff  arises  in  the  immediate  vicinity  of  p^. . 
For  lower  frequency  this  behavior  is  seen  closer  to  Pc  ■ 


III.  EXPERIMENT 

As  a  ferromagnetic  composite  material  we  used  a  poly¬ 
mer  matrix— -butadiene- nitrile  rubber — with  fine  iron  ,nar- 
ticles  of  an  elongated  form  with  a  maximal  size  of  1-2  pm 
and  an  axis  rr  io  of  3/5.  A  composite  material  was  formed  by 
a  tape  c  mg  method.  Flexible  composite  lilin  obtained  with 
thicknes.  of  0.1  mm  were  packed  and  rolled  to  have  a  re¬ 
quired  thickness  and  concentration. 

The  measurement  technique  was  based  on  the  method  of 
a  standing  wave  in  a  rectangular  or  a  coaxial  waveguide.'^ 
The  experimental  setup  is  shown  in  Fig.  2.  The  measure¬ 
ments  were  made  for  frequencies  from  1  to  10  GHz  (below  4 
GHz  a  coaxial  waveguide  was  used).  A  sample  in  the  form  of 
a  slab  or  a  ring  disc  of  thickness  =0.5-1  mm  occupied  the 


FIG.  1.  Conccnlralion  dependencies  of  the  effective  magnetic  permeability 
/*•««  “  /“ef(  +  i/ijn  calculated  from  Eq.  (5)  for  different  values  of  »=  (5/a.  The 
dashed  lines  correspond  to  the  case  of  noncontacting  inclusions  [Eq.  (5)  at 
^->a].  The  other  parameters  were  chosen  as  follows;  Bx=Bi=\,  p'=4, 
p"=9. 


whole  cross  section  of  the  waveguide.  The  magnetic  perme¬ 
ability  and  the  dielectric  constant  can  be  obtained  from  a  pair 
of  measurements  of  the  complex  reflection  factor  ^  for  two 
different  positions  of  the  specimen  in  the  waveguide,  defined 
by  the  distances  /»!  and  /12  from  the  shorting  plate  as  seen  in 
Fig.  2.  The  result  for  p^n  and  e^ff  can  then  be  averaged  over 
various  pairs  of  h\  and  hi-ln  the  case  of  a  composite  mate¬ 
rial  near  Pc  there  is  a  question  if  the  sample  can  be  consid¬ 
ered  macroscopically  homogeneous  so  that  p^tf  and  feff  can 
be  applicable.  As  long  as  the  effective  parameters  can  be 
used,  the  values  of  Peff  have  to  be  independent  of  the 

chosen  sample  positions.  The  dependence  of  p^^  and  e^f  on 
/ii  and  I12  would  give  an  indication  that  samples  are  not 
homogeneous  and  the  effective  parameters  cannot  be  used. 
Thus,  the  method  of  arbitrary  sample  positions  allows  us  to 
test  whether  the  composite  material  has  p^a  and  at  a 
given  frequency  and  concentration. 

Solving  a  .standard  problem  of  electromagnetic  wave 
propagation  in  a  waveguide,’^  one  can  relate  the  parameters 
Peft  and  to  the  reflection  factor  or  the  input  impedance 
Zj„=(l-(-^Z,/(l-^)  through  the  following  expressions 


FIG.  2.  Experimental  scheme. 
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FIG.  3.  Expe'imental  concentration  dependencies  of  the  effective  magnetic 
permeability  lor  frequencies  1.2  GHz  in  (a)  and  6.67  GHz  In  (b)  and  (c).  In 
(b)  the  concentration  dependence  of  the  imaginary  part  of  the  dielectric 
constant  is  given  to  determine  the  percolation  threshold.  The  dashed  lines 
were  obtained  by  using  a  simplex  method  to  fit  the  effective  medium  equa¬ 
tion  for  noncontacting  particles,  which  is  valid  far  from  .  We  used  this 
equation  in  the  form  /u,,ft=l+p/ijfi(/t„- !)/[(! where  n  is  a 
correction  factor  for  a  particle  shape  (for  n  =  l/3  it  coincides  with  (S)  far 
from p,.).  The  fitting  parameters  were  m  =  0.15,  p'=8,  /i"=ll  for  1.2  GHz, 
/z"=9  for  6.67  GHz. 


The  value  of  the  percolation  threshold  ^^.=0.35  corresponds 
to  a  sharp  increase  in  the  imaginary  part  of  the  effective 
dielectric  constant.  At  a  relatively  low  frequency  (<2  GHz) 
the  parameter  increases  with  concentration  up  to  the 

percolation  limit.  On  the  other  hand,  as  the  frequency  is  in¬ 
creased  above  6  GHz,  the  real  part  of  the  magnetic  perme¬ 
ability  considerably  decreases  near  .  The  magnetic  perme¬ 
ability  of  iron  particles  is  estimated  to  be  pi'=A,  p!'=9  at  a 
frequency  of  6.7  GHz,  then  the  effective  permeability  of  a 
composite  with  noncontacting  inclusions  has  to  monotoni- 
cally  increase.  Therefore,  we  can  relate  the  drop  in  to 

the  formation  of  large  percolation  clusters. 

According  to  our  analysis  (see  Fig.  1),  an  anomaly  in 
at  p—>Pc  appears  at  any  frequency,  however,  it  shifts 
closer  to  p^  at  lower  frequency.  In  the  limit  of  (^«)  it  exists 
just  in  the  immediate  vicinity  of  p^.  and  can  hardly  be  found 
experimentally.  This  is  probably  the  case  with  Fig,  3(a), 
since  at  a  frequency  of  1  GHz  the  skin  depth  S  in  an  iron 
particle  is  estimated  to  be  about  2  /zm  and  5/a  >3  (where  a  is 
a  minimal  size  of  a  particle),  then  the  percolation  effect  is  not 
seen  in  a  sufficiently  large  concentration  region,  and  the  be¬ 
havior  of  fi^isiP)  well  described  by  a  standard  effec¬ 

tive  medium  equation  which  follows  from  (5)  at  +a  (far 
from  p^),  as  shown  in  Fig.  3(a)  in  dashed  lines.  However,  the 
sharp  drop  in  which  is  seen  near  p^.  for  frequencies 

above  6  GHz  {Sla~l)  is  not  consistent  with  the  noncontact¬ 
ing  particle  equation.  The  values  of  are  also  higher. 

Comparing  such  behavior  with  that  shown  in  Fig.  1,  we  can 
conclude  that  at  certain  frequencies  (5/fl<l)  the  effective 
magnetic  permeability  of  a  composite  material  near  can 
be  greatly  affected  by  the  magnetic  moments  induced  by 
eddy  currents  in  large  conducting  clusters.  This  effect  can 
strongly  suppress  the  ferromagnetic  properties  of  a  compos¬ 
ite,  resulting  in  an  anomaly  in  MtfKP)  on  approaching  the 
percolation  threshold. 


Mcff/ , 

V«eff/^e£f“  — 

-i(Zeff/Zu)tan(W)  =  (Z-Zi„)/(ZZi„-  1); 

Z=  - iZo  tan[27r/i  Vl -(X(,/\,'F/\(,] ,  (7) 

where  Zq  is  the  characteristic  impedance  of  a  waveguide, 
is  the  cutoff  wave  length.  Equations  (7)  are  valid  for  both 
rectangular  and  coaxial  waveguides.  By  applying  (7)  to  two 
sample  positions:  h  =  h^  and  /i  =  /i2,  both  complex  param¬ 
eters  and  can  be  found. 

IV.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  3  shows  the  concentration  dependencies  of  the 
complex  magnetic  permeability  for  different  frequencies. 
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In  this  paper  the  time  variation  of  the  thermoremanent  magnetization  (TRM)  is  examined.  From  a 
simple  theory  based  on  the  relaxation  of  magnetic  moments  over  the  associated  energy  barrier  we 
explain  the  various  forms  foi  the  time  variation  of  thermoremanent  magnetization.  For  a  narrow 
distribution  of  energy  barriers  the  variation  of  TRM  with  ln{/)  is  predicted  to  be  concave 
downwards  when  the  relaxation  takes  place  over  barriers  less  than  the  average  barrier.  For  barriers 
greater  than  the  average  barrier  the  variation  of  TRM  vs  ln(/)  is  predicted  to  be  coneave  upwards. 
In  the  region  where  the  relaxation  takes  place  over  barriers  close  to  the  average  barrier  the  variation 
is  initially  concave  downward  and  then  concave  upward. 


I.  INTRODUCTION 

Thermoremanent  magnetization  is  usually  measured  i.. 
the  following  way:  the  system  is  cooled  in  the  presence  of  a 
dc  magnetic  field  from  a  temperature  where  all  moments  can 
fluctuate  rapidly  between  energy  minima  to  a  temperature 
where  some  of  these  fluctuations  become  slower  and  take 
place  over  the  measured  time  .scale.  Finally  the  magnetic 
field  i^  switched  off  and  the  remanence  obtained  is  called  the 
TRM. 

Time  dependence  of  magnetization  is  a  well-known  phe¬ 
nomenon  and  arises  due  to  the  fact  that  there  is  a  finite  time 
for  transitions  over  the  energy  barrier.  According  to  this  phe¬ 
nomenology  the  time  dependence  of  the  remanent  magneti¬ 
zation  is  given  by  Neel' 

A/,(^)  =  A/^(0)e-''^  (1) 

where  t  is  the  relaxation  time  and  in  zero  field  t“'  is  given 
by 

(2) 

where  is  the  height  of  the  barrier  for  reversal.  For  the 
case  where  A£  is  distributed  and  the  distribution  function  of 
the  barriers  over  which  fluctuations  are  taking  place  remains 
approximately  constant  during  the  time  of  observation,  fol¬ 
lowing  Street  et  al.^  the  formalism  of  Eqs.  (1)  and  (2)  gives 

MAt)^  ln(/).  (3) 

The  time  variation  of  TRM  is  often  measured  and  used 
as  one  of  the  characteristics  of  the  disordered  system  since 
this  variation  is  usually  observed  not  to  follow  a  ln(/)  law. 
Hence  the  time  variation  of  TRM  in  spin  glass  and  other 
disordered  systems  is  often  analyzed  using  empirical  expre.s- 
sions  like  the  stretched  exponential  function, 

A/f(/)  =  Afr(0)exp(-f/r,,)*~",'’"^  where  is  the  character¬ 

istic  relaxation  time  and  n  is  the  time-stretched  exponent.  In 
other  studies  the  time  variation  of  TRM  has  been  described 
in  terms  of  a  power  law  A/ and  on  other  occasions 
a  product  of  power  law  and  stretched  exponential  functions 
was  used.^ 

Recently,  further  attempts  have  been  made  in  order  to 
explain  the  nonlinear  ln(/)  behavior  of  M^t)  hi  a  reentrant 
ferromagnet."  In  Ref.  8  the  M At)  data  were  analyzed  in 


terms  of  a  percolation  model  of  relaxation  which  was  pro¬ 
posed  earlier  by  Chamberlin  et  al!^  In  this  new  model  similar 
expressions  to  that  of  Eqs.  (1)  and  (2)  were  used  and  in 
addition  a  distribution  of  cluster  sizes  was  introduced 

MAt)=MA0)  [  e\p(-x^'^)e~‘'^i’dx,  (4) 

Jo 

where  Tp  =  is  the  relaxation  time,  the  (-)  and  (-(-) 

signs  are  associated  with  slow  and  fast  relaxations,  respec¬ 
tively,  and  C  —  C'  AikT  where  C  is  an  adjustable  parameter. 
The  new  formalism  of  Eq.  (4)  contains  the  physics  of  the 
problem  unlike  the  empirical  powers  n  and  a  as  used  in 
previous  models.  However,  in  Eq.  (4)  the  distribution  func¬ 
tion  and  energy  barrier  have  been  calculated  using  an  as¬ 
sumed  model.  The  analysis  of  the  MAO  data  according  to 
Eq.  (4)  suggested  that  the  change  of  the  curvature  in  MAO 
vs  ln(r)  curves  as  the  temperature  increases  is  due  to  differ¬ 
ent  relaxation  regimes,  i.e.,  slow  and  fast.  Due  to  the  treat¬ 
ment  of  the  MAO  problem  via  Eq.  (4),  the  origin  of  the 
curvature  in  the  MAO  and  its  variation  with  temperature  was 
used  to  infer  different  types  of  dynamic  behavior. 

In  this  paper  we  show  that  the  experimentally  observed 
behavior  can  be  reproduced  using  a  simple  model  in  which 
tlie  energy  barrier  and  its  distribution  are  independent  of 
temperature. 

II.  THEORY 

For  a  system  with  a  distribution  of  energy  barriers 
f(txE)  Eq.  (1)  becomes 

MAT,0  =  MAH,Tjj  \  (5) 

Jo 

where  AE  can  have  various  origins  like  cluster  sizes,  anisot¬ 
ropy,  and  orientation  effects,  M  AH,T,tw)  the  initial  rem¬ 
anent  magnetization,  a  quantity  which  at  a  given  cooling 
field  and  temperature,  depends  on  the  aging  time  ,  i.e.,  the 
waiting  time  that  elapses  after  the  system  has  reached  the 
required  measuring  temperature  while  the  field  is  still  on. 
Also  in  E(|.  (5)  we  assume  that  the  field  is  switched  to  zero  in 
an  extremely  short  time,  otherwise  the  time  dependence  dur¬ 
ing  switching  should  be  taken  into  account.'"'" 
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FIG.  1.  The  time  dependence  of  thermoremanent  magnetization  at  different 
temperatures  for  a  system  with  a  narrow  distribution  of  energy  barriers. 


Equation  (5)  can  he  rewritten  in  terms  of  a  distribution 
of  reduced  energy  barriers  /(y)  where  y  =  AElAE„,  then 

(6) 

Jo 

where  T"‘(y)  =  a„(T)  =  AEJkT,  and  AE„  is 

the  average  barrier  in  the  system.  Assuming  a  distribution 
function  of  energy  barriers  with  a  certain  value  of  A£„  and 
standard  deviation  a,  an  exact  numerical  calculation  for  Eq. 
(6)  can  be  made  and  the  data  of  M,(T,t)  at  different  tem¬ 
peratures  can  be  fitted  using  only  two  parameters  A£,„  and 
cr.  For  a  system  with  a  narrow  distribution  of  energy  barriers, 
the  calculated  M XT,t)IM curves  at  different  tempera¬ 
tures  are  shown  in  Fig.  1  where  M  ^Afr(//sai)  which  is 
the  TRM  obtained  in  a  saturating  cooling  field.  In  these  cal¬ 
culations  a  log-normal  distribution  function  of  reduced  en¬ 
ergy  barriers  were  used,  /(y)  =  exp{  -  [ln()')]^/ 
2a^}/yf2TT(Ty  with  A£„  =  1.2X10“‘^  erg,  and  o-=0.18.  The 
form  of  /(>’)  can  be  easily  determined  by  measuring  the 
temperature  variation  of  the  maximum  TRM,  i.e.,  cooling  in 
a  saturating  field,  then  f{y)’^dM Thus  the  form 
of  the  distribution  is  not  an  adjustable  parameter  and  can  be 
determined  by  experiment.  The  data  shown  in  Fig.  1  exhibit 
similar  behavior  as  those  always  observed  for  disordered 
systems.'*’^'^  Thus,  from  first-principles  Eq.  (6)  can  describe 
the  shape  of  Mr{T,t)  vs  ln(r)  curves  at  all  temperatures 
without  the  need  to  imply  a  phase  transition  or  using  differ¬ 
ent  forms  of  the  relaxation  rate  ?t  different  temperatures.  In 
order  to  describe  the  origin  of  the  curvature  in  the  vs 

ln(f)  curves  Eq.  (6)  can  be  simplified  and  an  analytical  ex¬ 
pression  can  be  derived  following  our  previous  work.‘^’'‘‘ 
The  function  e  varies  strongly  with  y  about  the 
critical  energy  barrier  y^.  which  can  be  defined  when 


i=T(y^).  Hence,  for  y<yr  the  fluctuations  between  minima 
happen  very  quickly  and  the  system  exhibits  no  remanence, 
while  for  y>yf  the  moments  show  remanence  and  time- 
dependent  behavior.  Using  this  criterion  Eq.  (6)  can  be  sim¬ 
plified  to 

['y{y)dy,  (7) 

Jo 

where  y^  is  given  by 
kl 

yc=J^Htfo)-  (8) 

Equation  (7)  is  a  good  approximation  to  Eq.  (6)  and  gives  the 
same  behavior  for  M^t)  vs  ln(/)  curves  as  those  shown  in 
Fig.  1.  In  addition,  an  analytical  solution  for  Eq.  (7)  can  be 
obtained  by  expanding  f{AE)  about  y,.  due  to  the  fact  that 
time-dependencf,  effects  are  mainly  due  to  fluctuations  over 
barriers  close  tc  y^. .'''  Then,  Eq.  (7)  can  be  rewritten  as 

f.Vc('o' 

A/,(r,r)  =  A/,(tu,7')-M(W,7',r,)  /(y)dy, 

(9) 

where  Sy,=-y^{t)~y,{t^{)  =  \n{t|t^{)|a,„(T)  and  is  the  ini¬ 
tial  time  of  measurement.  is  the  initial  TRM  at 

t-t^  and  it  is  given  by;  Af,.(/o,7')  = 

—  A/ ,.(//, r,/„)/y‘^’'‘’'/(y)dy.  Now  by  expanding /(y)  about 
y^.(/o)  the  change  in  the  remanent  magnetization  with  time  is 
given  by 


AM,(t,r)  =  -2  /'’[>'c('o)][A  ln{f)/a„(r)]''^',  (10) 

;i  =  0 


where  AMr-MriO~^r{fo)  the  change  in  remanence 
normalized  to  f‘  =  d"f{y)/dy'‘,  and 

A  ln(r)-=A  ln(//t()).  For  constant  /(y),  Eq.  (10)  gives  a  loga¬ 
rithmic  time  dependence  of  AAf,.(f)  which  is  consistent  with 
Eq.  (3).  However,  in  general,  /(y)  is  not  a  constant  function 
and  higher  orders  of  A  ln(/)  should  be  considered  when  f(y) 
varies  with  y  around  the  critical  barrier.  The  higher  order 
terms  in  the  series  expansion  are  found  to  become  increas¬ 
ingly  important  as  the  distribution  becomes  narrower. Thus, 
in  general,  the  AM^il)  vs  A  ln(/)  curve  can  be  represented 
by  a  series  expansion  in  Aln(t)  and  the  number  of  terms 
required  lo  describe  the  data  depends  on  the  behavior  of  the 
function  /(y)  about  y^. .  In  order  to  show  explicitly  the  origin 
of  the  curvature  changes  in  AM f{t)  vs  A  ln(r)  curves,  at  any 
instant  t,  the  slope  of  this  variation  is  given  by 


dMr(t,T)  kT 

d  ln(/)  'AE„ 


(11) 


Thu.s,  according  to  Eq.  (11)  the  slope  of  AM,{t)  vs  A  ln(f)  at 
any  instant  is  directly  proportional  to  /(y^.).  Thus,  at  very 
low  temperatures  where  fluctuations  are  due  to  the  small  en¬ 
ergy  barriers  AE<AE,„ ,  i.e.,  y^.  is  at  the  left-hand  side  of  the 
di.stribution,  thu.s  in  this  region  /(y)  is  increasing  with  y  and 
the  slope  is  increasing  which  causes  the  variation  of  AM^{t) 
vs  A  !n(/)  to  be  concave  downward.  Since  y^'^T,  at  higher 
temperatures  the  fluctuations  of  moments  will  taking  place 
over  barriers  AE>AE„,  where  f{y)  is  decreasing  with  y 
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and  accordingly  the  slope  AMr(t)/A  ln(r)  at  any  instant  will 
be  decreasing  with  and  cause  the  variation  to  curve  up¬ 
ward.  Thus,  in  the  case  where  fluctuations  are  taking  place 
over  barriers  around  A£„ ,  i.e.,  about  the  peak  in  the  distri¬ 
bution,  the  variation  of  AMr(0  vs  A  ln(0  will  initially  curve 
downwards  and  finally  curve  upwards  and  in  the  intermedi¬ 
ate  range  it  will  exhibit  some  degree  of  linearity  due  to  those 
fluctuations  associated  with  the  most  probable  energy  barrier 
within  the  system,  i.e.,  at  the  peak  where  /(y^)  remains  con¬ 
stant. 

Thus  from  this  simple  theory  the  shape  of  the  AAf  ,.(<)  vs 
A  !n(t)  curve  and  the  degree  of  nonlinearity  is  directly  re¬ 
lated  to  the  distribution  of  energy  barriers  within  the  system 
and  not  necessarily  to  the  type  of  the  relaxation  regime.  The 
relaxation  mechanism  at  all  temperatures  is  governed  by  the 
same  dynamic  equation  [Eq.  (2)];  however  the  contribution 
of  these  fluctuations  to  the  remanence  is  determined  by  the 
distribution  of  energy  barriers. 

A.  The  effects  of  aging  on  TRM 

In  the  work  of  Li  et  al.^  effects  of  aging  were  measured 
and  showed  that  the  initial  value  of  TRM  [A/r(tH')]  depends 
on  the  waiting  time  at  the  required  measuring  temperature 
while  the  cooling  field  (//)  is  still  applied.  The  effects  of 
can  also  be  derived  from  first  principles  using  the  rate  equa¬ 
tion  which  can  be  solved  to  give" 

=  [M,{H,T,Q)-M,]  +  (12) 

Ji) 

where  A/j,=  [Tl‘(W)-rl'(//)]/[Tl‘(W)  +  Ti '(//)]  is  the 
equilibrium  magnetization  and  rl  ‘  and  tI  '  are  the  relaxation 
rates  into  the  field  direction  and  out  of  the  field  direction, 
respectively.  Thus  the  value  of  obtained  before 

switching  the  field  depends  on  the  arrangement  of  moment 
axes  with  respect  to  the  cooling  field.  Hence  the  aging  ob¬ 
servations  in  Ref.  8  suggest  that  must  depends  on  the 
detailed  distribution  of  spins  and  is  currently  the  subject  of 
further  work. 

B.  Previous  treatment  of  the  problem 

The  time  dependence  of  remanent  magnetization  in  .spin 
glasses  has  been  discussed  by  Aharoni.'’*’  Similar  formalism 


to  that  of  Eq.  (5)  was  considered,  but  a  distribution  of  relax¬ 
ation  times  rather  than  a  distribution  of  energy  barriers  was 
used.  In  addition  a  gamma  distribution  function  of  /(t)  was 
assumed  in  order  to  obtain  an  analytical  solution  for  Eq.  (5). 
In  this  formalism,  the  data  for  M^t)  at  a  given  temperature 
can  be  fitted  using  two  parameters,  the  mean  and  width  of 
the  gamma  distribution  of  relaxation.  Hence,  according  to 
the  formalism  of  Aharoni  the  analysis  of  the  curves 

gives  an  average  relaxation  time  and  width  for  every  tem¬ 
perature  whereas  our  formalism  in  terms  of  the  energy  bar¬ 
rier  distribution  gives  an  average  energy  barrier  (A£„,)  and 
width  («■)  for  the  whole  system.  In  addition,  the  form  of 
/(A£)  can  be  determined  directly  from  experiment  and  is 
not  as,surned.  Furthermore,  by  linking  the  problem  to  the 
energy  barrier  distribution,  the  origin  and  shape  of  the  cur¬ 
vature  in  the  AAf,(f)  vs  A  ln(t)  can  be  explained. 


In  this  paper,  a  simple  first  principle  theory  for  the  time 
dependence  of  TRM  in  disordered  magnetic  systems  is  de¬ 
scribed.  The  theory  shows  that  the  origin  and  shape  of  the 
curvature  in  the  Mr{l)  vs  ln(/)  data  at  different  temperatures 
are  mainly  due  to  the  form  of  the  distribution  of  energy  bar¬ 
riers.  For  a  system  with  a  narrow  distribution  of  energy  bar¬ 
riers  a  similar  variation  of  M ^{l,T)  to  those  observed  in  a 
disordered  .system  can  be  predicted  without  the  need  to  as- 
.sume  different  relaxation  regimes  at  different  temperatures. 
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Magnetization  of  amorphous  Feo.82Bo.i8  and  Feo.90Zro.10  compounds 
with  additions  of  Tb 

S.  J.  Clegg,  J.  H.  Purdy,  R.  D.  Greenough,  and  F.  Jerems 

Department  of  Applied  Physics,  The  University  of  Hull,  Hull  HU6  7RX,  United  Kingdom 

The  addition  of  Tb  to  melt  spun  iron-boron  or  iron-zirconium  compounds  raises  the  magneto¬ 
striction  to  practically  useful  levels  (5=450  ppm)  at  room  temperature.  The  present  work  examines 
the  corresponding  compositional  and  temperature  dependencies  of  the  magnetization  in  Tb^ 
(Fe()S2B(),i8)i-.t  for0=sx^0.5  andTbj,  (FeomiZro ,,))]  _^  for  O^y  0 , 1 .  Increasing  the  Tb  content  in 
Fe-B  compounds  decreases  the  room-temperature  magnetization  towards  a  compensation  point  and 
lowers  the  Curie  temperature  T^. .  In  Fe-Zr  compounds,  Tb  increases  the  room-temperature 
magnetization  and  raises  ■  Magnetic  phase  diagrams  are  presented  for  each  group  of  compounds 
and  exchange  frustration  effects  identified  by  comparing  the  observed  temperature  dependencies  of 
the  reduced  magnetization  with  predictions  from  the  Handrich  mean  field  model.  Only  3  at.  %  Tb 
in  Fe-Zr  is  sufficient  to  annul  exchange  fluctuations,  but  in  Fe-B  compounds  exchange  frustration 
persists  throughout  the  compositional  range. 


I.  INTRODUCTION 

Magnetostriction  in  amorphous  compounds  is  of  theo¬ 
retical  interest  to  understand  how  macroscopic  anisotropic 
strains  are  developed  from  randomly  oriented  moments  and 
of  practical  importance  as  an  alternative  to  crystalline  highly 
magnetostrictive  pseudobinary  rare-earth  (RE)-iron  com¬ 
pounds  for  applications.'’^  Amorphous  compounds  with  RE 
=  Sm,  Dy,  or  Tb  prepared  by  melt  spinning'^  or  sputtering"* 
develop  useful  levels  of  magnetostriction  (—500  ppm).  Iron- 
boron  and  iron-zirconium  amorphous  compounds  can  be 
melt  spun  with  relative  ease  and  hence  the  present  choice  of 
two  groups  of  compounds,  RE^.(Fe(i,82Bo.i«)  i--.t  with 
OsSjc^O.SO  and  RE^(Feo()(,Zro,i())  j.  y  with  OsJysSO.lO;  ter¬ 
bium  is  selected  for  the  RE  ion  because  of  its  outstanding 
magnetostrictive  properties.  However,  as  terbium  is  added  to 
each  of  the  chosen  groups  of  compounds,  changes  in  their 
room-temperature  magnetostrictions  are  markedly  different.^ 
Hence,  the  present  study  of  magnetic  properties  was  under¬ 
taken  in  order  to  obtain  a  better  understanding  of  their  be¬ 
havior  to  assist  in  theoretical  calculations  of  magnetoelastic 
coupling  and,  in  the  longer  term,  enhance  the  room- 
temperature  magnetomechanical  properties  for  practical  ap¬ 
plications. 


II.  EXPERIMENTAL  TECHNIQUES 

Polycrystalline  compounds  in  the  ranges  Tb^. 
(Fe(,,82Bo.iK)i-.»-  for  ()^xs;0.5  and  Tbj,  (Fe„,y(,Zr„  i(,)i for 
0s5y«().  1  were  produced  u.sing  start  material  of  at  least  3N 
purity.  Melt  spinning  was  conducted  in  an  argon  atmosphere, 
producing  samples  30-5l)-/im  thick,  1-2-mm  wide  and  of 
varying  lengths.  X-ray  diffraction  (XRD)  has  been  employed 
to  ensure  that  all  samples  were  amorphous.  Using  CuX„  ra¬ 
diation,  angles  corresponding  to  the  position  of  the  intensity 
maxima  have  been  used  to  estimate  the  average  interatomic 
spacings.  A  vibrating  sample  magnetometer  (VSM)  was  em¬ 
ployed  to  mea.surc  magnetization  from  ~4  K  to  the  Curie 
temperatures  with  dc  fields  up  to  1000  kA  m  '.  Curie  tem¬ 


peratures  were  obtained  from  differential  scanning  calorim¬ 
etry  (DSC)  for  Tb-Fe-B  alloys  and  from  magnetization  mea¬ 
surements  for  Tb-Fe-Zr  alloys. 

The  random  anisotropy  (RA) — ferromagnetic  (F)  phase 
boundaries  were  detected  with  ac  susceptibility  measure¬ 
ments  for  the  iron-boron  compounds'*  and  in  the  iron- 
zirconium  compounds  by  comparing  field  annealed  and  zero 
field  annealed  temperature  dependent  magnetization  data.’ 

III.  RESULTS 

RE-Fe-B:  Room  temperature  data  for  the  variation  of 
saturation  magnetization  with  Tb  content  (Fig.  1),  are  in 
agreement  with  previous  measurements'*  which  showed  that 
the  materials  are  magnetically  soft.  A  compensation  point  at 
x=0.22  is  due  to  antiferromagnetic  (AF)  coupling  between 
the  iron  and  terbium  subnetworks.  The  magnetization  at 
1000  kAm"’  has  been  measured  as  a  function  of  tempera¬ 
ture  from  4,2  K  to  T^. ,  for  each  Tl)  composition.  Competing 
effects  of  local  anisotropy  and  exchange  interactions  are  evi¬ 
dent,  viz:  at  high  temperatures  {T <  7’,.)  the  system  appears  to 
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FIG.  2.  Magnetic  phase  diagram  for  Tb-Fc-B  showing  7',  (0)  and  Tf  (■). 
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FIG.  4.  Magnetic  phase  diagram  for  Tb-Fe-Zr  showing  F,.  (D)  and  T f  (B). 


be  magnetically  ordered,  but  with  sufficiently  high  Tb  con¬ 
tent  at  low  temperatures,  random  local  anisotropy  begins  to 
dominate,  which  causes  a  “freezing”  of  the  magnetic  mo¬ 
ments.  The  fields  employed  are  then  insufficient  to  align  all 
the  moments  leading  to  an  apparent  decrease  in  magnetiza¬ 
tion  at  low  temperatures  below  the  “spin  freezing”  tempera¬ 
ture  Tf .  These  features  of  magnetic  behavior  are  summarized 
in  a  magnetic  phase  diagram  (Fig.  2). 

RE-Fe-Zr:  The  variation  of  saturation  magnetization 
with  terbium  content  at  room  temperature  (Fig.  3)  demon¬ 
strates  a  different  behavior  to  the  RE-Fe-B  system.  The  mag¬ 
netization  is  seen  to  increase  with  the  addition  of  Tb  up  to  9 
at.  %,  before  diopping  sharply  as  further  Tb  is  added.  From 
magnetization  measurements  as  a  function  of  temperature,’  a 
magnetic  phase  diagram  has  been  constructed  (Fig.  4).  The 
addition  of  terbium  again  has  the  effect  of  “freezing”  the 
magnetic  moments  at  low  temperatures  although  values  for 
Tf  are  much  higher  than  for  the  Tb-Fe-B  system.  A  little 
extrapolation  of  the  RA-F  phase  boundary  indicates  that  at 
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FIG.  3.  Saturation  magnetization  (O)  and  average  iiitcratomu;  spacing  (•) 
as  a  function  of  Tb  content  in  Tb^(FC|,i„iZro  lu'i  y 


room  temperature  (~295  K)  each  of  the  three  magnetic 
phases  can  be  obtained  in  the  range  2-8  at.  %  Tb. 


IV.  DISCUSSION  AND  CONCLUSIONS 

In  both  the  magnetic  phase  diagrams  (Figs.  2  and  4)  a 
region  has  been  labeled  “ferromagnetic”  based  on  the  ob¬ 
served  magnetization  versus  applied  field  curves.  However, 
previous  work  on  similar  metallic  glasses  without  rare  earths, 
by  Buchholtz  etal.,^  (Metglas  2605  S2),  Cowley  efa/.’ 
(FegjBn)  and  Thomas  et  al}'^  (VAC  0040),  indicates  that  in 
the  absence  of  any  well-defined  anisotropy,  exchange  fluc¬ 
tuations  disturb  the  collinear  structure.  Present  data  for  the 
reduced  magnetization  as  a  function  of  temperature  have 
therefore  been  compared  with  Handrich’s  mean  field  model ‘‘ 
in  which  the  reduced  magnetization  is  expressed  as 

o-=|{Bv(;c)(l+A)  +  fl,(;c)(l-A)]  (1) 

where  B,{x)=Xanh  {x),x  =  {3S/S+l){cr/T),  S  is  the  spin 
quantum  number,  r  is  the  ratio  T/T^,  and  A  is  the  level  of 
exchange  fiuctuation.  Even  with  the  limitations  of  a  mean 
field  model,  it  is  presently  observed  that  in  iron-boron  com¬ 
pounds  (Fig.  5),  for  either  10  or  50  at.  %  Tb,  A=0.5,  indi¬ 
cating  exchange  fluctuations  persist  regardless  of  the  amount 
of  Tb,  consistent  with  the  previous  observation  of  noncol- 
linear  moments  in  metallic  Fe-B  glasses.  For  Fe()9()Zro  io 
(Fig.  6)  the  best  fit  to  the  experimental  reduced  magnetiza¬ 
tion  data  is  achieved  with  A =0.6,  but  with  the  addition  of 
Tb,  A  quickly  decreases  to  zero,  implying  that  frustration 
effects  are  lifted  with  only  3  at.  %  Tb. 

The  lowering  of  the  room-temperature  magnetization 
and  Tc  with  the  addition  of  Tb  to  Fe-B  can  be  explained  by 
the  antiferromagnetic  coupling  of  terbium-iron  moments 
which  lowers  the  overall  exchange.  Reduction  in  the  ex¬ 
change  frustration  in  Fe-Zr  accounts  for  the  increase  in  both 
the  room-temperature  magnetization  and  T^.. 

With  the  addition  of  only  3  at.  %  Tb  to  Fe-Zr,  the  total 
lifting  of  frustration  effects  cannot  be  attributed  directly  to 
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FIG.  S.  Reduced  magnetization  as  a  function  of  reduced  temperature  for 
'rbx{Feo, #2^0.18)  i-jt  where  x-\0%  (■)  and  ar=50%  (A)  with  theoretical 
predictions  from  the  Handrich  mode!  for  4=0.5  ( . )  and  &=0  ( - ). 

Fe-Tb  bond  effects  and  in  the  light  of  previous  work  by 
Ryan/^  changes  in  mean  interatomic  separation  is  likely  to 
be  a  significant  factor.  According  to  Ryan,  exchange,  in  the 
Fe-Zr  system  is  very  sensitive  to  nearest-neighbor  distances 
and  changes  the  sign  from  positive  to  negative  below  2.4  A. 
From  the  present  data  (Pig.  3)  the  mean  interatomic  spacing 
for  Feo.9oZrg,io  is  —2.5  A,  so  that  a  small  but  significant 
number  of  Fc-Fe  pairs  will  be  antiferromagnetically  coupled. 
With  the  addition  of  3  at.  %  Tb,  the  mean  interatomic  spac¬ 
ing  increases  slightly  but  is  sufficient  for  the  majority  of 
Fe-Fe  pairs  to  be  coupled  ferromagnetically. 

Finally,  there  are  the,  as  yet,  unexplained  increases  in  the 
room-temperature  magnetostriction  as  Tb  is  added  to  either 
the  Fe-B  or  Fe-Zr  compounds.  Present  observations  show 
that  these  increases  are  not  simply  due  to  increases  in  T^.. 
What  is  common  to  both  groups  of  compounds  is  the  change 
in  average  interatomic  spacing  which  increases  by  —7%  for 
the  addition  of  —10  at.  %  Tb.  While  this  alone  cannot  ex¬ 
plain  the  observed  magnetostrictive  effects,  it  is  significant 
when  the  local  field  gradients  at  the  Tb  ion  sites  are  consid¬ 
ered.  Work  is  in  progress  to  quantify  their  effects  on  the 
magnetostriction. 
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FIG.  6  Reduced  magnetization  as  a  function  of  reduced  temperature  for 
’rb,.(Fcoi*)Zri,.iD)  i-y  where  v  =  0  at.  %  (V)  with  Handrich  lit  for  4=0.6 
( . )  andy  =  3  at.  %  (•)  with  Handrich  fit  for  4=0  ( - ). 
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Magnetic  ordering  in  the  three-dimensional  site  frustrated  Heisenberg 
model 
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We  study  transverse  spin  freezing  in  the  site  frustrated  three-dimensional  classical  Heisenberg 
model  using  Monte  Carlo  simulations.  For  small  values  of  the  site  randomness,  there  is  no 
transverse  spin  freezing  in  the  ferromagnetic  state.  As  the  fraction  of  the  antiferromagnetic  sites  is 
increased  beyond  16%,  we  observed  that  the  transverse  component  of  the  spins  freeze  in  random 
directions  at  temperatures  below  some  value  T^y .  Similar  behavior  is  observed  in  the 
antiferromagnetic  state.  We  compare  results  of  this  model  to  those  of  the  bond  frustrated  model. 

Finally  an  approximate  phase  diagram  of  this  model  is  presented. 


I.  INTRODUCTION 

Recent  experimental  studies'"'^  of  partially  frustrated 
magnetic  systems  have  demonstrated  the  existence  of  a  trans¬ 
verse  spin  freezing  phenomenon  below  the  ferromagnetic 
transition.  Such  a  freezing  is  characterized  by  the  sudden 
increase  of  the  local  spin  length,  as  measured  by  Mdssbauer 
spectroscopy,  when  the  temperature  is  lowered  below  some 
value  Tjiy .  This  behavior  is  found  for  a  range  of  frustrations 
in  systems  such  as  a-Fe^Zri__^  and  Aui_^Fe^.'  In  a  recent 
paper,'*  we  examined  theoretically  the  spin  freezing  phenom¬ 
enon  and  the  critical  behavior  of  a  bond  frustrated  three- 
dimensional  Heisenberg  model.  Our  Monte  Carlo  calcula¬ 
tions  gave  results  in  qualitative  agreement  with  the 
experimental  findings.  In  particular,  we  found  that  at  a  low 
temperature  l\y  below  the  Curie  temperature  ,  the  trans¬ 
verse  spin  component  freezes  out,  leading  to  an  increase  in 
the  total  spin  length.'* 

'Fhe  bond-frustrated  model  seems  to  describe  the  trans¬ 
verse  spin  freezing  in  systems  such  as  a-Fe^Zri-^.,  where 
there  is  only  one  magnetic  compound,  and  the  magnetic  in¬ 
teraction  are  determined  from  nearest-neighbor  distances. 
However,  there  are  other  magnetic  systems  for  which  this 
model  is  not  appropriate.  An  example  is  Eui_.jOd^S  in 
which  the  spin  glass  phase  is  induced  by  site  frustration.^ 
Theoretically,  site  randomness  can  be  introduced  by  replac¬ 
ing  a  fraction  /  of  ferromagnetic  sites  by  antiferromagnetic 
sites.  If  /  is  small  then  no  frustration  is  expected.  However, 
at  larger  values  of  /  when  the  antiferromagnetic  sites  start  to 
form  a  percolating  network,  the  randomness  will  lead  to  frus¬ 
tration  and  change  the  magnetic;  behavior  of  the  system. 
Thus,  we  expect  that  site  frustration  will  give  rise  to  a  some¬ 
what  different  phase  diagram  compared  with  the  bond  frus¬ 
tration  model,  especially  for  transverse  spin  freezing  which 
crucially  depends  on  the  degree  of  frustration.  It  is  the  pur¬ 
pose  of  this  work  to  investigate  the  behavior  of  the  site  frus¬ 
trated  Heisenberg  model  using  Monte  Carlo  simulations. 

II.  MODEL 

We  consider  a  system  of  classical  Heisenberg  spins  Sj  on 
a  simple  cubic  lattice  in  zero  magnetic  field.  The  Hamil¬ 
tonian  is  given  by  „y,yS,Sy .  Here,  is  the  ex¬ 

change  interaction  between  nearest-neighbor  spins  on  lattice 


sites  i  and  j,  respectively.  We  introduce  site  randomness  into 
the  system  by  replacing  a  fraction  /  of  ferromagnetic  sites  by 
antiferromagnetic  sites.  The  values  for  the  Curie  temperature 
of  the  ferromagnetic  Heisenberg  model  (/=0)  and  the  Neel 
temperature  of  the  antiferromagnetic  Heisenberg  model  (/ 
=  1)  are  identical,  T^=1.44J. 

The  model  with  site  frustration  was  investigated  using 
the  standard  Metropolis  Monte  Carlo  method.  A  three- 
dimensional  system  of  8^  spins  on  a  simple  cubic  lattice  was 
initiated  with  high-temperature  configurations.^  The  system 
was  then  annealed  via  25  temperature  intervals  to  a  low  tem¬ 
perature  of  0.0005 T// .  At  each  temperature,  statistical  aver¬ 
ages  of  relevant  physical  quantities  were  taken.  A  calculation 
of  the  relaxation  time  for  temperatures  away  from  Tff  re¬ 
vealed  that  about  2000  Monte  Carlo  steps  per  spin  (MCSs) 
were  needed  to  reach  equilibrium  at  such  temperatures,  and  a 
larger  number  of  MCSs  were  needed  close  to  T n  where  criti¬ 
cal  slowing  down  becomes  important.  After  the  system 
reached  equilibrium,  statistical  averages  of  physical  quanti¬ 
ties  were  collected  over  4000  MCSs.  We  found  that  fluctua¬ 
tions  in  the  energy  were  indeed  Gaussian  distributed  for 
4000  MCSs  thus  our  choice  of  the  number  of  steps  was  rea¬ 
sonable.  Finally,  results  for  ten  different  realizations  of  the 
site  randomness  for  a  given  /  were  averaged.  The  values  of  f 
used  in  the  simulations  ranged  from  0  to  1  and  we  were  thus 
able  to  calculate  the  entire  magnetic  phase  diagram  for  the 
system. 

We  compute  a  time  average  of  the  spin  components  and 
of  the  square  of  the  transverse  spin  components  at  each  site, 
i.e., 

1  J, 

m/=-  ^  S,(t') 
and 

j  ^ 

~  t'  -=1 

where,  as  mentioned  above,  t-40(K)  MC  steps,  From  these 
local  quantities  we  calculate  the  following  spatially  averaged 
quantities;  (1)  the  root-mean-square  spin  length 
5',n,5=  (2)  the  bulk  magnetization 

A/^=  1 /A/|^f..  ,m,|,  (3)  the  staggered  magnetization 
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FIG.  1,  Temperature  dependence  of  the  different  spin  averages.  (▲)  5,„,, 
{<>)  M f,  {*)  Af, ,  (□)  OjL ,  and  (A)  Qj,y ,  is  the  temperature  where  Qj^ 
starts  to  decrease  from  2/3.  (a)  f=0\  (b)  /=18%.  T^y  in  (b)  is  the  tempera¬ 
ture  where  (2,y  becomes  nonzero. 


My=  l/A/|S/Li.y’iii(|,  where .y'is  a  matrix  with  the  symmetry 
of  the  antiierromagnetic  structure  of  the  lattice,  (4)  the  mean 
square  of  the  spin  projection  on  the  x-y  plane 
=  (5)  the  x-y  projection  of  the  time- 

averaged  spin  components  2;^^  =  The 

last  two  quantities  take  into  account  ordering  in  the  x-y 
plane  and  may  therefore  exhibit  the  onset  of  anisotropy  and 
spin  freezing  ii.  the  system. 

III.  RESULTS 

Figures  1(a)  and  1(b)  show  data  for  quantities  Mf, 

Af  j .  Qx>  Qxy  functions  of  temperature,  for  several 
values  of  site  frustration  /.  In  Fig.  1(a)  the  pure  ferromag¬ 
netic  case  (f=0)  is  shown.  This  shows,  as  expected,  that  the 
order  parameter  Mf  and  the  local  spin  length  are  iden¬ 
tical  below  the  critical  temperature  (which  is  equal  to  T,{ 
in  this  case),  .as  the  system  orders  to  a  collinear  configura¬ 
tion.  Above  I'c ,  Qi  takes  the  value  2/3  since  the  spins  are 
randomly  rotating  in  three  dimensions  thus  spending  2/3  of 
the  time  in  the  transverse  plane  where  is  computed.  Be¬ 
low  decreases  to  zero  at  T=i)  as  expected  for  /=0. 

Naturally  the  quantity  Q^y  is  zero  for  all  T  when  /=0  since 
there  is  no  spin  freezing. 

Up  to  /~0.16,  the  behavior  is  similar  to  the  /=0  case. 
As  we  further  increase  the  site  randomness  /,  interesting 
features  start  to  show.  Figure  1(b)  are  the  data  for  /=0.18. 
Here,  we  can  see  that  Q^^y  becomes  nonzero  at  a  low  tem- 
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FIG.  2.  Time  averaged  spin  configuration  for  f—7ib%  and  7'  =  0. 1 2r,/  of  a 
8^  system  projected  onto  the  x-y  plane.  Eaeh  point  therefore  is  a  stack 
containing  eight  spins. 


perature  T^y .  Since  Q^y  measures  the  time-  averaged  length 
of  the  spin  components  in  the  transverse  plane,  a  nonzero 
value  of  2jy  signals  the  freezing  out  of  that  component.  In 
this  situation  2i .  the  mean  square  of  the  spin  projection  on 
the  x-y  plane,  remains  nonzero  as  T  approaches  0.  For  a 
simple  cubic  lattice  there  are  six  neighboring  spins  per  site, 
thus  we  expect  that,  on  average,  all  the  spins  will  be  affected 
when  the  site  randomness  reaches  16%-17%.  Indeed,  spin 
freezing  is  observed  around  this  value  of  frustration.  This  is 
very  different  from  the  behavior  of  the  bond-frustrated  sys¬ 
tem.  There,  any  finite  f  gives  rise  to  the  transverse  freezing."* 
In  the  bond  frustrated  system,  frustration  is  induced  by  just 
replacing  one  ferromagnetic  bond  by  an  antiferromagnetic 
bond.  In  the  site  frustrated  model,  however,  the  replacement 
of  a  single  ferromagnetic  site  by  an  antiferromagnetic  site 
only  decreases  the  bulk  magnetization  and  has  no  other  ef¬ 
fect.  Frustration  for  the  site  frustrated  model  can  only  occur 
when  there  are  at  least  two  neighboring  antiferromagnetic 
sites.  This  occurs  on  average  at  a  value  given  by  /=^  '’ 
where  q  is  the  coordination  number  of  the  lattice.  For  our 
case,  q=(>  at  /=0.167.  Finally  we  notice  the  different  values 
of  M f  and  below  T,. ;  part  of  the  difference  is  now 
contributed  by  the  transverse  spin  freezing  as  5„ns  hs  the 
vector  sum  of  the  z  as  well  as  the  transverse  components  of 
the  spins.  For  higher  values  of  /,  all  features  are  similar  to 
those  of  Fig.  1(b).  Due  to  more  frustration  in  the  system  with 
higher  /,  it  is  easier  to  freeze  out  the  transverse  spin  compo¬ 
nents,  thus  Tjiy  has  increased  to  higher  values. 

An  interesting  result  is  the  behavior  of  the  staggered 
magnetization  as  f  is  increased  from  zero.  We  found  that 
starts  to  have  nonzero  values  at  the  same  temperature  as  T^. . 
This  seems  to  indicate  that  in  the  x-y  plane  the  spin  compo¬ 
nents  freezes  antiferromagnetically.  To  see  this,  we  plot  a 
typical  configuration  of  the  spin  components  in  the  x-y  plane 
in  Fig.  2  for  /=().36  at  T~0. 127',/.  Indeed,  we  see  that  the 
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FIG.  3.  An  approximate  phase  diagram  of  the  model.  Open  circles  are 
temperatures  .  Solid  circles  are  temperatures  .  The  dashed  line  with 
open  boxes  and  diamonds  roughly  separates  the  mixed  phase  from  the  FM 
and  AFM  regions.  The  line  is  determined  from  the  peak  position  in  the 
susceptibility  as  we  sweep  /  at  fixed  temperature.  The  error  bars  arc  deter¬ 
mined  as  standard  deviation  from  ten  realizations  of  site  randomness  for 
each  value  of  /. 


transverse  components  try  to  order  antiferromagiietically. 

In  Fig.  3  we  present  an  estimate  of  the  phase  diagram  for 
this  model.  The  phase  transition  lines  from  the  paramagnetic 
state  (PM)  to  the  ferromagnetic  (FM)  and  antiferromagnetic 
(AFM)  states  were  determined  by  calculating  the  susceptibil¬ 
ity  of  the  system.  We  took  the  peak  position  of  the  suscepti¬ 
bility  as  the  transition  point.’  The  7'^.^  line  was  determined  as 
the  temperature  where  Qj.  just  became  nonzero.  We  note  that 
there  is  no  phase  transition  across  the  line  of  and  it 
represents  the  short-range  behavior  of  the  transverse  spin 
freezing.  The  onset  of  the  freezing  occurs  at  frustration 
/~16%  in  the  ferromagnetic  state,  and  /~84%  in  the  anti¬ 
ferromagnetic  state.  At  these  values  of  /,  the  phase  transition 
temperature  'f,.  starts  to  decrease.  In  the  region  between 
/=45%  and  /~55%,  and  T,,y  merge  together. 

Apart  from  the  usual  states,  at  the  middle  region  of  the 
phase  diagram  there  is  a  state  we  termed  "mixed  phase.”  We 
found  that  in  the  mixed  phase  Qx  remains  nonzero  down  to 
zero  temperature  and,  in  fact,  it  has  rather  substantial  values 
at  low  temperatures.  For  instance  with  f=5l%,  (2i'“0.45  at 
7’=0.  We  have  checked  from  the  spin  configurations  that  this 
large  value  of  Qx  was  due  to  the  fact  that  many  spins  lie 
almost  completely  in  the  transverse  plane  in  the  mixed 
phase,  and  that  they  actually  form  antiferromagnetic  configu¬ 
rations  (Fig.  2).  Thus  this  part  of  the  phase  diagram  is  char¬ 


acterized  by  ferromagnetic  domains  pointing  in  the  z  direc¬ 
tion  mixed  with  antiferromagnetic  domains  pointing  in  the 
transverse  plane.  We  have  performed  simulations  to  compute 
the  susceptibility  at  fixed  temperatures  by  sweeping  /.  A 
peak  occurred  in  the  susceptibility  at  the  broken  line  in  the 
phase  diagram  which  separates  the  FM  and  AFM  from  the 
mixed  phase.  Unfortunately,  we  were  not  able  to  determine 
the  nature  of  the  region  near  this  line  as  extremely  large 
simulations  are  needed  to  determine  whether  there  is  a  true 
phase  transition  from  the  FM  or  AFM  states  to  the  mixed 
phase  as  /  or  7  is  varied.  We  hope  to  report  such  a  study  in 
the  future. 

CV.  CONCLUSIONS 

Our  Monte  Carlo  simulations  on  the  site  frustrated 
Heisenberg  model  give  qualitatively  similar  results  to  those 
of  the  bond  frustrated  model.  In  particular  the  transverse  spin 
freezing  phenomena  are  observed  which  lead  to  an  increase 
of  the  local  spin  length.  However,  the  frustration  does  not  set 
in  until  the  site  randomness  reaches  ~16%.  Thus,  the  trans¬ 
verse  spin  freezing  temperature  T^y  remains  zero  until  / 
reaches  that  value.  We  have  observed  a  mixed  phase  for  large 
values  of  the  site  randomness  at  low  temperatures.  Such  a 
disordered  phase  is  characterized  by  the  configurations  of 
mixed  ferromagnetic  and  antiferromagnetic  domains.  Finally 
we  have  estimated  the  phase  diagram  of  this  model  and  it  is 
in  qualitative  agreement  with  experimental  findings.'^ 
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Mossbauer  measurements  of  spin  correlations  in  a-(Fe,Ni)goZrgSn 
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The  local  spin  structure  of  the  partially  frustrated  amorphous  Fci,()..,.Ni^.Zr9Sn  system  was 
investigated  by  Mossbauer  spectroscopy  for  a:=I,3.  The  magnetic  probe  atom  '"’^Fc  and  the 
nonmagnetic  “‘^Sn  were  used  to  monitor  the  local  correlation  of  the  spins.  The  additional  Ni  renders 
the  system  less  frustrated.  We  measured  the  temperature  dependence  of  the  hyperfine  fields  of  the 
two  probe  atoms.  The  ratio  (By,|("''Sn))/(B,||{”Fe))  rises  with  increasing  temperature.  This  is  in 
contrast  to  the  temperature  independence  found  for  this  ratio  in  Fe(;2Zr7Sn.  A  similar  ri.se  was  found 
in  the  crystalline  spin-glass  AuFe  where  the  slope  was  much  larger  and  was  related  to  a  loss  of 
longitudinal  correlations. 


INTRODUCTION 

In  amorphous  and  crystalline  materials  with  competing 
antiferromagnetic  (AF)  and  ferromagnetic  (FM)  exchange 
couplings  two  magnetic  transitions  have  been  observed  in 
the  low  to  medium  frustration  range.'  The  first  transition 
marks  the  onset  of  ferromagnetic  ordering  at  T,. .  At  the  sec¬ 
ond  transition  temperature,  T^y,  the  transverse  degrees  of 
freedom  freeze.*’^  Overlaying  the  gross  ordering  behavior, 
are  a  series  of  phenomena  associated  with  magnetic  correla¬ 
tions  and  excitations.  Neutron  depolarization''  and  luirentz 
microscopy''  clearly  show  the  existence  of  long-range  (~10 
fim)  magnetic  correlations  which  appear  at  7',.  and  persist 
through  Ti:y,  consistent  with  the  formation  of  a  ferromag¬ 
netic  state,  By  contrast,  small  angle  neutron  scattering  re¬ 
veals  significant  contributions  from  short-range  (~10  nm) 
correlations,*  which  are  sensitive  to  both  magnetic  transi¬ 
tions,  and  exist  well  above  T,. . 

One  way  to  probe  short-range  magnetic  correlations  is  to 
use  Mossbauer  spectroscopy.  For  a  magnetic  probe  atom  like 
”Fe  the  main  contribution  to  the  measured  hyperfine  field 
stems  from  the  local  moment  of  the  atom  itself.  For  a  non¬ 
magnetic  probe  atom  like  "''Sn  only  the  transferred  fields 
from  the  neighboring  magnetic  moments  contribute  to  the 
measured  hyperfine  field.  If  the  spin  structure  is  collinear, 
then  the  fields  from  the  neighboring  moments  should  add 
coherently,  and  a  large  transferred  field  should  be  observed  at 
the  nonmagnetic  site,  while  a  noncollincar  or  random  spin 
structure  should  lead  to  a  partial  cancellation  of  the  contri¬ 
butions  and  thus  a  smaller  transferred  field.  The  ratio  of  the 
(transferred)  "‘'Sn  field  to  the  (generating)  '"’^Fc  field  contai'  ■ 
information  about  the  degree  of  collinearity,  and  the  tem¬ 
perature  dependence  of  the  ratio  can  be  used  to  scale  out  the 
large  changes  due  to  thermal  fluctuations,  and  reveal  smaller 
effects  due  to  changes  in  spin  structure.  This  technique  has 
been  used  to  study  spin  correlations  in  several  frustrated 
magnetic  systems.  In  amorphous  Feg2Zr7Sn| ,  where  the  frus¬ 
tration  arises  through  the  distance  dependence  of  the  Fe-Fe 
direct  exchange  interaction,  the  tran.sversc  spin  components 
were  found  to  be  correlated'’  as  no  change  in  the  field  ratio 
was  ob.served  on  cooling  through  7\,. .  Similarly,  in  AuFe, 
where  the  frustration  is  due  to  competition  between  long- 
ranged  Ruderman-Kittel-Kasuya-Yosidu  (RKKY)  and 
nearest-neighbor  direct  exchange  interactions,  both  '‘"’Au 


and  ""Sn  Mossbauer  resonances  have  been  employed,  and 
clear  evidence  for  strongly  correlated  tran.sver.se  spin  compo¬ 
nents  was  obtained.^’"  However,  more  detailed  examination 
of  the  temperature  dependence  of  the  "'^Sn/*^Fe  field  ratio, 
revealed  evidence  for  a  decay  in  the  longitudinal  spin  corre¬ 
lations  on  cooling,'*  a  result  that  is  consistent  with  observa¬ 
tions  on  similar  compositions  by  neutron  depolarization.'' 

In  order  to  further  understand  the  behavior  of  the  field 
ratio  it  is  necessary  to  study  a  range  of  frustrated  magnetic 
.systems.  We  have  previously  reported  work  on  the 
a-(Fe,  ,_,Mn^)7KG22  system  (G  is  a  mixture  of  glass  forming 
elements  like  Si,  B,  Al,  P),  which  is  frustrated  through  the 
addition  of  manganese,'*  however  interpretation  is  compli¬ 
cated  by  the  large  magnetic  moment  of  the  Mn  atoms.  Here 
we  report  work  on  a  simpler  system,  a-(Fe9o_^.Ni^)()(iZri(),  in 
which  the  addition  of  Ni  reduces  the  frustration  in  the  alloy, 
raising  1\.  and  suppressing  the  transverse  spin  freezing 
transition."’  In  addition  to  the  reduction  of  noncollinearity 
with  increasing  nickel  content,  the  excitations  become  better 
behaved."  No  spin  waves  were  observed  by  inelastic  neutron 
.scattering  for  jc=0,  and  while  spin  waves  are  seen  below 
for  .V  =  1 ,  they  soften  on  cooling,  and  were  not  resolved  be¬ 
low  0.17’,,.  Well-defined  spin  waves  are  present  for  x^5. 
Nickel  carries  a  relatively  small  moment  in  this  system 
(~[).6/%")  and  as  it  is  only  present  in  lo\v  concentrations,  its 
direct  effects  on  the  "'’Sn  hyperfine  field  should  be  small. 
Therefore,  the  dominant  contributions  to  the  "‘’Sn  field 
should  come  from  changes  in  the  magnetic  structure.  The 
two  samples  considered  here  contain  1  and  3  at.  %  nickel; 
insufficient  nickel  to  render  the  materials  ferromagnetic. 

EXPERIMENTAL  METHODS 

Ingots  for  melt  spinning  were  prepared  by  first  melting 
appropriate  quantities  of  Zr  (99.8%)  and  Ni  (99.99?^))  in  an 
arc  furnace  under  titanium-gettered  argon,  then  the  Fe 
(99.98%)  was  added  and  the  constituents  were  alloyed  by  rf 
melting  under  an  Ar  atmosphere.  Enriched  "'’Sn  was  used  in 
order  to  get  approximately  8  mg  "‘'Sn  per  1  g  sample  weight 
to  ensure  a  usable  absorption  in  the  "'’Sn  spectra.  Melt  spin¬ 
ning  was  done  under  a  helium  atmosphere  on  to  a  copper 
wheel.  The  amorphous  structure  of  the  sample  was  verified 
by  x-ray  diffraction,  DSG  measurements,  and  room- 
temperature  Mossbauer  spectroscopy.  The  resultant  amor- 
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FIG,  1.  and  "’Sn  Mossbauer  spectra  for  Fc,„_^Ni^Zt,Sn  taken  at  12  K. 

phous  ribbons  were  mounted  on  tape  in  order  to  make  a 
Mossbauer  absorber.  The  MS  spectra  were  taken  with  a  con¬ 
ventional  constant  acceleration  spectrometer  with  a  ^’Co/Rh 
source  for  the  ’^Fe  spectra  and  a  Ca^^SnOs  source  for  the 
spectra.  The  temperature  was  varied  by  means  of  a 
vibration-isolated,  closed  cycle  He  cryostat  or  a  continuous 
flow  cryostat. 

The  ^^Fe  spectra  were  fitted  using  two  Gaussian  distri¬ 
butions  to  describe  the  hyperfine  field  distribution.  For  the 
“^Sn  spectra  a  single  Gaussian  distribution  with  different 
widths  on  the  low  and  high  field  side  was  used.  As  the 
sample  is  an  amorphous  ribbon  the  intensity  of  the  2nd  and 
5th  lines  could  not  be  fixed  to  its  powder  average  value. 
Therefore  the  intensity  was  fitted  in  the  '”Fe  spectra,  and 
then  set  to  the  value  found  in  those  fits  (—1)  in  order  to  fit 
the  "’Sn  spectra.  A  linear  correlation  between  the  isomer 
shift  and  the  hyperfine  field  was  assumed  in  order  to  fit  the 
slight  asymmetry  in  the  spectra.  Spectra  taken  at  12  K  for  the 
different  compositions  and  the  two  probe  atoms  along  with 
the  fits  are  shown  in  Fig.  1 . 

RESULTS 

As  expected,  increases  on  adding  Ni,  being  247.*:  5  Iv 
for  =  1  and  270  ±5  K  forx=3,  compared  with  230  ±5  K  for 
A  =0.  The  temperature  dependence  of  the  average  *^Fe  a.:d 
“'’Sn  hyperfine  fields  is  given  in  Fig.  2.  The  curves  sluw 
Brillouin-like  behavior  in  all  cases,  and  the  derived  T,.  fo» 
each  alloy  is  the  same  for  both  the  Fe  and  Sn  measuremenfs. 
confirming  that  the  Sn  probes  the  same  magnetic  behavior  -.o 
Fe. 

The  *^Fe  hyperfine  field  at  12  K  rises  on  adding  nickel, 
increasing  4%  on  going  from  a  =0  to  a  ~  1 ,  and  a  further  6% 
on  going  to  a=3.  The  width  of  the  hyperfine  field  distribu- 
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FIO.  2.  Temperature  dependence  of  the  average  '^Fc  and  "''Sn  liypcrfinc 
fields  for  llic  two  compositions  of  Fev(,_jNi,Zr(,Sn, 


tion  also  narrows  slightly.  These  results  are  in  accordance 
with  more  collinear  ordering,  and  the  increased  magnetiza¬ 
tion  observed  in  this  system  on  adding  Ni,'“ 

The  behavior  of  the  '"^Sn  transferred  hyperfine  field 
however,  is  less  straightforward.  The  shapes  of  the  “'^Sn 
spectra  shown  in  Fig.  1  are  different,  reflecting  a  4%  increase 
in  the  width  of  the  hyperfine  field  distribution  on  going  ftom 
A=1  to  A =3,  however,  this  broadening  does  not  translate, 
into  an  increased  average.  It  is  immediately  apparent  from 
Fig.  2,  that  the  average  Sn  field  at  12  K  docs  not  match  the 
increase  in  the  iron  moment  derived  both  from  magnetization 
measurements  and  the  ^^Fe  Mossbauer  spectra.  In  clear  con- 
tra.st  to  the  '’Fc  data,  the  average  "'^Sn  hyperfine  field  does 
not  change  with  composition,  and  the  slight  difference  in 
temperature  dependence,  apparent  in  Fig.  2,  simply  reflects 
the  higher  of  the  a  =  3  sample. 

Plotting  the  ratio:  (BA;('‘‘^Sn))/(fl„;(”Fe)>  (Fig.  3)  re¬ 
veals  another  puzzle.  Since  the  Sn  field  does  not  increase 
with  the  Ni  content,  the  Sn/Fc  field  ratio  decreases  on  mov¬ 
ing  to  the  less  frustrated,  and  thus  more  collinear,  sample. 
Furthermore,  a  clear  temperature  dependence  is  apparent, 
with  a  slope  of  —  1.5X  UF"*  K  at  least  an  order  of  magni¬ 
tude  greater  than  the  largest  slope  consistent  with  the  data 
from  Fei,2Zr7Sn| This  slope  should  also  be  compared  with 
the  much  stronger  temperature  dependence  of  ~9x  10"*  ' 

observed  in  AuFe  by  '''*Sn  Mossbauer  spectro.scopy.  In  the 
ease  of  AuFe,  the  decline  in  the  field  ratio  on  cooling  was 
interpreted  as  evidence  for  a  loss  of  longitudinal  order,  a 
conclusion  consistent  with  neutron  depolarization  measure¬ 
ments.  However  in  the  case  of  r/-Fe,,||  (NijZrm  no  tempera¬ 
ture  dependence  was  seen  for  a==(),  and  adding  nickel  le¬ 
ttuces  frustration,  making  the  system  more  ferromagnetic. 

D,  Wlarda  and  D.  H.  Ryan 


0.40 


0.36 

- 1 - 1 - 1 - 1 - 1 - 1 - r— 

0.32 

Ratio 

o 

h 

03 

i 

f  ■■■■'* 

- 

0.24 

.  4  .  (J) 

_ 

0.20 

- 

n  1 R 

- 1 — - 1 - - 1 _ 1 _ 1 

0.16  ' - ' - ' - ' - ■ - ' - ' — 

0  BO  160  240 


T  [K] 

FIG.  3.  Temperature  depende.ice  of  the  ratio  for  the 

two  compositions  of  Fei,|)_,Ni;,Zr,Sn. 

Two  possible  conclusions  can  be  reached,  (i)  There  is,  in 
fact,  a  loss  of  collinear  order  on  cooling  in  fl-Fe9o_,NijjZr,„. 
Independent  confirmation  of  this  behavior  will  be  difficult  to 
obtain,  as  the  effect  is  quite  small.  The  reduction  of  thermal 
fluctuations  on  cooling  from  100  to  0  K,  leads  to  a  factor  of 
two  increase  in  the  magnetization,  while  the  change  in  the 
field  ratio,  and  hence  in  the  degree  of  collinearity,  over  the 
same  temperature  range  is  only  about  1%.  Unambiguously 
separating  these  two  contributions  would  be  extremely  diffi¬ 
cult.  The  existence  of  a  collinearity  loss  in  this  system  is 
unexpected  since  magnetization  and  neutron  scattering  mea¬ 
surements  both  show  that  the  material  becomes  more  ferro¬ 
magnetic  with  increasing  Ni  content.  Moreover,  a  more  frus¬ 
trated,  binary  a-Fe-Zr  alloy  showed  no  evidence  of  a 
collinearity  decay,  (ii)  The  Sn  hyperfine  field  does  not  probe 
correlations  between  the  neighboring  Fe  moments  in  the 
simple  manner  proposed,  perhaps  as  a  result  of  a  greater 
tendency  to  form  covalent  bonds.  The  failure  of  the  Sn  field 
to  rise  with  the  increase  in  the  Fe  moment  certainly  provides 


support  for  this  view.  However,  both  ‘‘^*’Au  and  '‘"^Sn  Moss- 
bauer  measurements  in  AuFe  yielded  the  same  result,  and 
confirmed  neutron  depolarization  measurements.  This  agree¬ 
ment  suggests  that  Sn  does  not  sample  its  environment  any 
more  selectively  than  Au,  and  also  shows  that  a  loss  of  col¬ 
linear  order  does  yield  the  correct  signature  in  the  hyperfine 
field  ratio.  It  is  possible  that  the  additional  Ni  leads  to 
changes  in  the  Fe  moments  which  are  not  probed  by  the  Sn. 
For  example,  even  small  changes  in  the  orbital  contribution 
to  the  iron  moment  can  have  significant  effects  on  the  '  Fe 
hyperfine  field,"  but  would  not  be  seen  by  neighboring  Sn 
atoms.  It  is  not  clear  why  the  temperature  dependence  of 
such  effects  should  differ  from  that  of  the  average  moment 
so  as  to  yield  a  temperature  dependent  field  ratio. 
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Study  of  the  spin  glass  transition  of  amorphous  FeZr  alloys  using  small 
angle  neutron  scattering 
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SANS  experiments  of  ;in  amorphous  Fe,^,Zr|ii  alloy  were  carrieil  out  in  the  tem|Krature  rejiion 
20-3(K)  K  with  and  without  the  application  ■><  <  magnetic  tield  the  scattering  versus  temperature 
for  different  Q  values  (zero  field  crniled  magneti/ation)  shows  two  transitions  at  /,  240  K  and 

/'^=40  K.  However,  both  transitions  are  not  observed  in  magnetic  tield  i2  0  k(i)  cooling  down 
curves.  By  switching  edf  the  magnetic  field  and  warming  up  the  sample  onlv  the  transition  at  T ,  40 
K  is  observ'ed.  Application  of  a  magnetic  field  at  different  temperatures  in  a  zero  field  cmiled  sample 
reduces  the  scattering;  the  scattering  returns  to  its  initial  value  after  switching  oft  the  field 


INTRODUCTION 

Amorphous  l•C|  ./.v  alloys,  where  t  0  1.  exhibit  ati 
unusual  complex  magnetic  iKhavior.  At  240  K  they  ex¬ 
hibit  a  transition  from  the  paramagnetic  state  to  the  long- 
range  ferromagnetic  U'M)  ordetitig.  whereas  at  the  lower 
temperature  'r/(//  =  0)  =  4(1  K  another  transition  to  a  "spin- 
glas.s-likc"  (S(i)  (reentrant)  state  occuis  '  Most  of  the  ex|Kii- 
mental  evidence  referred  to  the  Tf  transition  could  Ik  ex¬ 
plained  by  the  coexistence  and  competition  of  ferromagnetic 
and  antiferromagnetic  interactions.*’  Recent  magneti/ation 
and  Mos.sbaucr  measurements'  of  the  l•eg„/,r||,  alloy  have 
been  interpreted  us  being  consistent  with  finite  lerromagnetic 
clusters  in  a  ferromagnetic  matri  t.''  However,  questions  have 
been  raised  as  to  whether  the  T/  transition  is  indeed  a  I  M  to 
true  SG  slate  transition.  The  ac  susceptibility  could  Iv  ex¬ 
plained  by  either  a  SCi  transition  or  domain  pinning  effects, 
TEM  and  Lorentz.  microscopy  studies'  have  revealed  the  ex¬ 
istence  of  magnetic  domains  down  to  (»  K.  However.  SANS 
experiments*’'  on  re„|Zry  revealed  the  existence  of  tvvii  dif¬ 
ferent  spin-spin  correlation  lengths,  the  longest  ircrsisting  up 
to  temperatures  even  higher  than  /,  .  whereas  the  shortest 
appears  below  T,  . 

In  this  paper,  we  report  small  angle  neutron  scattering 
(SANS)  measurements  of  an  amorphous  l  e.^d/.r,,,  alloy  I  he 
two  transitions  in  zero  tield  crniled  (ZR’I  magnetization,  re¬ 
ported  previously,  arc  observed  around  the  same  teni(>era- 
tures.  However,  in  a  I-('  sample  only  the  lower  tem|K.'talutc 
transition  iT/)  is  obseived  Interesting  results  ate  ofrtained 
when  a  field  is  applied  aftei  cooling  the  s.iinple  at  different 
temperatures 

EXPERIMENT 

Amorphous  I  e„,Zt|i,  alloy  was  picpared  in  .in  argon  .it 
mosphere  by  the  melt  spinning  mcihotl  Ihe  amorphiciu  ol 
the  alloy  was  verihed  by  x  iay  diffract'  >n  av  vus«.t-piibilitv 
mcasutemenls  showed  two  transitions  at  4(1  and  24(1  K  Rit' 
bons  of  about  1  g  were  stuck  together  and  then  low  .mgk 
scatteri'ig  was  measuied  using  the  1(HJ  instiumeni  ai  the 
spallation  source  ISIS.  Rulheitord  Appleton  I  atsuaioiv  I  n 


gland.  In  this  instrument  a  neutron  wavelength  band  from 
(1.22  to  1  nm  is  utilized  The  averaged  counts  from  the  dif¬ 
ferent  wavcleiigth  bands  are  pulled  together  giving  a 
(J-range  (<.)  4  r  sm  O  X)  from  (1.(17  to  2.(1  nm  '  l  ire  scat¬ 

tering  of  this  alloy  was  measured  in  the  temiKtature  range 
,4(K)-  I.*;  K  with  or  without  the  appl'cation  of  a  magnetic 
field. 

RESULTS  AND  DISCUSSION 

The  change  in  the  si'attering  versus  temperature  in  zero 
magnetic  field  is  show'ir  in  Fig.  1  I  hese  nreasurements  were 
obtained  during  the  cooling  of  the  sample;  a  few  s{>cctra 
were  re|>eated  during  the  warming  up  and  showed  that  the 
scattering  was  revetsible.  From  Fig.  1  we  clearly  observe 
twti  transitions:  the  first  at  241)  K  and  the  second  at  around 
40  K.  From  .MK)  to  2.M)  K  the  scattering  remains  almost  con¬ 
stant.  Below  2.‘i()  K  a  gradual  increase  in  the  scattering  is 
observed  which  ixtaks  at  2.40  K.  As  the  teni|K‘rature  de- 
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creases  from  230  K  the  scattering  for  C?>().12  nm  '  re¬ 
mains  almost  constant,  whereas  for  lower  Q  values  a  con¬ 
tinuous  increase  in  the  scattering  is  observed.  At  aromul  40  K 
a  sharp  increase  in  the  scattering  for  all  Q  values  is  observed. 
Tliese  two  transition  lemperatures  coincide  with  those  ob¬ 
served  from  ac  susceptibility  measurements  carried  out  on 
the  same  sample. 

lire  transition  at  240  K  has  been  attributed  to  a  transition 
from  a  paramagnetic  state  to  a  Umg-tange  terromagneiie  rtt- 
dcring.  In  a  tcrtomagnetic  system  he  neutron  scattering 
within  the  static  approximation  is  given  bv  a  I  orent/ian  form 
(/.I 


/(C>| 


A 

T  ^  . 

c>‘  ‘  h- 


ill 


where  x  is  the  iiiveisx^  spin  correlation  length  which  ap- 
piiuehes  zero  at  the  phase  transition  In  older  to  examine 
whether  the  scattering  follows  a  lauenVian  line  vha|X'  the 
data  were  plotted  as  I  vs  (J'  Ihe  data  do  not  show  a 

linear  behavior  when  the  whole  expeiinieinal  {J  range  is 
used  However,  if  we  restrict  our  attention  to  Ihe  low  (J 
region  (0.07  to  ll,r»  i.m  't,  wc  ol>scrve  two  linear  regions, 
and  in  the  temperature  range  .VtO~  1 10  K  Ibe  (7  value  of  Ihe 
inflection  decreases  with  leiniKratute  (at  2.^1  K  around 
(7-  fl..''  nm  'l  and  is  m>t  oliservcd  within  the  experimental 
window  below  1 10  K  lltese  results  ,sie  very  similar  to  those 
discussed  by  Rhyne  cr  al. ' 

As  discussed  al*ove.  the  data  in  a  plot  of  !//((>)  vs  (j' 
[lixf.  Ill]  are  curved  and  Ihe  departure  from  the  iarreiil/iuit- 
type  shape  inerca.scs  as  Ihe  tem;)cralurc  decreases.  At  these 
temperatures  irreversibility  effects  have  iKeti  observed  in  ac 
su.sccplibiliiy  meusuremcnis  and  it  we  assume  a  random  un- 
ismropy  system  the  scattering  can  be  expressed  in  l.orentzian 
plus  Ljurentziun-squared  (/.  1.2)  rorni** 


A 

q'  +  (x- 


n 


(2) 


A  least -squares  fit  of  (he  experimental  intensities  to  liq.  (2) 
using  the  full  range  gives  physically  meaningful  values 
(rr  >0)  only  in  the  temperature  range  240-110  K.  This  is  the 
lempeiaiu.e  region  in  which  the  intensity  varies  slowly  with 
temperature  (I’ig  1 1.  The  value  of  the  coefficient  A  decrease.s 
with  temperature  (around  .30%  from  240  to  110  K),  whereas 
the  correlation  length  as  determined  from  increases  with 
temperature  from  7..S  nm  at  240  to  19  nm  at  110  K.  The 
decrease  of  A  with  temperature  is  in  accordance  with  the 
behavior  expected  from  a  normal  ferromagnet.  It  should  be 
noted  that  Ihe  experimental  intensity  and  that  calculated  from 
the  filled  A.  H.  and  x  values  agree  very  well  apart  from  a 
small  deviation  at  the  very  low  Q  values.  It  has  been  pro¬ 
posed  that  the  spin  clusters  can  be  presented  by  a  Maxwell¬ 
ian  distribution  However,  by  using  such  a  model  it  is  diffi¬ 
cult  tr>  fit  the  whole  (7  range  and  Ihe  values  of  A  increase 
with  decreasing  leiii(XTalure  llius.  we  can  only  say  that  the 
/  /  2  I  q  (2)  desiTifv.-s  the  ex|Krjmental  data  in  the  tempera¬ 
ture  regions  defined  from  the  first  transition  at  I\  -  240  K  to 
the  onset  of  the  second  one  In  order  to  understand  the  origin 
of  the  low -^7  seatteting  ex|H'ntncnls  in  an  even  lower  (7 
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range  are  requited.  Ihe  inietpreialion  of  the  scattering  al 
temperatures  ai(>und  the  two  transitions  probably  requires  a 
more  sophisticated  mixlel 

The  upplieution  of  a  magnetic  field  at  .300  K  reduces  the 
scattering.  I'his  reduction  is  initially  proportional  to  the  Held 
and  at  kti  saturation  has  been  reached.  The  field-dcpcndcnl 
scattering  cannot  be  described  by  Ihe  simple  Lorenizian  form 
of  Uq.  (1).  However,  a  plot  of  the  ln[/(C?)J  vs  In  (7  exhibits 
a  linear  behavior  for  the  whole  Q  range  and  the  slope  ob¬ 
tained  is  around  2.  This  shows  that  the  scattering  after  the 
application  of  the  magnetic  field  can  be  described  with  a 
function  of  the  form  A/Q".  This  behavior  is  expected  from 
an  ordered  ferromagnetic  system. 

Cooling  the  sample  from  300  K  in  a  2.6  kG  field,  we 
observe  no  change  in  the  scattering  with  temperature.  Nei¬ 
ther  of  the  two  transitions  is  observed.  By  switching  off  the 
magnetic  field  at  20  K  the  scattering  increases,  but  it  dues 
not  reach  the  value  of  the  scattering  observed  during  the 
cooling  of  the  sample  with  zero  magnetic  field  (Fig.  2).  The 
increase  of  the  scattering  observed  after  switching  off  the 
field  at  20  K  occurs  within  5  min,  the  time  required  to  obtain 
the  first  measurement.  No  change  in  the  scattering  is  ob¬ 
served  in  subsequent  measurements,  while  remaining  at  20 
K.  Warming  up,  we  observe  the  lower  transition  at  40  K. 
However,  the  higher  transition  at  7’,,  =  240  K  is  not  observed 
(Fig.  3),  the  scattering  slowly  increases  to  its  original  300  K 
value  in  zero  field. 

In  order  to  examine  the  spin  reorientation  at  different 
temperatures,  a  magnetic  field  was  applied  after  cooling  the 
sample  to  a  specific  temperature  (230,  110,  80,  and  40  K). 
The  change  in  the  scattering  induced  by  the  field  occurs 
within  less  than  2  min  (time  of  the  measurement)  and  the 
scattering  returns  to  its  previous  value  by  switching  off  the 
magnetic  field  within  the  same  time  interval.  In  Fig.  4  the 
effect  of  the  magnetic  field  {H  --l.ti  kG)  applied  after  the 
sample  was  cooled  at  230  K  is  presented.  For  comparison, 
Ihe  scattering  obtained  when  the  same  field  is  applied  at  300 
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K  is  also  presented.  In  order  to  show  the  effect  of  the  niug- 
nctic  held,  the  scultcring  ut  rtKrni  temperature  hus  heen  sub¬ 
tracted  from  all  the  spectra.  I'hc  field-induced  scattering  for 
the  low  Q  values  is  lower  than  the  300  K  scattering  in  zero 
field.  As  Q  increases  it  reaches  the  .3(K)  K  scattering,  further 
increases  to  peak  at  0.44  nm  then  decreases  to  the  .300  K 
scattering  ut  Q  around  1.2  nm  '  (sec  in.sct  of  Fig.  4)  and 
remains  unchanged  for  1 .2  nm  '.As  the  temperature  of 
cooling  is  reduced  these  effects  become  less  pronounced  and 
the  field-induced  scattering  ut  40  and  .3(K)  K  almost  coincide. 


FIO.  4.  The  cffeci  of  a  2.6  kG  magnetic  licld  after  the  sample  was  cooled  ut 
2.XJ  K.  The  scattering  at  rimm  temperature  has  been  subtracted  from  all 
spectra.  Triangles:  ZFC  to  230  K,  circles:  cooling  from  3(K)  to  230  K  in  zero 
held  and  application  of  a  magnetic  field  of  2.6  kG,  squares:  application  of 
2.6  kG  at  3(K)  K. 


CONCLUSIONS 

The  ZFC  SANS  from  an  amorphous  FeynZf  alloy 
shows  two  transitions  tit  240  and  40  K  which  coincide  with 
those  observed  from  ac  susceptibility  measurements  carried 
out  on  the  same  sample.  The  scattering  in  the  temperature 
range  .TtM)-l  10  K  and  in  the  low  Q  region  shows  a  behavior 
which  departs  from  cither  I.  or  I, -LI  form  [Eqs.  (1)  and  (2)]. 
This  scattering  cannot  be  attributed  to  chemical  effects  or 
clustering  since  it  is  temperature  dependent.  If  we  ignore  Ih^ 
low  Q  scattering  we  can  lit  a  l.-Ll  equation  to  the  data  only 
in  the  rang*:  240-110  K.  The  correlation  length  obtained 
from  such  a  fit  increases  with  temperature  from  7..*i  to  19  nm 
and  the  coefficient  .4  which  contain  contributions  from  both 
finite  range  spin  waves  and  from  tlie  static  spin  glass  order 
decreases  with  temperature  as  exiHicled.  The  .3(M)  K  scatter¬ 
ing  is  reduced  with  the  application  of  a  magnetic  field  and 
saturation  is  observed  ut  k(i.  No  change  in  the  scultcring  is 
observed  during  the  ctMiling  of  the  sample  from  .30()  It)  20  K. 
The  icmperature  iiide(K‘ndence  of  the  scattering  during  ctHil- 
ing  and  its  lorni  (AlQ')  indicate  an  ordered  ferromagnetic 
system.  By  warming  up  the  sample  after  switching  off  the 
field  at  20  K  only  the  lower  transition  ut  /'^ -40  K  is  ob¬ 
served  Tlie  switching  off  of  the  field  unlocks  the  spin  cluster 
units  which  undergo  their  transition  at  40  K.  I'hc  unltK'king 
of  the  spin  clu.sters  is  not  complete  since  the  scattering  at  20 
K.  after  switching  off  the  field,  is  not  restored  to  its  ZF(' 
value.  I'hc  FM  matrix  remains  fro/cn  ut  low  temperatures 
and  the  scattering  slowly  recovers  to  its  previous  value  ut 
.300  K  wilhoui  showing  the  =240  K  transition.  The  appli¬ 
cation  of  a  magnetic  field  after  cooling  the  sample  to  u  spe¬ 
cific  temperature  results  in  a  reduction  tif  the  scattering.  The 
effeet  is  more  pronounced  ut  40  K  where  the  field  hus  almost 
the  same  effect  us  when  applied  ut  rmim  temperature.  Nu 
hysteresis  is  observed  in  the  restoration  of  the  scattering  to 
its  previous  value  after  switching  off  the  field.  We  may  as¬ 
sume  Ihul  the  field  mainly  modifies  the  spin  cluster  units.  At 
40  K  a  larger  part  of  the  sample  is  occupied  by  the  spin 
clusters  so  the  effect  is  greater.  This  is  in  agreement  with  the 
unUx-'king  of  the  spin  clusters  when  the  magnetic  field  is 
.switched  oft  at  20  K  after  a  ticid  cooling  of  the  sample, 
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Magnetohistory  effects  in  YFe,!  ,Mo,  (.v=  1. 5-3.0)  have  been  investigated.  The  freezing 
temperature  Tf  increases  with  increasing  Mo  concentration.  Irreversible  behavior  still  appears  in  an 
applied  field  up  to  6  T  for  YFe„  ^Mo,  5.  These  magnetohistory  behaviors  may  be  understood  by 
domain-wall  pinning. 


I.  INTRODUCTION 

Since  l‘)00,  when  SmiFe|7N,  and  NdFenTiN  com¬ 
pounds  were  discovered,'  *  interstitial  compounds  have  been 
intensively  investigated  due  to  their  excellent  magnetic  prop¬ 
erties  for  permanent  magnet  applications.  Anagnoston  et  al. ' 
and  Wang  ei  al.*  first  studied  the  series  (»f  RFeidMoi  nitrides 
and  the  series  of  NdFcu  ,Mo,  nitrides,  respectively.  The 
studies  showed  that  the  RFcu  ,T,  series  with  '/'=Mo  has 
different  magnetic  behavior  from  the  other  series  with  7  =Ti, 
V,  Cr,  W,  and  Si.'  '’  Recently,  YFcii  ,MO(  and  their  nitrides 
were  also  investigated  by  Sun  el  al.  in  order  to  get  informa¬ 
tion  on  the  magnetic  properties  of  the  Fe  sublattice. Some 
mugnetohistr)ry  effects  were  observed  in  both  YFeioMoi  and 
LuFcioMoi  by  Chrislides  el  al.'’  These  magnetohistory  phe¬ 
nomena  arc  very  clos:  to  the  behavior  which  exists  in  spin 
glasses  and  amorphous  alloys.'"  The  authors  in  Ref.  be¬ 
lieved  that  such  phenomena  result  from  the  variation  of 
Fe-Fe  distances  for  YFemMoi  and  I.uFenjMo,  on  different 
Fe  sites  and  the  distribution  of  Mo  atoms  leads  to  a  random¬ 
ness  of  the  exchange  interaction  and  an  establishment  t)f 
noncollinear-type  of  magnetic  order  (helimagnetic  structure). 
However,  such  a  mechanism  is  still  a  matter  of  debate.  In 
fact,  magnetohistory  phenomena  are  often  exhibited  by  some 
rare-earth  transition-metal  alloys,  for  example,  in  YCoiNi, 
observed  in  iy76"  and  recently  in  Ho2Fe|7  ,Ai,'*  and 
R2Fei4 .  ,.Mn(C,''  The  narrow-Bloch-wall  pinning  mecha¬ 
nism  developed  by  Barbara  el  al.  in  the  early  IdTO’s''*  for 
understanding  the  huge  coercive  force  in  the  crystalline  rare- 
earth-transition  metal  alloys  has  been  used  to  explain  the 
magnetohistory  effects.'' 

In  this  work,  we  investigate  the  magnetohistory  effects 
of  the  series  alloys  of  YFci^  .,Mo,  (a  =  1.5 -.3.0)  and  discuss 
the  origin  of  these  effects. 

II.  EXPERIMENT 

Alloys  of  YFe,2  ,Mo,  with  x=- 1.5,  2.0,  2.5.  and  .<  were 
prepared  by  arc  melting  from  W.^)%  starting  materials  under 


an  argon  gas  atmosphere  and  then  vacuum  annealed  at 
1100°C’  for  24  h.  By  x-ray  diffraction  and  thcrmomagnetic 
analysis,  all  samples  were  found  to  be  single  phase  with 
ThMiiij-type  structure.  Experimental  data  of  structural  and 
intrinsic  magnetic  properties  have  been  reported  separately.'' 
.Samples  of  cylindrical  shape  with  a  diameter  of  3  mm  and  a 
length  of  (}  mm  were  made  at  room  temperature  by  aligning 
the  alloy  powders  along  the  cylinder  axis  in  a  magnetic  field 
of  I  T  and  fixing  their  direction  with  cpttxy  resin.  The  low- 
temperature  Ihermomagnetic  data  were  obtained  using  an  ex¬ 
traction  sample  magnetometer  in  the  temperature  range  from 
1.5  to  .31)0  K  in  an  applied  field  up  to  b  T. 


III.  RESULTS  AND  DISCUSSION 

Figure  I  shows  the  temperature  depenoence  of  the  mag¬ 
netization  of  YFe|.  ,Mo,  series  .3.1))  in  an  applied 

field  of  0.045  T  aftc!  zero-field  cooli'u;  (ZFC)  and  field  cool¬ 
ing  (FC)  processes.  Here  the  ZFC'  .urve  is  obtained  by  cool¬ 
ing  the  sample  from  room  temperature  to  1.5  K  in  zero  ap¬ 
plied  field,  and  then  measuring  the  magnetization  with  the 
increase  of  temperature  in  a  certain  applied  field,  while  the 
FC'  curve  is  produced  by  cooling  the  sample  in  the  same 
applied  field.  The  the  momagnetic  cycle  of  ZFC  and  FC  pro¬ 
cesses  exhibits  an  irreversible  behavior.  Values  of  the  mag¬ 
netization  after  /,[■(’  are  obviously  lower  than  those  after  FC', 
The  ZFT'  and  FC'  magnetization  curves  are  coincident  at  high 
temperature.s  and  are  separate  at  low  lentperaturcs.  The  irre¬ 
versible  phenomena  observed  here  in  the  YFci ,  ,Mo,  series 
are  similar  to  that  in  YFe,||Mo,.‘'  Moreover,  the  freezing 
temperature  Tj .  which  is  marked  by  the  arrows  at  the  cusps 
of  the  ZFC  curves  in  the  figure,  decreases  with  decreasing 
Mo  concentration. 

Figure  2  shows  the  temperature  dependence  of  the  ZFC' 
and  FC'  magnetization  curves  in  different  applied  fields  for 
the  YFcijsMo.s  compound.  It  can  be  seen  that  T/  decreases 
with  increasing  applied  field.  Even  if  the  applied  field  goes 
up  to  b  I,  the  irreversible  behavior  does  not  vanish.  This  is 
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FIG.  1.  Tcmpcniturc  dependence  of  the  mugncliziitiun  of  YFc,2  ,Mo,  by 
zero-field  cooling  and  field  ctxtling.  The  arrows  mark  the  freezing  tempera¬ 
ture  T I . 

different  from  the  case  of  YFei()Mo2,  observed  by  Christides 
el  al.,^  where  the  irreversible  phenomenon  disappeared  when 
the  applied  field  went  up  to  (1.7  T. 

Understanding  the  magnetohistory  effects  observed  in 
rare-earth  transition-metal  intermetallic  compounds  has  been 


T(  K  ) 

FIG.  2.  Temperature  dependence  of  magnetization  of  YFc.,,Mo. ,  by  zero- 
field  cixrling  and  field  ciHtling  in  different  applied  fields.  The  arrows  mark 
the  freezing  temperature  T/ . 
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FIG.  3.  Temperature  dependence  of  magnetization  of  YFe,jMo2  ,  by  zero- 
field  cooling  for  thermal  dcmagnctizcc  ingot  (solid  line)  and  magnetized 
ingot  (dashed  line).  The  arrows  mark  the  freezing  temperature  T/ . 


an  interesting  subject  for  scientists  working  on  magnetism. 
Hie  magnelohistory  effects  may  be  described  in  terms  of 
cluster  glasses'"  or  in  terms  of  the  narrow-Bloch-wall.'^  ''^ 
For  the  magnelohistory,  effects  observed  in  RFei()Mo2  (/?=Y 
and  Lu)  were  explained  in  terms  of  cluster  glasses  by  the 
authors  in  Ref.  9,  which  were  established  by  a  competition 
between  the  positive  and  negative  exchange  interactions  due 
to  the  variation  of  Fc-Fc  distances  in  different  lattice  sites, 
since  the  Fc-Fe  interactions  with  short  interatomic  distance 
(-0.24  nm)  may  cause  the  antiferromagnetic  coupling,  but 
the  authors  did  not  explain  why  there  is  no  magnelohistory 
effect  in  GdFetpMo2  which  has  similar  lattice  parameters  to 
YFe,uMo2.'  A  recent  neutron-powder-diffraction  study  on 
YFei2  iMOz**  at  a  temperature  of  10  K  showed  that  all  the 
Fc  atomic  magnetic  moments  arc  parallel  over  the  three  crys¬ 
tallographic  sites.  This  does  not  support  the  proposal  made 
by  the  authors  in  Ref.  9.  For  the  cluster  glass  model,  the 
magnctoiiistory  effect  is  independent  from  the  magnetic  do¬ 
main  structure.  Figure  3  shows  iwo  types  of  ZFC  curves  foi 
YFev5Mo2  5.  It  can  be  seen  that  at  1.5  K  the  thermal  demag¬ 
netized  ingot  has  a  lower  magnetization  value  than  the  ingot 
magnetized  in  a  held  of  6  T  at  2(K)  K.  This  indicates  that  the 
magnetohistory  effect  observed  here  is  associated  with  the 
distribution  of  the  domain  wall.  Therefore  the  narrow-Bloch- 
wail  model  may  be  suitable  for  explaining  the  magilctuhis- 
tory  effects  in  YFCji  ,Mo, . 

The  nculron-powdcr-diffraction  study  on  YFcjj  ,Mo/ 
at  a  temperature  of  10  K  also  showed  that  the  Mo  has  an 
atomic  magnetic  moment  of  1.0  /j.),  which  is  antiparallel  to 
the  Fc-sublatticc  magnetization  and  the  Mo  atoms  arc  mainly 
distributed  on  hi  sites.  The  distribution  of  Mo  substitution  in 
the  iron  sites  in  YFe,2  ,Mo,  may  cause  the  necessary  fluc¬ 
tuation  of  the  exchange  interaction  and  anisotropy  to  form 
the  pinning  of  domain  walls,  so  that  irreversible  magnetic 
behavior  occurs  at  low  temperatures.  This  is  similar  to  that 
observed  in  YCojNi,."  If  *(16  nonmagnetic  Y  is  replaced  by 
magnetic  R,  which  enhances  the  relative  value  of  magneto- 
crystalline  anisotropy  to  exchange  interaction,  the  magneto- 

Wang  el  al. 


history  effects  in  RFcij-^Mo^  can  be  expected.  We  have 
found  that  the  magnetohistory  effects  do  exist  in 
RFei2-iMo^.  with  light  rare-earth  R=Pr,  Nd,  and  Sm.'*’  The 
reason  for  the  absence  of  magnetohistory  effects  in 
GdFeioMo2^  may  be  attributed  to  the  magnetic  Gd^^  which 
couples  antiparallel  to  Fe  and  parallel  to  Mo.  The  magnetic 
Gd  sublattice  smoothes  the  magnetic  fluctuation  caused  by 
Mo  atoms. 

In  conclusion,  magnetohistory  effects  in  YFei2-jrM0t  (jr 
=  1.5-3.0)  have  been  investigated  and  may  be  understood  by 
domain-wall  pinning.  The  experimental  data  give  a  strong 
evidence  that  magnetohistory  effects  are  related  to  the  do¬ 
main  structures  rather  than  the  cluster  glasses. 
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Time  dependence  of  magnetization  in  ferromagnetic  materials  was  first  described  towards  the  end 
of  the  19th  century.  Subsequently,  two  types  of  mechanisms  responsible  for  time  dependent 
behavior  were  identified  and  became  known  as  “diffusion”  and  “fluctuation”  after-effect  or 
viscosity.  The  former  depends  on  thermally  induced  motion  of  impurity  atoms.  The  latter  is  a 
consequence  of  thermal  activation  of  irreversible  domain  processes  such  as  domain-wall  motion  and 
the  nucleation  of  domains  of  reverse  magnetization.  Fluctuation  viscosity  affects,  to  a  greater  or 
smaller  extent,  all  magnetic  materials  subject  to  hystere.sis.  In  the  late  1940s  descriptions  of 
magnetic  viscosity  in  terms  of  fluctuation  fieids  (Neel)  and  activation  energy  distributions  (Street 
and  Woolley)  were  developed.  The  two  approaches  will  be  described.  An  analysis  of  the  time 
dependent  phenomena  exhibited  by  magneto-optical  films  will  be  presented  as  a  simple  example  of 
the  application  of  activation  energy  modeling. 


I.  INTRODUCTION 

Two  different  types  of  magnetic  viscosity  or  after-effect 
have  been  recognized.  The  first  observations  of  the  time  de¬ 
pendence  of  magneti/ation  in  a  constant  field  were  made  by 
Ewing'  and  Rayleigh"  in  their  measurements  of  the  magnetic 
properties  of  soft  magnetic  materials.  Later  Prcisach^  and 
others  observed  a  different  kind  of  time  dependence  in  the 
magnetization  of  harder  magnetic  materials.  Different  pro¬ 
cesses  are  involved  in  the  two  effects.  In  the  first,  magnetic 
processes  are  affected  by  the  diffusion  of  impurity  atoms  and 
the  temperature  dependence  of  the  magnetic  effects  are  typi¬ 
cal  of  diffusion  processes.  The  phenomenon  underlying  Prei- 
sach’s  observations  affect  all  magnetic  materials  which  ex¬ 
hibit  hysteresis.  The  magnetization  processes  of  these 
materials  exist  in  metastable  states  which  transform  to  stable 
states  by  a  combination  of  field  induced  transitions  and  ther¬ 
mal  activation.  Under  constant  field  conditions  the  evolution 
of  magnetization  is  the  result  of  thermal  activation  of  irre¬ 
versible  magnetization  processes.  Observations  of  magnetic 
viscosity  are  made  by  measuring  the  magnetization  M(t)  as 
a  function  of  time  elapsed  after  a  di.scontinuous  increment  of 
magnetic  field.  In  many  cases,  over  restricted  ranges  of 
elapsed  time, 

M(r)  =  ,V  In  r-t- const,  (1) 

where  the  parameter  S  depends  on  the  point  of  measurement 
on  the  magnetization  curve.  S  also  depends  on  the  demagne¬ 
tization  factor  of  the  sample  on  which  measurements  are 
made. 

Two  independent  descriptions  of  the  effects  of  thermal 
activation  on  magnetization  were  given  by  Street  and 
Woolley"  *’  and  Ncel.^’'^  The  latter  considered  the  effects  as¬ 


sociated  with  thermally  induced  random  fluctuations  of  spon¬ 
taneous  magnetization  vectors  in  terms  of  a  fluctuation  field: 

H(l)=Hf(Q+lnt),  (2) 

where  is  u  constant  and  is  known  us  the  fluctuation 
field.  The  time  dependence  of  irreversible  magnetization  is 
obtained  in  terms  of  the  irreversible  susceptibility  Xm  its 

M  |„(  r )  =  ,^,„  //( / )  -  .V  In  /  ■+  const,  (.f ) 

where  .V=  At  !„///• 

In  the  approach  adopted  by  Street  and  Woolley  to  mag¬ 
netic  viscosity,  thermally  activated  rate  processes  involving 
mctastable  states  with  a  distribution  of  activation  energies 
are  ctmsidered.  Thus  N{K)  dE  is  the  number  per  unit  vol¬ 
ume  of  mctastable  states  having,  at  a  given  field  H,  activa¬ 
tion  energies  lying  between  /■'  and  E  +  dE. 


II.  MODELS 

A  domain  model  exhibiting  field  dependent  metastability 
is  based  on  the  work  of  Stoner  and  Wohlfarth"  in  which  they 
examined  the  magnetic  behavior  of  anisotropic  single  do¬ 
main  particles.  The  results  of  many  studies  of  magnetic  vis¬ 
cosity  have  been  discussed  in  terms  of  this  model.  A  simple 
case  of  an  aligned  uniaxial  domain  subjected  to  a  demagne¬ 
tizing  field  H  is  shown  in  Fig.  1.  It  is  a.ssumed  that  the 
magnetization  proceeds  by  coherent  rotation. 

in  the  ca.se  of  an  assembly  of  nonimeracting  aligned  par¬ 
ticles  with  a  distribution  of  volume  f{V)  t/K,  the  distribution 
of  activation  energy  at  a  fixed  field  will  be  given  by 
Kf{V)  dV  (1  -HIEl^y.  The  variation  of  the  activation  en¬ 
ergy  E  as  a  function  of  H  is  shown  in  Fig.  2.  The  activation 
energy  distribution  functions  at  two  different  values  of  field 
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FIG.  1.  Energy  of  an  aligned  uniaxial  domain  as  a  function  of  the  angle 
between  the  field  and  the  magnetization  vector  at  two  different  Acids,  llic 
activation  energy  for  reversal  is  indicated. 


are  also  indicated.  It  is  clear  that  determination  of  the  field 
variation  of  activation  energy  requires  measurements  to  be 
made  at  constant  values  of  magnetization. 

Other  examples  of  magnetization  processes  which  in¬ 
volve  metastable  states  include  domain-wall  motion  subject 
to  weak  and  strong  pinning^''°  and  the  nucleation  of  domains 
of  reverse  magnetization." 

As  noted  by  Street  and  Woolley"*'®  the  rate  of  transfor¬ 
mation  of  metastable  to  stable  states  is  given  by 

^  N{E)dE=  -hN{E)dE  exp(  -  (4) 


FIG.  2.  (a)  Activation  energy  as  a  function  of  demagnetizing  Held  for  an 
aligned  uniaxial  domain.  The  distribution  of  activation  energies  due  to  a 
distribution  of  volumes  is  indicated  at  two  values  of  field,  (b)  The  distribu¬ 
tion  of  activation  energies  at  two  values  of  Acid.  To  determine 
measurements  must  be  made  at  constant  magnetization,  represented  by  the 
shaded  area. 


FIG.  3.  The  distribution  of  energy  barriers  S(E)lp  as  a  function  of  EIkT 
for  various  values  of  time  after  a  discontinuous  step  change  in  Acid.  The 
model  assumes  that  at  /  =  (),  S{E)-p  for  all  E.  For  values  of  lfn>l  the 
curve  sweeps  out  equal  areas  in  equal  logarithmic  increases  in  time  (the 
shaded  regions). 


where  /q  is  the  attempt  frequency,  assumed  to  be  constant. 

The  solution  to  Eq.  (4)  is 

N(E)  =  Na{E)exp[-tfa  Gxp{~E/kT)],  (5) 

where  N^iE)  is  the  initial  number  of  metastable  states  per 
unit  volume  with  activation  energies  lying  between  E  and 
E  +  dE  at  (  =  0. 

For  the  case  that  the  initial  value  of  the  distribution  func¬ 
tion  N^)(E)  is  independent  of  E  and  equals  a  constant  p,  Eq. 
(5)  becomes 

N{E)/p  =  exp[-tfo  cxp{-E/kT)].  (6) 

The  variations  of  the  ratio  N(E)lp  as  a  function  of  E/kl' 
with  the  dimensionless  product  »/o  as  parameter  are  shown 
in  Fig.  3.  Assuming  that  each  successful  activation  makes  the 
same  contribution  to  the  magnetization,  the  total  change  in 
magnetization  of  the  assembly  from  time  f  =  0  to  fj  is  pro¬ 
portional  to  the  area  between  the  curve  at  /  =  /[  and  the 
N{E)/p  axis.  For  values  of  the  parameter  the  curve 

sweeps  out  equal  areas  in  equal  logarithmic  increases  in 
time.  That  is,  the  magnetization  increases  logarithmically 
with  time  in  accordance  with  the  experimentally  observed 
variation,  Eq.  (1).  Making  the  simplifying  assumption  that 
each  successful  activation  involves  a  change  in  magnetic 
moment  p,  the  viscosity  parameter  S  is  given  by 

S=ppkT.  (7) 

Changes  in  magnetization  may  also  be  achieved  by  step¬ 
wise  changes  in  the  applied  field  A//.  It  may  be  shown  that 
the  irreversible  susceptibility  A'i,,  is  given  by'^ 

SE 

X\n~ 

Hence 


S  kT 


(9) 


cf.  Eq.  (3). 

Conventionally,  the  quantity  has  been  derived  from 
measurements  of  and  ;yi„.  The  operational  definition  of  ;yi„ 
to  be  substituted  in  Eq.  (9)  is  a  matter  of  some  uncertainty  in 
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materials,  such  as  high  coercivity  permanent  magnets,  which 
exhibit  pronounced  time  dependence  of  magnetization.  It  has 
been  shown  that  in  this  context,'^ 


dM  ir 


A^irr 


dH 


(10) 


M 


An  alternative  method  of  deriving  values  oiH f  from  experi¬ 
mental  observations  of  time  dependence  is  discussed  by 
Folks  and  Street.'"* 

At  a  given  point  on  a  magnetization  curve,  //^  is  a  mea¬ 
sure  of  OEIdH,  the  variation  with  field  of  the  activation  en¬ 
ergy  of  the  irreversible  metastable  processes  which  are  active 
at  that  point.  For  example,  the  dEIdH  vs  H  curve  for  an 
assembly  of  aligned  Stoner- Wohlfarth  domains  is  given  by 
the  slope  of  the  vs  H  curve  of  Fig.  2,  i.e.,  a  linear  de¬ 
crease  as  the  magnitude  of  the  reverse  field  is  increased.  In 
the  case  of  the  activation  of  aligned  tiuclei  of  reverse  mag¬ 
netization. 


dE 

=  (11) 


FIG.  4.  The  decay  of  magnetization  with  In  /  for  a  uniaxial  perpendicular 
thin  film  at  various  fixed  values  of  field.  The  coercivity  is  clearly  time 
dcpr.adcnt. 


2  exp(-/'/r)  =  /n^.+ 1,  (14a) 

where  f '  =time  at  which  m  =  for  a  given  value  of  r.  Thus, 


where  v  and  A/,p  are  the  volume  and  spontaneous  magneti- 
zatioti  of  the  nucleus. 

Some  interesting  features  arise  from  the  study  using  an 
activation  energy  model  of  the  time  dependence  of  a  system 
in  which  the  mctastable  states  all  have  the  same  value  of 
activation  energy  E(H).  Specifically,  we  consider  a  thin  film 
in  which  there  exist  identical  uniaxial  grains  each  of  volume 
V.  The  magnetic  moment  of  a  grain  VM,  may  be  aligned 
only  either  in  a  positive  or  negative  direction  with  respect  to 
the  normal  of  the  plane  of  the  film. 

l.et  N,  be  the  total  number  of  grains  per  unit  volume  of 
the  film  and  N^.  and  be  the  number  of  grains  per  unit 
volume  aligned  in  the  positive  and  negative  directions,  re¬ 
spectively.  Then  N,  =  N++N-  =  l/V  and  the  intensity  of 
magnetization  of  the  film  when  N  =  N+  is  given  by 

M-=N,VM,{2N/No-1) 

or 

nt-ln-l,  (12) 

where 

m  =  MIMs 
and 


n=//Wo. 


The  rate  equation  is 
dn 

-^  =  -fon  exp 


E{H) 

kT 


(13) 


Solving  Eq.  (13)  and  substituting  for  n  from  Eq.  (12)  gives 
m  =  2  exp(- r/r)-l,  (14) 

where 


r— 


E(H) 

kT 


The  variations  of  m  as  a  function  of  In  t  with  E(H)lkT  as 
parameter  are  shown  in  Fig.  4. 

E  as  a  function  of  H  may  be  derived  from  Eq.  (14)  by 
considering  constant  m  =  m^  conditions  which  implies 


Substituting  for  t  from  Eq.  (14)  gives 


t'  exp 


E{H) 

kT 


1 

h 


=  const. 


Hence 


(14b) 


(14c) 


In  f'-£(W)/k7’=  const. 


(15) 


The  derivative  of  both  sides  of  Eq.  (15)  with  respect  to  H 
may  be  cast  in  the  form 


A 


1  dE, 

'"''-JrOTl 


AH. 

M 


(16) 


The  associated  values  of  AH  and  Ain/'  in  Eq.  (16)  are 
derived  from  the  constant  values  of  H  a.ssociated  with  suc¬ 
cessive  m  vs  In  /  curves  and  the  In  /  coordinates  of  the  points 
of  intersection  of  the  line  in=nt,.  with  those  curves. 

The  value  of  H f  may  be  derived  from  the  gradient  of  the 
curve  AH  vs  In  /  since 


AH  = 


kT 

dEldHj^  ' 


(17) 


III.  EXPERIMENTAL  APPLICATION  TO  THIN  FILMS 

The  above  analysis  has  been  applied  to  study  the  time 
dependence  and  mechanisms  of  magnetization  reversal  in 
Tb-Fe-Co  films  by  Brown  e/a/.'*  Magneto-optic  magneto¬ 
meter  measurements  were  made  of  the  time  dependence  of 
the  magnetization  of  thin  films  of  Tb-Fe-Co  when  subjected 
to  various  fixed  values  of  reversing  field.  The  experimental 
results  obtained  using  a  48.5  nm  thick  film  of 
’11’(i.22(Fc„vCIo„  are  shown  in  Fig.  5.  Associated  values 
of  H„  and  In/',  obtained  from  the  intersections  of  the  ex¬ 
perimental  curves  with  lines  m-m,.  within  the  range 
-0.9^ni^.=e0.9,  arc  plotted  in  Fig.  6.  The  average  of  the 
five  values  of  //^  is  87.3 ±  1  Oe.  It  follows  that  the  activation 
energy  of  the  process  responsible  for  magnetization  reversal 
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FIG,  5.  Experimental  results  for  the  decay  of  magnetization  with  in  /  at  FIG.  1.  The  Barbier  plot  of  in  vs  In  ///  for  the  data  of  Labrunc  cl  al.  (see 

fixed  values  of  reversing  field  for  a  48.5  nm  thick  film  of  Ref.  16).  The  slope  of  the  line  is  1.22. 

’rbo.22(Fcci)Coo  i),)  78.  Note  the  similarity  with  Fig.  4. 


in  this  film  is  a  linear  function  of  field,  at  least  over  the 
measured  range  of  8.55-8,76  kOe,  and  within  the  range 
—  0.9^ffic=£0.9.  This  observation  is  consistent  with  the 
view  that  magnetization  reversal  proceeds  by  activation  of 
reversal  rf  magnetization  in  regions  of  constant  volume  v. 
Using  a  value  of  86  G  for  the  spontaneous  magnetization  of 
the  material  of  the  film,  u  was  found  to  be  5.5X10“**  cm^, 
the  volume  of  a  sphere  of  diameter  22  nm. 

Labrune  et  al.  **  have  also  measured  the  time  dependence 
of  magnetization  processes  in  rare-earth-transition-mctal  al> 
loys  including  alloys  of  Gd-Fe  and  of  GdTbFe.  Application 
of  the  above  analysis  to  their  results,  which  are  given  in 
detail  for  a  GdTbFe  film,  show  that  at  w  =  0  a  linear  relation 
exists  between  AH  and  In  f '  [Eq.  (16)],  leading  to  a  value  of 
Hf=  18.9  Oe.  It  appears  in  this  case  that  Hf  is  not  indepen¬ 
dent  of  m,  decreasing  by  approximately  10%  as  m  decreases 
from  1  to  -1. 

The  apparent  cocrcivity  H^  of  magneto-optic  films,  i.e., 
that  field  at  which  the  holomagnetization  is  zero,  depends  on 
the  time  at  which  the  measurement  of  m  is  made  after  the 
reversing  field  is  switched  on.  The  shorter  the  time,  the 
higher  the  apparent  cocrcivity  will  be.  There  exists  a  limiting 
field  Wt  for  which  the  activation  energy  is  zero.  In  this  cir¬ 
cumstance,  reversal  of  magnetization  will  occur  in  a  time 
t  =  Vfo' 


0  1  2  3,  4  5  6  7 

In  t 


FIG.  6.  Associated  values  of  and  In  r  from  the  inter.scctians  of  lines  of 
constant  m  with  the  experimental  curves  in  Fig.  5.  The  average  slope  of  the 
five  lines  is  87.3  ±1  Oc,  which  is  equivalent  to  the  ituctuation  field  H f. 


The  value  of  Hi^  may  be  calculated  using  Eq.  (17)  as¬ 
suming  that  the  value  of  W'. ,  say  at  time  r  =  1  s,  is  known 
and  that  the  value  of  //^  remains  constant  over  the  field  range 
//;  to  H,  : 

H^^Hl  +  Hf  ln/oS/f;.  +  21//^, 
taking  /o^'io'*  Hz. 

In  the  case  of  the  TbFeCo  film  considered  above, 
|Wt|  =  11.01  kOe. 

Labrune  et  have  provided  data  for  11  different 
samples  of  GdFe  and  GdTbFe  alloys  having  values  of  II,. 
ranging  from  about  200  to  1300  Oe.  These  data  have  been 
used  to  construct  the  Hatbier  plot  of  In  II vs  In  H f  shown  in 
Fig.  7.  The  slope  of  the  line  is  1.22.  Wohlfanh*’  found  in  an 
analysis  of  a  Barbier  plot  of  data  for  different  materials  with 
cocrcivities  ranging  from  1  to  1000  Oc  that  the  slope  was 
1.37. 

Extension  of  the  activation  energy  analysis  of  the  mag¬ 
netic  properties  of  thin  films  leads  to  information  on  the 
mechanisms  responsible  for  the  growth  of  regions  of  reverse 
magnetization.*'’''*^’  Details  of  the  fractal  or  other  nature  of 
the  magnetization  of  thin  films  may  also  be  obtained  from 
observations  of  time  dependent  behavior. 

IV.  CONCLUSIONS 

The  important  information  derived  from  magnetic  vis¬ 
cosity  measurements  concerns  the  variation  of  the  fluctuation 
field  Hf  as  a  function  of  magnetic  state  parameters.  Reliable 
values  olHf,  derived  from  the  slope  of  vs  In  t  curves  and 
irreversible  susceptibility  as  Hf=Slxm  only  be  ob¬ 
tained  when  ;^j„  is  carefully  defined  as  dM„,' . 

The  value  of  measurements  of  H ^  lies  in  the  fact  that  its 
definition  involves  dEldH\f,i ,  the  variation  with  field  of  the 
activation  energy  of  the  metastable  states  responsible  for  ir¬ 
reversible  magnetization  at  the  point  of  measurement.  It  then 
becomes  possible  to  check  numerical  values  of  dEldH\M 
against  the  predictions  of  postulated  models  of  magnetic  be¬ 
havior. 

The  application  of  activation  energy  modeling  of  mag¬ 
netic  behavior  of  some  magneto-optic  films  is  particularly 
simple.  It  produces  information  on  the  growth  of  magnetized 
regions  and  the  micromagnctic  structure  of  the  films. 
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Time  dependence  of  intensity  of  magnetization  is  the  result  of  thermal  activation  of  metastable 
domain  processes.  The  simple  (M,H)  representation  of  magnetic  behavior  may  be  extended  to 
include  time  dependent  effects  using  a  constitutive  equation.  Magnetic  processes  may  be  described 
by  the  movement  of  a  point  over  a  three-dimensional  surface  with  coordinates  M,  H,  and  M .  The 
parameters  required  to  define  the  surface,  A  (or  fluctuation  field  Hf)  and  x,  may  be  derived  >  m 
measurements  of  the  time  dependence  of  magnetization.  A  review  of  the  utilization  of  the 
constitutive  equation  is  given  and  simple  methods  tor  obtaining  the  material  parameters  from 
conventional  magnetic  viscosity  measurements  (under  constant  applied  field  conditions)  are 
described.  Measurements  of  A  in  particular  provide  additional  quantitative  information  on 
magnetization  processes  which  may  be  compared  with  predictions  of  proposed  models  of 
magnetization.  The  results  of  measurements  of  A  and  susceptibility  x  for  Cr02  powders  and  sintered 
and  melt-quenched  rare  earth-transition  metal  borides  are  presented.  Conclusions  about  the 
magnetization  mechanisms  of  these  materials  arc  discussed. 


i.  INTRODUCTION 

Hysteresis  in  ferromagnets  arises  from  domain  processes 
which  progress  through  states  of  metastabie  equilibrium.  Ex¬ 
amples  are 

(1)  coherent  or  incoherent  rotation  of  magnetization  in 
single  domain  particles  (Stoner  and  Wohlfarth'), 

(2)  pinning  and  unpinning  of  domain  boundary  walls 
(Gaunt^’^),  and 

(3)  nucleation  of  domains  of  reverse  magnetization 
(Chikazumi'*). 

Transitions  from  metastable  to  stable  states  may  be 
achieved  by  the  supply  of  activation  energy,  for  example,  by 
changing  ^ne  applied  field  or  by  thermal  agitation.  At  con¬ 
stant  field,  thermal  activation  alone  may  lead  to  significant 
variations  in  magnetization,  amounting  in  some  cases^  to 
greater  than  20%  of  the  saturation  magnetization  in  10^  s. 
Time  dependence  of  magnetization  under  constant  field  con¬ 
ditions  is  referred  to  as  magnetic  viscosity  or  magnetic  after¬ 
effect.  All  ferromagnets  subject  to  hysteresis  exhibit  time 
dependence  of  magnetization  to  a  greater  or  lesser  extent.  As 
a  general  rule  time  dependent  behavior  is  more  pronounced 
in  higher  coercivity  materials  (Barbier^).  It  follows  that  the 
reprcb  ;ntation  of  the  magnetic  behavior  by  (A/  vs  H)  data  is 
incomplete  in  that  time  dependence  is  neglected.  Investiga¬ 
tions  of  magnetic  viscosity  were  described  by  Street  and 
Woolley’  in  1948  and  Nee^  ai  1949  and  led  to  phenomeno¬ 
logical  descriptions  of  time  dependent  behavior  in  terms  of 
distributions  of  activation  energies  and  fluctuation  fields,  re- 
soectively. 

Estrin  et  al.'^  developed  an  alternative  approach  by  anal¬ 
ogy  with  the  phenomenological  description  of  plastic  defor¬ 
mation  of  crystals.  The  magnet  analog  of  plastic  strain  and 
stress  were  taken  as  the  irreversible  component  of  intensity 
of  magnetization  A/|„  and  the  internal  magnetic  field  //,  act¬ 
ing  on  the  sample,  respectively.  The  time  dimension  was 
introduced  through  M\„,  the  choice  of  which  was  determined 
by  the  Arrhenius  relation 


/  E(H)\ 

Mi„(£)  =  Afi„(£o)exp(-^J,  (1) 

from  which 

E{H} 

lnMi„(E)  =  lnA/i„(£o)--^.  (2) 

where  Af  j„(£,))  is  the  rate  of  change  of  A/j„  for  activation 
energy  E{H)=0, 

Then,  the  constitutive  equation  of  state  is  written  in  dif¬ 
ferential  form; 


dHi=~dM„,+  \  d  HM  J,  (3) 

Ai’irt 

where 


.  _<9Afi„ 

Afirr 


cJHi 


and  A  =  - 


dHi 


Mi, 


d  In  Mi, 


(4) 


Hence  isothermal  magnetization  behavior  may  be  repre¬ 
sented  by  the  movement  of  a  point  or.  three-dimensional 
surface  in  {M,H,M)  space  defined  by  Eq.  (3),  for  which  the 
intrinsic  irreversible  susceptibility  and  A  are  required  as 
functions  of  M .  The  functional  dependence  of  both  the  in¬ 
trinsic  irreversible  susceptibility  x'm  3"^  ^  can  be  deter¬ 
mined  from  magnetic  viscosity  measurements.  In  this  paper 
the  use  of  the  constitutive  equation  to  describe  the  field  and 
time  dependence  of  magnetization  is  discussed. 


II.  MAGNETIC  VISCOSITY  MEASUREMENTS 

The  constitutive  equation  may  be  applied  to  predict  the 
behavior  of  magnetic  systems  subject  to  specified  time  con¬ 
straints  and  initial  conditions,  e.g.,  predictions  of  the  Af  vs  // 
curves  as  the  field  is  varied  at  uniform  rates  (conventional 
hysteresis  curves).'”  Conventionally,  measurements  of  mag¬ 
netic  viscosity  ..re  carried  out  at  constant  applied  field,  i.e., 
during  the  measurements,  Hu~().  The  solution  of  Eq.  (3)  for 
Af  as  a  function  of  t  requires  the  specification  of  the  initial 
values  of  M  j„  and  M-,,,  at  the  origin  of  time  for  the  ineasjre- 
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ment.  For  simplicity,  consider  a  specimen  which  has  zero 
demagnetization  factor.  Then  f/,=//a=0  and  the  differentia¬ 
tion  of  Eq.  (3)  leads  to 


1  .  A/i„ 

//,  =  — Mi„+A  -^  =  0. 

v!„  M;„ 


(5) 


The  solution  of  Eq.  (5),  assuming  that  A  and  are  inde¬ 
pendent  of  M  during  a  magnetic  viscosity  e  meriment,  is 


A/i„=A/i„(0)  +  AAfi„ln(r-^ro).  (6) 


where  Af|„(0)  is  the  value  of  Afi„  at  r=0  and  to 
=  A;^'ifyAfirr(0).  Mi„(0)  is  the  rate  of  change  of  irreversible 
magnetization  at  /=0. 

Equation  (6)  may  be  written  as 


Af  i„  =  const  -b  S  (0 )  ln(  t  -I-  <0 ) . 


(7) 


where 


SW  =  ^X\.^ 


(8) 


It  is  customary  to  present  magnetic  viscosity  data  in  the  form 
of  M{t)  vs  ln(t)  graphs.  It  follows  from  Eq.  (7)  that  M{t) 
will  be  a  linear  function  of  ln(f)  only  for  times  of  observa¬ 
tion  t>ro[=5/Wj„(0)]  and  when  5  is  constant  over  the 
range  of  values  of  M„,  observed  during  a  magnetic  viscosity 
measurement.  Nonlinear  A/(f)  vs  ln(/)  curves  arising  from 
both  these  causes  have  been  observed.^’” 

An  expression  for  the  parameter  A,  which  has  dimen¬ 
sions  in  Oersteds,  introduced  in  the  constitutive  equation  (3) 
may  be  obtained  by  differentiation  of  Eq.  (2)  with  respect  to 
Hi  by 


t)\n  M i,J 


dH, 


1  SE{Hi) 
kf  dHi  ' 


A  ’ 


(9) 


i.e.. 


dE 

Wi 


kT 

X‘ 


(10) 


The  slope  of  the  Mi„  vs  In  (t  +  to)  's  written  5(0)  to  denote 
that  it  applies  to  measurements  on  specimens  with  demagne¬ 
tizing  factor  D  =0. 

The  parameter  A  is  directly  related  to  the  field  depen¬ 
dence  of  the  activation  energy  required  to  activate  the  irre¬ 
versible  domain  processes  responsible  for  magnetic  viscosity 
effects.  The  value  of  is  determined  by  the 

physical  nature  of  the  domain  processes  involved.  Expres¬ 
sions  for  dEIdH  for  different  models  of  magnetization  be¬ 
havior  may  be  calculated  and  compared  with  measured  val¬ 
ues  of  A.  In  Neel’s  model  of  viscosity*  the  effects  of  thermal 
energy  on  magnetization  were  represented  by  a  fictitious 
fluctuation  field  Hf  which  is  identical  with  the  parameter  A. 

For  example,  consider  a  material  consisting  of  aligned 
uniaxial  ferromagnetic  grains  with  spontaneous  magnetiza¬ 
tion  initially  magnetized  in  the  positive  direction.  If 

demagnetization  proceeds  by  reversal  of  magnetization  from 
nuclei  of  negative  magnetization  of  fixed  volume  v  then. 


dE 


—  vM 


spent  • 


(11) 


FIG.  1.  Illustration  of  determination  of  A  from  experimental  data. 


From  Eq.  (10)  for  this  idealized  model, 


kT 

^^spont 


(121 


Thus,  in  principle,  additional  quantitative  information  about 
the  mechanisms  of  magnetization  may  be  obtained  from 
measurements  of  A. 

Cammarano'^  has  pointed  out  the  interrelation  of  A  and 
X  which  arises  from  consideration  of  Eq.  (3)  as  a  perfect 
differential,  i.e.. 


^  In  M  i„  \ 

It  follows  that  if  A  is  constant  independent  of  M  then  ^'Irr  *3 
independent  of  A/j„.  A  characteristic  feature  of  many  perma¬ 
nent  magnet  materials  is  that  A  is  constant  over  large  ranges 
of  values  of  M.  Also,  within  these  ranges  of  M  it  has  been 
shown  that  experimental  values  of  are  independent  of 
Mm  as  predicted  by  Eq.  (13).'^ 


1 

Afirt 


dMi, 


(A). 


(13) 


III.  FINDING  A  AND  x 

Using  the  definitions  given  in  Eq.  (4),  A  and  ;^|,f  may  be 
evaluated  from  data  obtained  from  magnetic  viscosity  ex¬ 
periments  as  illustrated  in  Fig.  1.  In  order  to  construct  these 
graphs,  which  are  almost  invariably  derived  from  results  of 
measurements  on  specimens  with  nonzero  demagnetization 
factors  D,  it  is  necessary  to  account  for  the  demagnetizing 
fields,  i.e.,  =  where  A/n„  is  the  measured  in¬ 

tensity  of  magnetization,  and  it  is  also  required  to  derive 
values  of  M„,  as  (Af,„,-Af„„),  where  A/„v  is  the  reversible 
component  of  intensity  of  magnetization. 

The  variation  of  magnetization  for  a  specimen  with  de¬ 
magnetization  factor  D  may  be  derived  from  the  constitutive 
equation  as 

W.ot=A/,„,(0)4-r;,A/(0)ln  1  +  ;^  ,  (14) 

I  M)/ 

where 
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^x\,. _ i__ 

M(0)  (1+D^;„) 


The  values  of  the  susceptibilities  arc  obtained  front  slopes  ot 
the  A/  vs  W  curves  taken  at  constant  M,„. 

The  variation  A/„^  is  predicted  to  be  a  linear  function 
of  ln(/  -I  but  the  slope 


S{D)  = 


IfD;^;'„<«l,  then 


■V(())  AUm-aC* 


(15) 


A  = 


S(D) 


(Af?o(-Ar?cv) ' 


(Ut) 


Equation  (16)  has  been  widely  used  to  determine  A.  How¬ 
ever,  it  follows  from  the  above  that  unequivocal  values  of  A 
will  be  obtained  from  Eq.  (16)  only  if  is  evaluated  as 

The  magnetic  viscosity  data  required  to  construct  graphs 
of  the  form  shown  in  Fig.  1  may  be  obtained  by  measuring 
the  time  dependence  of  magnetization  at  different  constant 
values  of  applied  field  on  both  the  initial  magnetization  (first 
quadrant)  curve  and  the  demagnetization  (second  and  third 
quadrant)  curve.  Measurements  are  made  using  a  vibrating 
sample  magnetometer  under  computer  control.  If  a  demag¬ 
netizing  curve  is  to  be  measured,  the  sample  is  first  exposed 
to  a  saturating  field  in  the  positive  direction.  Then  the  field  is 
ramped  to  some  negative  value  and  held  constant  while  the 
magnetic  viscosity  is  recorded.  A  small  recoil  curve  is  then 
performed  by  ramping  the  field  first  in  a  positive  direction  by 
an  amount  which  is  small  compared  to  A,  then  in  a  negative 
direction  back  to  the  measurement  field.  The  field  is  then 
either  ramped  in  a  negative  direction  to  the  next  measure¬ 
ment  field  and  the  process  repeated  (called  a  “multiple  step 
per  loop”  experiment)  or  cycled  through  negative  saturation 
and  back  to  positive  saturation  before  continuing  to  the  next 
measurement  field  (called  a  “single  step  per  loop”  experi¬ 
ment).  The  small  curves  are  used  to  estimate  x^v 
surement  field.  The  experimental  technique  is  illustrated  in 
Fig.  2. 

Some  care  should  be  taken  with  sample  preparation  in 
the  case  of  bulk  materials  as  the  condition  of  the  surface  and 
nonuniform  magnetization  may  have  a  significant  impact  on 
the  magnetic  behavior.’^  It  is  best  that  measurements  of  bulk 
materials  be  performed  on  well  polished  spheres*^  so  that  the 
impact  of  the  surface  is  minimized  and  the  demagnetizing 
factor  is  known.  Then  Eq.  (16)  may  be  used  to  find  A. 


IV.  RESULTS  AND  DISCUSSION 

The  mechanisms  of  magnetization  in  permanent  magnets 
and  in  particulate  recording  media  are  of  continuing  interest 
in  the  search  for  improved  materials.  Comparisons  may  be 
made  of  the  measured  values  of  the  parameters  A  and  x  with 
those  predicted  by  models  of  magnetic  processes. 

For  example,  measurements  performed  on  a  sample  of 
acicular  Cr02  particles,  commonly  used  as  a  recording  me¬ 
dium,  are  shown  in  Fig.  3.  The  specimen,  of  volume  0.134 
cm^,  was  prepared  by  embedding  0.120  g  of  Cr02  powder  in 


II. 


.=>f) 


I'lG.  2.  .Schcmuiic  of  experimental  Icehnirjue.  I'he  magnetic  viscosity  is 
mcasurcti  at  a  constant  value  of  for  a  pcrltx)  of  time.  Then  the  applied 
field  is  ramped  towards  /.cro  hy  a  small  amount  and  the  apparent  reversible 
susceptibility  determined  from  the  slope  of  A/,,,,  vs  ,  The  field  is  then 
ramped  in  a  negative  direction  to  the  next  measuremt  I  field. 

paraffin  wax,  hence  the  average  density  of  Cr02  in  the  speci¬ 
men  was  0.895  gcm“‘^.  The  magnetization  curve  and  the 
hysteresis  curve  for  this  sample  are  shown  in  Fig.  3(a).  Fig¬ 
ure  3(b)  shows  the  values  of  A,  calculated  as  described 
above,  as  a  function  of  the  specific  magnetization  a  during 


-8  -4  0  4  8 

Hi  (kOe) 


FIG.  3.  (a)  Magnetization  curve  and  hysteresis  curve  for  Cr02  particles 
measured  at  room  temperature  with  a  maximum  field  of  50  kOc  and  a  ramp 
of  4,50  Oc/s.  (b)  A  vs  specific  magnetization  for  Cr02  particles  at  room 
temperature  with  a  maximum  field  of  50  kOc. 
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the  magnetizing  of  the  sample  (from  a  thermally  demagne¬ 
tized  state)  and  the  demagnetization  curve.  Ove;  the  range  irf 
specific  magneti:'ation  from  +  20  to  -  20  emu  g  '  for  the 
demagnetizing  curve,  the  results  reported  here  may  he  repre¬ 
sented  by  a  line  A  =  8..^2  +  ().()2  a.  Within  experimental  error, 
fur  initial  magnetization  A  is  independent  of  rr  within  the 
range  0  to  -*25  emu  g  ‘  and  its  value  is  H.7±(l.4  ()c. 

The  Cr02  particle  volumes  V.  estimated  from  SEM  im¬ 
ages,  are  alxmt  4x10  cm'  compared  with  the  value  t>f 
6.2X  10  cm'  reported  by  de  Witte  et  al.'''  Tne  activation 
volume  V  calculated  from  Eq.  (12)  using  A==S.()  Oe  and 
Af5p^,  =  330  G  is  1.5x10  cm'  which  is  about  A’l'r  of  the 
particle  volume.  A  similar  ratio  was  obtained  by  de  Witte 
ctu/.’'’ 

As  another  example,  the  hysteresis  curve  and  the  varia¬ 
tion  of  A  with  M|„  for  a  polished  5  mm  diameter  sphere  of 
sintered  Pr2Fe|4B  material  arc  shown  in  Fig.  4.  Over  the 
range  +  400  to  -400  G,  A=‘i9. 5-0.02  Wj„ .  Over  this  range 
the  activation  volume,  calculated  from  F^.  (12)  using 
1 100  G,  u  =3.79X10  'V6.26X10  Mi„.  has  lin¬ 
ear  dimensions  conesponding  to  about  six  crystalline  unit 
cells.'’  Givord  et  a/.'*  have  related  v  to  <?'.  where  S  is  the 
average  domain-wall  width  in  the  material.  For  sintered  per¬ 
manent  magnet  materials  of  the  Nd-Fe-B  type  initial  magne¬ 
tization  involves  the  movement  of  domain  boundary  walls 
through  individual  grains.  The  discontinuous  nature  of  this 
motion  has  been  observed  in  the  form  of  Barkhausen 
pulses."*  Attempts  to  observe  time  dependent  behavior  here 
have  been  unsuccessful,  presumably  because  of  the  small 
values  of  activation  energy  required  to  release  the  domain 
walls  from  pinning  centers  within  the  grains.  Values  of 
as  functions  of  are  shown  in  Fig.  4(c).  The  dif¬ 
ferent  symbols  represent  measurements  made  at  different 
values  of  A/i„.  All  the  values  lie  on  the  same  curve  which, 
since  A  is  almost  independent  of  is  a  consequence  of 
Eq.  (13). 

Towards  the  ends  of  the  ranges  of  magnetization  it  is  not 
possible  to  make  accurate  measurements  of  A  or  since 
the  curves  of  constant  Afj„  converge  and  Eq.  (4)  becomes 
difficult  to  evaluate  with  certainty.  It  follows  that  for  a  given 
material  there  is  a  limited  range  of  magnetization  over  which 
reliable  measurements  of  A  and  may  be  made. 

The  observations  on  both  Cr02  and  Pr2Fei4B  show  that 
A  is  approximately  constant  over  a  substantial  part  of  the 
total  change  of  intensity  of  magnetization.  These  results  are 
consistent  with  the  assumption  that  the  major  part  of  magne¬ 
tization  reversal  in  both  materials  results  from  activation  of 
nuclei  of  reverse  magnetization  having  volumes  which  are 
substantially  independent  of  M.  There  is  additional  evidence 
to  support  this  supposition  in  the  case  of  Pr2Fei4B,  specifi¬ 
cally  the  ease  with  which  the  material  may  be  magnetized 
and  the  dependence  of  coercivity  on  the  maximum  magne¬ 
tizing  field.^" 

The  case  of  magnetization  reversal  of  acicular  particles 
has  been  considered  by  Sharrock.’'  He  r  .ites  that  theoretical 
studies  by  Srbabes  and  Bertram^^  have  concluded  that  a 
strong  field  applied  to  one  end  of  an  acicular  particle  tends  to 
switch  the  magnetization  uf  the  entire  particle  by  means  of  a 
propagating  magnetic  reversal — a  microscopic  analog  of  the 
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FIG.  4,  Measurements  of  a  sample  of  sintered  Pr2Fci4B  at  room  temperature 
with  a  maximum  field  of  50  kOc  and  H„-A50  Oe/s.  (a)  A  hysteresis  curve, 
(b)  A  vs  Mi„.  (c)  X\„  vs  Win  at  many  values  of  Wi„  as  indicated  in  the 
legend. 

classic  Sixtus  and  Tonks  experiment.^'  A  mechanism  of  this 
kind  would  be  consistent  with  the  proposition  that  magneti¬ 
zation  reversal  may  be  initiated  by  thermal  activation  in  a 
small  volume  of  the  particle. 

V.  SUMMARY 

Time  dependent  magnetization  may  be  analyzed  in  terms 
of  a  constitutive  equation  involving  variables  //;,  M\„  and 
two  parameters  and  ;yjf,(A/j,r).  The  functions  A(Mi„) 

and  may  be  determined  experimentally  from  mag- 
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nclif  viscosits  cxpvfimciits.  i  <ir  T»;;)r<.-v.-nlalivi  inaj;nclic  r<:- 
cordintt  m-.dia  ((  rO-l  and  hij;h-C!)trj;y  pern  ..ncni  niat’iict 
materials  (IM-'cH)  the  \(K1,„ls  are  found  to  he  slowly  vary¬ 
ing  (unctians  of  M ao.d  the  ,)i  are  iK-aked  around 

A/,„  ■  (). 

The  coil  aitutive  equation  .viih  values  ul  A(A/„,)  and 
v'liifA/,,,)  f'>r  a  particular  iriaierial  may  he  iis':d  to  analyv.c  its 
time  dependen!  magnetization  with  given  external  con¬ 
straints.  e.g.,  with  an  appiierl  lield  ramiretl  at  a  uniform  rate 
or  under  impulsive  lield  conditions. 

'tv  ('.  Stoner  and  Iv  I’  Wohlfanh,  I’hiios.  Ioms,  R.  Sisv  lamdim  240.  .sw 
(1U4«). 

■P,  Gaunt.  Philos.  Mag  It  48.  ihl  '.  lUK.tl 
'p.  Gaum.  lUUh  Trans.  Magn.  t».  .lUtO  (I'tK.^l. 

^S.  Chikaiumi.  I.  Magn.  Magn.  Malcr.  54-57,  l.s.'ii 
'R  Street,  L.  I‘i)lks.  am!  S.  llirosawii.  Prrx'eeilings  of  the  Sixth  interna¬ 
tional  Symposium  on  Magnetic  Anisotropy  and  C'oereivity  in  Rarc-Karth 
Transition  Metal  Alloys,  Pittburgh.  ivyo,  edited  by  S.  G.  Sankar  (far- 
ncigie  Mellon  University  Press,  Pittsburgh,  lyuO),  pp.  1-11. 

"J.-C,  Barbicr,  Ann.  Phys.  (Paris)  12,  84  (l>t54). 

’R.  Street  and  J.  C.  'Woolley,  Prix.  Phys.  StK.  Ixindon.  .Sect.  A  62.  .562 
(1949). 


'I  Neel.  Ann  Geophys  5, ‘»9(1')49) 

'V  l.sitin.  P  G  McCormiek,  and  R.  Street,  J.  Phys.:  (dndens.  Matter  1, 
4K4s  1 19S9I 

'"R  Siti-cr.  P  G  MeCormiek,  1..  Polks,  and  R.  Newman.  J.  Magn.  Magn. 
Mater  104-107.  .171  |  tW2) 

"  M  l-.l-Htlo.  K.  O'Grady,  and  R  W.  Chantrcll.  J.  Magn.  Magn.  Mater,  109, 
!  ir^l  t  l‘)92l 

'  P  Cammarann,  Ph.l).  thesis,  I'hc  University  of  Western  Australia,  1993, 
''R  Street.  P  G  McCormiek,  and  1..  Polks,  J.  Magn.  Magn.  Mater.  104- 
107,  .168  II W2 1. 

"II  Nishio,  11  Yamamoto,  M.  Nagakura,  and  M.  Uehara,  lEHL  Trans. 
Magn.  26.  2.57  11990). 

’'l,  Polks,  R.  Street.  G.  Warburlon,  and  R.  G.  WiKxlward,  Mcas.  Sei.  Tech- 
nol  5.  1  I19<M) 

"'A.  M.  de  Witte,  K,  O'Giady,  G.  N,  C'ovcrdalc,  and  R.  W.  Chantrcll.  J. 

Magn.  Magn.  Mater.  88.  18.1  (19901. 

'  J.  P.  UerKsI,  Rev.  Mod.  Phys.  63,  819  (1991). 

‘"D.  (iivord.  A.  Licnard.  P.  Tenaud.  and  T.  Viadicu,  J.  Magn.  Magn.  Mater. 
67.  L281  (1987). 

‘‘'P.  J.  1'hompson  (private  communication). 

-■"S.  C'hikazumi,  J.  Magn.  Mag.i.  Malcr.  54-57.  15.51  (1986), 

’’M.  P  Sharroek,  lEPU  Trans.  Magn.  26,  193  (1990). 

’■‘M.  E.  Scjiabes  and  H.  N.  Bertram,  IEEE  Trans.  Magn.  25,  3662  (1989). 
-'K.  j.  Sixtus  and  L.  Tonks,  Phys.  Rev.  37.  93  (1931). 


J.  Appl.  Phys,,  Vol.  76,  No.  10, 15  November  1994 


L.  Folks  and  R.  Slreel 


6395 


Ubiquitous  nonexponentiai  decay:  The  effect  of  iong-range  coupiings? 
(invited) 

E.  Dan  Dahiberg  and  D.  K.  Lottis 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  Minneapolis.  Minnesota  1)5455 

R.  M.  White 

Department  of  Electrical  and  Computer  Engineering,  Carnegie  Mellon  University,  Pittsburgh, 

Pennsylvania  15213 

M.  Matson  and  E.  Engle 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  Minneaiwlis,  Minnesota  55455 

Many  physical  systems  exhibit  a  dynamic  response  referred  to  either  as  slow  relaxation,  a 
quasilogarithmic  time  dependence,  or  a  stretched  exponential  response.  Historically  this  time 
dependence  has  been  attributed  to  the  presence  of  disorder  which  creates  a  distribution  of  relaxation 
times.  In  two  papers  [D.  K.  Lottis,  E.  Dan  Dahiberg,  J.  Christner,  J.  1.  Lee,  R.  Peterson,  and  R. 

White,  J.  Appl.  Phys.  63,  2920  (1988);  D.  K.  Lottis,  R.  M.  White,  and  E.  Dan  Dahiberg,  Phys.  Rev. 

Lett.  67,  362  (1991)],  we  have  shown  that  this  time  dependence  can  alternatively  be  explained  to  be 
a  consequence  of  interactions  or  couplings.  In  the  model,  the  interactions  between  relaxing  spins, 
the  dipole-dipole  couplings,  drive  the  system  from  an  initial  state  towards  equilibrium.  As  the 
system  relaxes,  the  dipolar  energy  is  reduced  and  the  driving  force  diminishes.  This  process  gives 
rise  to  the  observed  slow  relaxation-time  dependence  in  a  very  natural  manner.  To  guarantee  the 
absence  of  disorder,  the  model  considers  the  dipolar  coupling  or  interaction  between  relaxing  spins 
with  a  mean-held  approximation,  the  demagnetization  field.  Another  feature  observed  in  physical 
systems  which  the  model  explains  is  the  nonmonotonic  temperature  dependence  of  the  logarithmic 
decay  slope.  In  addition  to  a  description  of  the  model,  measurements  to  determine  the  presence  of 
interactions  in  some  of  the  systems  will  be  discussed. 


I.  INTRODUCTION 

A  remarkable  number  of  diverse  physical  systems  ex¬ 
hibit  the  phenomenon  which  is  referred  to  as  slow 
relaxation.'  llie  manife.station  of  this  phenomenon  is  best 
explained  graphically,  as  in  Fig.  1,  where  the  temporal  decay 
of  the  remanent  magnetization  of  an  archetypal  spin  glass, 

AgMn,  is  shown.  The  system  was  prepared  by  cooling  from 
high  temperature  to  low  temperatures  with  a  magnetic  field 
applied.  This  process  results  in  a  magnetization  in  the  system 
known  as  the  remanent  magnetization.  As  can  be  seen,  the 
field  cooled  magnetic  state  of  the  system  relaxes  after  the 
removal  of  the  cooling  field  with  the  remanent  magnetization 
decaying  quasilogarithmically  with  time.  Other  systems 
which  exhibit  this  strange  time  dependence  in  response  to  an 
external  stimulus  include  the  trapped  flux  in 
superconductors,^  the  decay  of  the  charge  carriers  in  amor¬ 
phous  semiconductors,^  and  the  strain  fields  or  structure  in 
glasses  and  polymers,'  to  name  a  few.  That  these  systems  are 
so  diverse  yet  exhibit  the  same  relaxation  dynamics  has  con¬ 
founded  researchers  in  their  quest  for  a  simple  explanation  of 
this  phenomenon. 

We  recently  developed  an  explanation  in  which  interac¬ 
tions  or  couplings  between  the  relaxing  entities  are  respon¬ 
sible  for  this  seemingly  ubiquitous  time  dependence.'*'*’  In 
what  follows,  we  will  develop  this  view  of  slow  relaxation 
starting  with  the  simple  Debye  relaxation  model.  This  will  be 
followed  by  an  extensive  discussion  of  how  it  explains  vari¬ 
ous  observed  features  in  physical  sys  oms,  How  to  more 
fully  test  the  applicability  of  the  model  is  discussed  at  the 
end  of  the  discussion  session, 
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II.  INTERACTION  MODEL  SYSTEM 

As  a  starting  point  for  understanding  this  phenomenon,  it 
is  useful  to  recall  the  expected  response  of  a  relaxing  system, 
Debye  relaxation,  Debye  relaxation  can  be  understood  by 
considering  the  relaxation  of  a  collection  of  two  level  sys¬ 
tems  with  an  energy  barrier  (E/,)  separating  the  levels  us 
shown  in  Fig.  2.  Each  entity  (one  may  cull  them  cither  par¬ 
ticles,  spins,  or  moments)  in  the  collection  acts  indepen¬ 
dently  of  all  others.  If  the  system  ui  N  particles  is  prepared 


t  (min) 

FIG.  1.  An  example  of  .slow  relaxation.  The  system  is  an  alloy  of  7.8%  Mn 
in  Ag.  The  sample  was  eoolcd  in  a  field  of  .1  kG  which  resulted  in  a  rema¬ 
nent  magnetization.  The  resulting  decay  was  observed  after  removal  of  the 
cooling  field. 


FIG.  2.  A  twu  level  sysicm  with  the  energy  ntinima  separated  by  an  energy 
barrier.  This  system  n  ovidcs  a  useful  description  fov  a  number  of  physical 
systems  and,  in  lire  absence  of  interactions,  a  collection  of  these  systems 
with  identical  parameters  exhibits  an  exponential  time  dependence. 

with  all  the  particles  in  the  higher  energy  state,  it  will  relax 
to  a  distribution  of  particles  in  the  higher  energy  state  (or  up 
state,  E+)  and  lower  energy  state  (or  down  state,  £.)  where 
the  ratio  of  the  number  of  particles  in  the  up  state  to  the 
down  state  will  be  given  by  the  Boltzmann  factor, 
exp(-y8A£),  where  ft  is  kffT  and  A£  is  (£,  -£_).  The 
dynamics  of  this  relaxation  process  depend  upon  the  attempt 
frequencies  for  the  particles  in  the  up  and  down  states  to  try 
to  get  over  the  barrier,  and  u>  . ,  respectively,  in  addition 
to  the  three  energies  defined  above  and  in  Fig.  2.  By  recog¬ 
nizing  that  the  number  of  particles  hopping  over  the  barrier 
al  any  given  instant  from  the  up  state  to  the  down  state  de¬ 
pends  upon  the  number  of  panicles  in  that  state  at  that  in¬ 
stant,  A/ 4^ ,  one  is  led  to  the  differential  equation  for  dN  Jdi, 

dN, 

=  cxpl-/3(£,-£4)] 

+  <d.A(_  cxpf-/3(£/,-£. )].  (1) 

This  differential  equation  includes  the  possibility  for  par¬ 
ticles  in  the  down  state  to  return  to  the  up  state.  By  assuming 
that  the  attempt  frequencies  and  <d_  are  equal,  and  rec¬ 
ognizing  that  the  total  number  of  particles  N-N^.+N ..  ,  this 
equation  can  be  rewritten  as 

dN^ 

=  exp[-/3(£b-£4)] 

+  a)(Af-N4)cxp[-)S(£*-£_)].  (2) 

A  solution  to  this  differential  equation  leads  to  a  decaying 
N  +  which  is  exponential  in  time,  described  by  a  single  re¬ 
laxation  time  r;  the  ris  of  the  form  t=w"'  cxp(£b„,ier/A:7')- 
This  exponential  decay  is  generally  referred  to  as  Debye  re¬ 
laxation.  Although  this  derivation  is  very  straightforward,  as 
stated  earlier,  many  systems  do  not  obey  this  relationship. 

Rather  than  abandon  this  simple  model,  it  has  long  been 
the  usual  practice  to  assume  distributions  of  energies  £  4 , 
£_ ,  and  £*  which  gives  rise  to  a  distribution  of  relaxation 
times,  i.e.,  a  distribution  of  r’s.  As  an  example,  a  system 
containing  five  discreet  t’s,  each  separated  b"  a  decade,  pro¬ 
vides  a  quasilogarithmic  relaxation  over  tour  decades  in 
time.  To  illustrate  this,  Fig.  3  is  the  relaxation  of  a  system  of 
particles  with  equal  numbers  of  particles  having  relaxation 
times  of  O.l,  1,  10,  100,  and  1000  s,  This  may  seem  to  be  a 


FIG.  3.  The  effects  of  disorder  on  exponential  decay.  This  artificial  relax¬ 
ation  curve  is  the  result  of  averaging  the  relaxation  curves  fur  tive  exponen¬ 
tial  decays.  The  decay  times  arc  0.1,  I,  10,  KK).  and  KXK)  x.  Note  that  the 
quasilogarithmic  time  dependence  is  roughly  a  decade  less  than  the  number 
of  decades  in  the  average. 

rather  large  amount  of  disorder  to  be  present  in  a  physical 
system,  but  because  the  r’s  arc  exponential  functions  of  en¬ 
ergy,  this  distribution  corresponds  to  a  spread  in  energy  bar¬ 
riers  of  only  one  decade,  approximately.  Clearly,  with  this 
approach,  most  investigations  of  the  relaxation  processes  of 
the  various  physical  systems  argue  that  the  energy  distribu¬ 
tion  is  the  measured  entity.  For  one  example  of  this  ap¬ 
proach.  the  temperature  dependence  of  the  relaxation  rate  has 
been  used  by  the  Grenoble  spin-glass  group  to  determine  the 
energy  distribution  using  T  ln(/)  scaling.*’ 

An  alternative  view  of  slow  relaxation  was  presented  by 
some  of  us  in  a  series  of  publications  starting  in  1988.'’  *  The 
fundamental  premise  for  the  model  is  that  interactions,  with¬ 
out  any  disorder,  can  result  in  the  quasilogarithmic  relaxation 
observed  in  so  many  physical  systems. 

The  model  system  we  developed  consists  of  a  plane  of 
spins  or  magnetic  moments  with  an  anisotropy  energy  such 
that  the  energy  minima  are  with  the  moments  aligned  per¬ 
pendicular  to  the  plane,  i.e.,  the  energy  minima  states  are  up 
and  down  states  which  are  perpendicular  to  the  plane.  These 
spins  interact  through  dipole-dipole  interactions  which  are 
treated  in  a  mean-field  approximation.  In  the  ground  state 
this  system  contains  no  net  magnetization,  with  one  spin  up 
for  every  spin  down.  When  the  system  is  saturated  along  the 
positive  z  axis,  the  demagnetizing  field  of  the  system  will  be 
along  the  negative  z  axis,  driving  the  system  back  to  equi¬ 
librium.  Because  the  remanent  field  decreases  as  equilibrium 
is  approached,  the  thermal  energy  needed  to  overcome  the 
anisotropy  energy  barrier  increases.  This  slows  the  relaxation 
process  over  time,  leading  to  quasilogarithmic  relaxation.  As 
will  be  shown  later,  if  there  were  no  interactions  the  system 
would  still  relax  but  since  the  barriers  remain  at  their  maxi¬ 
mum  height,  the  decay,  with  an  exponential  time  depen¬ 
dence,  would  take  a  much  longer  time. 

In  this  model  each  moment  has  a  uniaxial  magnetic  an¬ 
isotropy  energy  of  the  form  -K^v  cos^(0),  where  v  is  the 
volume  of  the  spin  grain,  (j>  the  angle  between  the  spin  vector 
and  the  positive  z  axis,  and  £„  a  positive  constant.  This 
system  of  particles  fits  the  two  level  model  presented  earlier; 
£4  and  £_  occur  at  values  of  <f>=0  and  tt  and  are  degenerate 
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at  an  energy  -K^v  Assuming  coherent  rotation  of  the  indi¬ 
vidual  magnetic  moments,  the  energy  barrier  maximum 
occurs  at  Tr/2  and  has  a  value  of  0. 

In  the  presence  of  an  external  magnetic  field  applied 
along  the  <t>=TT  direction  (taken  to  be  the  negative  z-axis 
direction),  the  magnetic  energy  M cos(<^),  where  is 
the  saturation  magnetization  of  the  spin  grain,  must  be  con¬ 
sidered  in  addition  to  the  anisotropy  energy.  This  gives  a 
total  energy  per  particle  of 

£= -/CuU  cos^(</>)-l-A/,//u  cos(0).  (3) 

There  are  two  important  changes  when  a  magnetic  field  is 
applied.  First,  the  energy  minima  are  no  longer  degenerate 
although  they  still  occur  for  <^=()  and  tt.  Second,  the  energy 
barrier  is  no  longer  at  ttH,  The  value  of  corresponding 
to  Ej,  is  obtained  by  the  usual  process  of  differentiating  and 
setting  the  result  to  zero,  Using  the  E^,  determined  above  and 
the  E  ^  and  £_  determined  from  <f>=\)  and  tt,  re.spectively, 
the  differential  equation  which  describes  the  dynamics  of  the 
moments  is  then  given  by 


FIG.  4.  An  example  uf  a  slow  decay  of  the  model  system  given  by  Eq.  (S). 
For  this  decay  the  relevant  parameters  arc  K  =.Sx  10  ergs/cm,  M  =  21X)  emu/ 
cm.  7'=-t(X)  K,  0  =  2x10'  "*  cm’,  and  (e=(e=2x  Itr*  s  '.  Note  that  the  decay 
is  measured  over  nine  decades  in  time.  The  inset  in  the  figure  is  the  tem¬ 
perature  dependence  of  the  logarithmic  slope  of  the  decay  taken  at  a  time  of 
KM)  s.  1'hc  nonmonotonic  behavior  of  the  slope  is  observed  in  magnetic  and 
superconducting  systems  (see  Refs.  1 2  and  2). 


dN, 

nr 


+  /3 


4A, 


(4) 


where  A(+  is  the  number  of  spins  pointing  up,  N  the  number 
of  spins  pointing  down,  and  u).  the  attempt  frequencies, 
and  p=l/KhT.  This  expression  is  an  explicit  development  of 
Eq.  (2)  and  would  therefore  describe  the  usual  Debye  relax¬ 
ation  with  an  exponential  time  dependence  as  in  Eq.  (3).  In 
general,  the  attempt  frequencies  fur  the  +  and  -  spins  arc 
functions  of  the  applied  magnetic  field  and  are  nut  equiva¬ 
lent.  However,  setting  the  co^  and  u)_  to  be  equal  and  inde¬ 
pendent  of  the  applied  field  introduces  little  error  as  the  re¬ 
laxation  is  dominated  by  the  argument  of  the  exponential,  not 
the  prefactor.  Therefore  in  the  remaining  discussion  they  will 
be  given  by  a>. 

This  expression,  of  course,  neglects  any  coupling  be¬ 
tween  the  particles.  In  particular,  the  dipole-dipole  coupling 
between  th,  magnetic  moments  of  the  particles  is  lacking.  As 
the  particles  are  arranged  in  a  plane  and  restricted  by  the 
anisotropy  energy  to  orient  perpendicular  to  the  plane,  the 
dipolar  interaction  energy  would  be  a  minimum  for  the  case 
where  the  alternating  spins  are  antiparallel  to  each  other,  i.e., 
a  dipolar  antiferromagnet.  In  order  to  guarantee  the  absence 
of  disorder,  the  dipolar  couplings  between  the  spins  can  be 
treated  with  an  average  or  mean-field  approximation,  the  de¬ 
magnetization  field.  For  i.;e  limiting  case  of  planar  symmetry 
with  the  magnetization  perpendicular  to  the  plane,  as  is  ap¬ 
propriate  for  the  present  situation,  this  gives  a  field  of 
-4vM  where  M  =  +-N ^)/N,  where  N  is  the  total 

number  of  moments.  Defining  AN  such  that 
N +^-^=N/2  +  {-)AN/2  (so  AN=N  +-N ^),  one  obtains 


dAN 


dt 


N 

■  =  -w|-  + 


AN 

~1 


exp 


-  —  {2TTMlANIN-Ky 


N  AN 


+  ^(___,exp| 


Pv 

Ku 


{2itM^,AN/N  +  K,Y 


(5) 


I'his  nonlinear  differential  equation  now  describes  the  situa¬ 
tion  where  the  magnetic  field  of  the  spins  are  driving  the 
system  to  a  state  with  equal  numbers  of  up  and  down  spins. 
As  the  relaxation  progresses,  the  field  which  drives  the  sys¬ 
tem  decreases  and  thus  the  relaxation  slows  down.  The  result 
of  this  decreasing  drive  field  is  shown  in  Fig.  4.  This  figure  is 
a  numerical  solution  to  the  differential  equation  with  the  pa¬ 
rameters  li.stcd  in  the  figure  caption.  As  shown,  the  relaxation 
rate  .slows  down  as  the  system  relaxes.  This  quasilogarithmic 
time  dependence  occurs  over  six  decades  in  time. 

Several  comments  are  necessary  concerning  this  relax¬ 
ation.  The  first  is  that  although  the  data  exhibit  a  quasiloga¬ 
rithmic  time  dependence,  there  is  absolutely  no  disorder  in 
the  system.  The  couplings  arc  treated  in  a  mean-field  ap¬ 
proximation  such  that  it  is  only  the  average  field, 
2ttM^ANIN,  which  enters  the  expression.  The  second  is  that 
various  functional  forms  of  slow  dynamics  must  be  consid¬ 
ered,  and  while  the  data  here  is  plotted  against  the  log  of 
time,  it  can  also  be  fitted  to  a  stretched  exponential  over 
.several  decades.  Maybe  without  much  surprise,  it  would  ap¬ 
pear  that  fitting  to  various  functional  forms  of  slow  dynamics 
must  be  considered  carefully  before  completely  ascribing  the 
behavior  to  a  single  one.  Finally,  for  times  longer  than  about 
4xl0‘*s,  the  slowly  decaying  function  becomes  expo¬ 
nential.^  This  long  time  regime  can  be  understood  by  consid¬ 
ering  the  limit  in  Eq.  (4)  where  AN  becomes  small  enough 
that  the  exponential  is  dominated  by  the  .  In  this  limit,  the 
differential  equation  becomes  linear  and  the  decay  is  expo- 
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nontial.  In  the  other  time  extreme,  ut  short  times,  the  initial 
time  dependence  is  a  result  of  the  attempt  frequency  oi  cho¬ 
sen  for  the  generation  of  this  data  (about  !()'  s  '  for  this 
figure). 

The  long  time  observation  makes  another  point  clear, 
that  the  relaxation  is  not  slow;  it  is  actually  fast.  If  there  were 
no  interactions,  the  full  energy  barrier  height  would  be 
present  at  all  times;  with  interactions  present,  the  barrier 
height  is  a  funetion  of  the  state  of  ;i;  .'  system,  but  it  is  always 
less  than  it  would  be  without  the  interactions.  To  further 
explain,  if  two  otherwise  identical  systems,  one  with  and  one 
without  couplings,  were  prepared  in  a  state  with  all  the  spins 
parallel,  they  would  both  relax  to  u  state  with  equal  numbers 
of  up  and  down  spins.  The  main  difference  is  that  in  the 
system  without  interactions  there  would  he  little  decay  until 
the  time  decade  which  is  equivalent  to  the  relaxation  time 
over  the  full  barrier  height.** 

Ill,  DISCUSSION 

To  summarize  the  constraints  of  the  model,  we  must  note 
that  it  is  for  particles  with  constant  magnetization,  uniaxial 
anisotropy,  and  considers  only  coherent  rotation  for  the  mag¬ 
netization  reversal  process  in  a  single  particle.  Although  the 
model  system  certainly  exhibits  a  reasonable  time  depen¬ 
dence,  it  is  necessary  to  show  that  the  model  does  have  a 
basis  in  fact  with  physical  systems.  We  have  previously 
shown  that  the  decay  of  the  remanent  magnetization  in  thin 
films  of  CoCr  can  be  fitted  to  the  model  over  a  limited  mag¬ 
netization  decay  range.**  However,  the  volume  of  the  mag¬ 
netic  entities,  the  only  adjustable  parameter  in  the  fit,  was 
several  orders  of  magnitude  smaller  than  that  measured  by 
electron  microscopy.  Although  seemingly  problematic, 
simple  calculations  show  that  this  is  a  reasonable  volume  for 
a  domain  wall  in  one  of  the  cobalt  rich  particles  in  the  CoCr. 
This  would  indicate,  at  the  very  lea.st,  that  the  coherent  rota¬ 
tion  assumption  is  Incorrect,  a  fact  consistent  with  observed 
domain  reversal  in  small  particles. 

Another  feature  which  appears  in  many  systems  which 
exliibit  this  stow  relaxation  is  a  nonmonotonic  decay  slope. 
This  feature  is  usually  considered  anomalous  since  one 
would  expect  any  thermally  activated  process  to  accelerate  at 
higher  temperatures.  However,  the  magnetization  decay  in 
superconductors,^’*^  ferrofluids,'"  and  the  CoCr  alloys"  ex¬ 
hibits  a  maximum  as  a  function  of  temperature.  This  charac¬ 
teristic  has  been  used  as  evidence  that  there  is  a  collective 
transition  of  the  decaying  system.  In  the  present  model,  this 
anomalous  feature  occurs  in  a  very  natural  fashion  for  the 
following  reason. 

All  experiments  are  constrained  to  measure  the  decay  in 
a  fixed  time  window.  For  example,  in  a  SQUID  magnetome¬ 
ter  measurement,  it  may  be  that  the  measurements  start  ap¬ 
proximately  1  min  after  a  change  in  the  external  field.  The 
measurements  may  then  proceed  for  times  up  to  hours  or 
days.  In  any  event,  the  time  range  of  1  min-1  day  sets  the 
measurement  time  window,  and  the  decay  slopes  at  all  tem¬ 
peratures  and  initial  states  are  defined  in  this  window.  At  low 
temperatures,  even  though  the  interactions  may  be  large, 
there  is  not  enough  thermal  energy  for  the  system  to  decay  in 
the  time  wiinlow.  At  sufficiently  high  temperatures,  the  decay 
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process  is  so  rapid  that,  by  the  time  the  measurements  start, 
the  system  has  already  relaxed,  and  again  in  the  time  window 
of  the  measurements,  there  is  no  measurable  decay.  Between 
these  two  extremes  the  decay  rate  measured  in  the  time  win¬ 
dow  goes  through  a  maximum.  If  one  could  measure  the 
initial  decay  rate,  which  occurs  at  zero  time,  it  would  con¬ 
tinue  to  increase.  The  inset  in  Fig,  4  shows  the  temperature 
dependence  of  the  decay  slope  from  the  model  at  the  fixed 
time  of  ItM)  s  (or  a  factor  of  l()*'x  the  attempt  frequency). 

Another  te.st  of  the  applicability  of  the  model  is  to  con¬ 
firm  the  presence  of  interactions.  In  the  case  of  the  magnetic 
aftereffect  in  ferromagnets,  there  was  work  which  showed 
how  the  demagnetization  factor  altered  the  measured 
dynamics."  In  this  work,  the  larger  the  demagnetization  fac¬ 
tor.  the  more  resistant  the  system  was  to  being  magnetized. 
This  fact  is  consistent  with  Eiq.  (5)  where  the  interaction  or 
coupling  term.  IitM /N .  has  a  different  numerical  con¬ 
stant  from  27r.  In  the  case  of  superconductors,  the  frozen  flux 
is  associated  with  trapped  vortices.  Each  vortex  acts  as  a 
single  magnetic  dipole  which  can  interact  with  the  others  via 
the  dipole-dipole  coupling.  With  only  a  very  general  argu¬ 
ment,  Tinkham  used  a  similar  rationale  to  get  the  logarithmic 
time  dependence  of  the  flux  decay.” 

For  general  applicability,  one  needs  to  determine  the 
presence  of  interactions  in  these  systems  and  their  relevance 
to  the  magnetization  proce.ss.  We  have  previously  used  an 
approach  developed  by  Wohlfarth”  and  Henkel'**  plotting  the 
remanent  magnetizations  in  what  are  referred  to  as  Henkel 
ptots.  In  that  work"'  we  were  successful  in  showing  how 
known  interactions  in  a  system,  the  perpendieular-to-the- 
plane  demagnetization  field,  explained  the  observed  rema- 
nanccs.  It  is  important  to  note  that  Henkel  plots  may  suffer 
from  a  nonrandom  demagnetized  state.  Thus  it  would  be  best 
to  work  with  a  system  which  can  be  annealed  prior  to  mea¬ 
surement.  For  this  reason,  and  because  it  is  an  archetypal 
slow  relaxation  system,  we  have  recently  been  studying  the 
Henkel  plots  of  spin  glasses.  Although  in  a  preliminary  stage, 
we  note  that  all  Henkel  plots  on  the  spin  glass  AgiMn  indi¬ 
cate  interactions  are  in  fact  present.” 

A  linal  comment  to  make  is  that  the  interactions  in  the 
mode!  are  treated  to  assure  that  disorder  is  not  present  and  so 
the  interactions  must  be  responsible  for  any  slow  relaxation. 
In  real  systems,  the  interaction  range  is  finite;  therefore  dis¬ 
order  is  present.  For  example,  starting  from  a  saturated 
sample,  after  the  very  first  spin  or  moment  Hips,  its  neigh¬ 
bors  sec  a  different  dipolar  field  than  the  spins  farther  away. 
As  the  system  evolves,  this  situation  is  exacerbated.  So  in  the 
interaction  driven  model  presented  here,  with  the  mean-field 
approximation,  the  slow  relaxation  occurs  as  a  result  of  the 
couplings  and  disorder  does  not  play  a  role.  In  real  systems, 
with  finite  ranged  interactions,  some  disorder  is  always 
present.  The  relevant  question  is  then  how  important  this 
disorder  is  compared  to  the  interactions.  To  test  this  question, 
di.sordcr  must  be  included  in  the  calculations,  a  process  we 
have  recently  begun." 

It  is  important  to  point  out  that  in  addition  to  the  work 
presented  here,  the  model  has  been  used  by  others  with  the 
inclusion  of  a  domain-wall  energy  term,  to  model  the  mag¬ 
netization  process  in  magneto-optic  media,'** 
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As  a  final  note,  although  the  model  developed  here  has 
focused  on  condensed-matter  systems,  there  are  other  physi¬ 
cal  systems  which  arc  manifestly  affected  by  interactions.  A 
very  simple  way  to  understand  how  interactions  can  domi¬ 
nate  the  relaxation  process  is  to  consider  radioactive  decay. 
Most  sophomore  level  modern  physics  textbooks  derive  the 
Debye  relaxation  law  for  fi  "‘cc  ’y.  This  relaxation  derivation 
is  also  applicable  to  other  dec  iys,  such  as  provided  the 
decaying  nuclei  are  well  separated  so  that  there  arc  no  inter¬ 
actions,  i.c.,  independent  decay.  In  the  case  of  when  the 
radioactive  nuclei  are  close  enough  so  that  there  arc  interac¬ 
tions,  the  decay  process  is  changed  considerably! 


ACKNOWLEDGMENTS 

This  work  was  supported  under  AFOSR  Grant  No. 
AF/FA  %2()-y2-J-()lH.S/P(){M)().l.  One  of  the  authors.  E.D.D.. 
would  like  to  thank  Dr.  R.  Kirby,  Dr.  J.  Souletic,  Dr.  C. 
Dasgupta,  Dr.  M.  Sharrock,  Dr.  J.  Kakalios,  Dr.  R.  Chantrell, 
Dr.  K.  O'Grady,  Dr.  O.  Vails,  and  Dr.  G.  Mazenko  for  a 
number  of  interesting  and  relevant  discussions  over  the 
course  of  these  investigations. 


'K.  L.  Ngai,  Commenls  Solid  Stale  Phys.  9,  127  (1979);  9,  141  (1979). 
^M.  Tuomenen,  A.  M.  Goldman,  and  M.  L.  Mecartney,  Phys.  Rev.  U  37, 
.S48  1 198K). 

'j.  Kakalios,  R.  Street,  and  C.  Jaekson.  Phys,  Rev.  lx:tt.  S9,  10.17  (1987), 
■•D.  K.  Loltis,  R.  M.  White,  and  E.  D.  Dahiberg,  Phys.  Rev.  U-tt.  67,  .162 
(1991). 

'D.  K.  Lotlis,  H.  D.  Dahlbcrg.  J.  Christner.  J.  I.  l.ee,  R,  Peterson,  and  R. 
While,  J.  Appl.  Phys.  63,  2920  (1988). 

"J.  J.  Prejean  and  J.  Souletic,  J,  Phys,  (Paris)  41,  l.i.i.S  (1980), 

’j.  Shore  (private  communication). 

"M.  E.  Matson,  D.  K,  Lotlis.  and  K.  D.  Dahlbcrg,  J.  Appl.  Phys.  75,  .S475 
(1994). 

"C.  W.  Hagen  and  R.  Oricssen,  Phys,  Rev,  l.ell.  62,  28.S7  (1989). 

‘"W.  Luo,  S.  R.  Nagel,  T,  F.  Rosenbaum,  and  R.  h.  Rosensweig,  Phys.  Rev. 
Lett.  67,2721  (1991). 

"D.  K.  Uitlis,  H.  D.  Dahlbcrg,  J.  A.  Christner,  J.  1.  Lee,  R.  L.  Peterson,  and 
R.  M.  White,  J.  Phys.  (ParM  C  8.  407  (1988). 

‘‘R.  Street,  J.  C.  Wixillcy,  and  P.  D.  Smith,  Proc.  R.  Soc.  London,  Scr.  B  65, 
679  (19.S2) 

''M.  Tinkham.  Ininuluciion  lo  Supfrconiliiciivily  (Mctiraw-Hill,  New  York, 
197,S).  p.  178, 

“E.  P.  Wohlfarlh,  J.  Appl.  Phys  29.  .S9.s  (19,S8). 

■'O.  Henkel  Phys.  Status  Solid!  7.  919  (1964), 

'“L  Skorjanec,  J.  Close,  N.  Kirehner.  P.  Iverson,  and  E.  D.  Dahlbcrg,  J. 

Appl.  Phys.  73.  ()(>71  (199.1), 

'^H.  Engle  and  E.  D.  Dahlbcrg  (unpublished). 

■'R.  D.  Kirby.  J.  X.  Sher.  R.  J.  Hardy,  and  D.  J.  Scllmycr.49.  10810  11994) 
and  D.  J.  .Scllmyer,  R,  D,  Kirby,  and  S.  S.  Jaswal.  Mugm’/i.vm  of  Amor- 
phous  MeluLs  and  Alloys,  edited  by  J.  A.  i‘'ernundez-Baea  and  W.  Y.  Ching 
(World  Sciemitic,  Hong  Kong.  1994),  Chap.  8. 


6400  J.  Appl.  Phys.,  Vol.  76,  No,  10,  15  November  1994 


Dahlberg  et  al. 


Mesoscopic  model  for  the  primary  response  of  magnetic  materials  (invited) 
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A  model  for  the  relaxation  of  thermal  fluctuations  is  applied  to  the  dynamical  response  of  magnetic 
materials.  Sy.stems  investigated  include  paramagnefs,  spin  gla.sses,  and  ferromagnels.  The  key 
feature  which  distinguishes  the  model  is  that  it  describes  the  behavior  of  localized  normal  modes 
(e.g.,  magnons),  not  barrier  hopping  or  domain-wall  motion.  Mathematical  approximations  to  the 
model  reproduce  several  previously  used  empirical  formulas,  such  as  the  stretched  exponential, 
power-law,  and  logarithmic  time  dependences,  but  the  unapproximated  model  gives  generally  better 
agreement  with  observed  response.  Data  of  sufficient  quality  and  range  allow  quantitative 
confirmation  of  all  assumptions  of  the  model.  The  model  provides  a  common  physical  basis  for 
observed  magnetic  after-effects,  the  magnitude  and  distribution  of  Landau -Lifshitz  damping 
parameters,  and  \/f  noise. 


I.  INTRODUCTION 

Despite  the  fact  that  all  cla.ssical  systems  must  ultimately 
relax  exponentially,  single  relaxation  rate  (Dcbye-likc)  be¬ 
havior  is  rarely  ob.serveJ  in  condensed  matter.  Nevertheless, 
some  remarkably  “universal”  empirical  expressions  have 
been  used  to  characterize  the  observed  response  from  many 
different  materials.  Since  1854,'  the  most  popular  empirical 
expression  for  characterizing  amorphous  materials  has  been 
the  Kohlrausch-Williams- Watts  stretched  exponential 
.  For  cry.stals,  the  Curie-von  Schweidler 
power  law^  is  often  preferred.  For  magnetic  after¬ 

effects,  the  Neel"'''  logarithmic  time  dependence 
A/(f)«log(r/T)  is  also  popular.  These  empirical  expre.ssions 
are  simple  mathematical  formulas  that  give  generally  good 
agreement  with  a  wide  variety  of  measurements.  Unfortu¬ 
nately,  they  are  also  common  mathematical  approximations 
to  a  wide  variety  of  models;  hence  demonstrating  agreement 
with  these  formulas  tells  you  nothing  about  the  physical 
mechanism  of  response.  Furthermore,  all  of  these  formulas 
have  infinite  slope  at  /==(1;  hence  they  must  only  be  approxi¬ 
mations  valid  over  a  limited  time  range.  Indeed,  measure¬ 
ments  over  sufficient  range  invariably  demonstrate  devia¬ 
tions  from  such  simple  mathematical  formulas. 

Here  we  review  a  physical  model  for  the  ob.scrved  re¬ 
sponse  of  condensed  matter.  The  model  is  based  on  two  as¬ 
sumptions:  that  nonexponential  relaxation  is  due  to  a  hetero¬ 
geneous  distribution  of  exponentially  relaxing  regions,  and 
that  these  regions  obey  elementary  thermodynamics.  Various 
mathematical  approximations  to  the  model  reproduce  all  of 
the  previously  used  empirical  formulas,  but  the  unapproxi¬ 
mated  model  gives  generally  better  agreement  with  observed 
behavior.  The  model  provides  a  physical  description  for  the 
dynamical  behavior  of  dozens  of  different  systems  including 
dielectric,  structural,  and  thermal  response  in  liquids,  glas.scs, 
polymers,  and  crystals,^""  Here  we  fo'^us  on  application  to 
magnetic  systems,^'’'’' “  including  resonance  spectra,  mag¬ 
netic  after-effects,  and  1//  noise  in  paramagnets,  spin 
glasses,  and  ferromagnets. 

II.  MESOSCOPIC  MODEL 

We  assume  that  nonexponential  response  is  due  to  a  het¬ 
erogeneous  distribution  of  independently  relaxing  regions. 


that  we  call  “dynamically  correlated  domains”  (DCDs).  Per¬ 
haps  the  earliest  picture  of  dynamical  heterogeneity  was  the 
ItXl?  Einstein  model  for  the  specific  heat  of  solids,  in  which 
it  was  assumed  that  each  atom  was  an  independent  harmonic 
o.scillator.'^  In  1912,  Debye  recognized  that,  due  to  interac¬ 
tions  between  local  sites,  a  solid  can  lower  its  energy  by 
dynamical  correlation  into  normal  mode.s.'^  Examples  of 
normal  modes  include  phonons,  polaritons,  and  magnons.  In 
a  perfect  harmonic  crystal,  all  normal  modes  are  infinite 
plane  waves;  in  real  systems,  however,  some  normal  modes 
may  become  localized.  Even  in  simulated  perfect  crystals, 
some  normal  modes  are  localized  by  a.ssuming  realLstic  (un¬ 
harmonic)  interactions,  but  direct  ob.servation  often  requires 
suppression  of  the  plane-wave  excitations."  In  real  systems, 
intrinsic  inhomogencitics  may  augment  the  localization  of 
normal  modes. 

Considerable  evidence  indicates  that  dynamical  hetero¬ 
geneity  is  common  in  condensed  matter.  In  glass-forming 
liquids,  four-dimensional  (4D)  NMR  measurements''’  unam¬ 
biguously  establish  that  nonexponential  relaxation  is  due  to  a 
heterogeneous  distribution  of  independently  relaxing  regions 
(DCDs)  that  become  homogeneous  only  after  essentially  all 
of  the  primary  response  is  complete;  typical  diameters  are 
found  to  be  —35  A.''  In  spin  glasses,  neutron-scattering 
measurements,"'  and  the  2D  to  3D  crossover,'^  indicate  dy¬ 
namical  heterogeneity  on  a  scale  of  4()-ll)(H)  A.  In  HuS  crys¬ 
tals,  the  thermal  hysteresis  of  the  remanent  magnetization 
can  only  be  explained  by  regions  with  distinct  dynamical 
behavior,  while  the  relaxation  of  this  remancncc  quantita¬ 
tively  confirms  a  specific  distribution  of  DCDs.  It  is  impor¬ 
tant  to  emphasize  that  DCDs  are  related  to  a  dynamical  cor¬ 
relation  length,  not  a  region  of  static  order.  For  example,  in 
pure  Fe  at  low  temperatures,  statically  aligned  regions  are 
macro.scopic,  while  the  magnetic  exchange  length'"  l„ 
=  sJa/mI  (A  is  the  anisotropy  energy  and  Af,  the  saturation 
magnetization)  gives  („-8()  A.  suggesting  that  each  stati¬ 
cally  aligned  region  contains  a  myriad  of  independently  re¬ 
laxing  DCDs,  as  is  quantitatively  confirmed  from  the  ob¬ 
served  magnetic  response. 

Generally,  the  relaxation  rate  of  a  DCD  (wj  will  depend 
on  its  size  .v.  where  .v  is  the  number  of  responding  par'icles 
(proportional  to  volume)  in  the  domain.  For  a  distribution  of 
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sizes  (flj),  and  size-dependent  initial  response  (A/  J,  the  net 
relaxation  is  the  weighted  sum  over  all  sizes: 

=  A  change  of  variable  (u'5=1/t)  may 

be  used  to  convert  this  sum  to  include  the  customary  distri¬ 
bution  of  relaxation  times,  but  we  prefer  to  parameterize  re¬ 
laxation  in  terms  of  DCD  size;  since  5  is  a  thermodynamic 
variable,  the  expressions  for  and  A/  ,  will  be  simpler. 

The  size  dependences  of  n  , ,  M ^ ,  and  w,  are  obtained  by 
assuming  simple  thermodynamics.  Thermodynamic  exten- 
sivity  suggests  that  the  net  response  of  a  DCD  should  be 
proportional  to  its  size,  The  central-limit  theorem 

suggests  that  near  thermodynamic  equilibrium,  DCDs  should 
have  a  Gaussian  size  distribution  ,  where  a  is 

the  variance  about  an  average  size  s.  Detailed  balance  sug¬ 
gests  that,  if  the  system  is  to  approach  thermodynamic  equi¬ 
librium,  relaxation  rates  between  energy  levels  separated  by 
an  amount  6E,  must  vary  as  The  key  feature 

which  distinguishes  our  approach  is  that  we  consider  the 
relaxation  of  localized  normal  modes  (e.g.,  magnons, 
phonons,  polaritons,  etc.),  for  which  energy-level  spacings 
are  inversely  proportional  to  size:  ^£,al/s. 

The  fact  that  normal-mode  energy-level  spacings  gener¬ 
ally  vary  inversely  proportional  to  size  may  be  pictured  in 
many  ways.  In  a  simple  magnon  picture,*''  the  bandwidth  (A) 
depends  only  on  the  local  spin  and  exchange  integral,  inde¬ 
pendent  of  domain  size,  whereas  the  number  of  excitations 
that  fill  this  bandwidth  is  proportional  to  the  number  of  spins 
in  the  domain;  hence  <SE,.~A/s.  In  fact,  this  is  the  thermody¬ 
namic  requirement  that  densities  of  states  are  extensive  quan¬ 
tities,  SN/SEg^s,  so  that  the  energy  spacing  between  adja¬ 
cent  (AV=1)  levels  is  Of  course,  we  are  not  the 

first  to  consider  finite-size  effects  in  condensed  matter.  In 
1937,  Frohlich^**  calculated  the  energy  spacing  for  quantized 
excitations  in  perfect  spheres,  and  obtained  the  textbook  ex¬ 
pression  In  1962,  Kubo^*  recognized  that 

imperfections  in  real  systems  break  the  degeneracies  inherent 
in  perfect  spheres,  yielding  ^,.al/i.  Thus  SE,<^l/s  for  me¬ 
soscopic  systems  governed  by  either  quantum  mechanics,  or 
thermodynamics,  We  implement  this  requirement  to  obtain 
relaxation  rates  that  vary  exponentially  with  inverse  size. 

Combining  the  ingredients  of  finite-size  thermodynam¬ 
ics,  using  jr  =  A/<r  and  converting  the  sum  over  all  sizes  to  an 
integral,  the  net  relaxation  of  an  ergodic  system  (e.g,,  rapidly 
relaxing  crystal  or  liquid)  becomes 

Af(r)  =  A/o  i"dx  (1) 

Jo 

Equation  (1)  has  four  adjustable  parameters:  the  prefactor 
(Mo)  accommodates  the  magnitude  of  response,  the  asymp¬ 
totic  relaxation  rate  (w^)  governs  the  time  .scale  of  relax¬ 
ation,  the  correlation  coefficient  (C)  controls  the  spectral 
width,  whereas  the  scaled  average  size  (x  =  s/(r)  influences 
the  magnitude,  time  scale,  and  width  of  response.  Notc^  for 
simple  relaxation  between  adjacent  energy  levels,  detailed 
balance  yields  C<0,  and  Eq.  (1)  may  be  approximated  by 
the  stretched  exponential  with  the  slowest  relaxation  rate, 
whereas  if  relaxation  requires  activation  over  an  intermediate 
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energy  barrier,  C>()  (see  See.  IV)  and  Eq.  (1)  may  be  ap¬ 
proximated  by  a  power  law  with  \v^  the  fastest  relaxation 
rate. 

In  principal,  botii  x  and  C  could  adjust  the  spectral  shape 
of  Eq,  (1).  Experimentally,  however,  for  all  ergodic  systems 
that  we  have  examined,  the  ratio  (x/C)  is  constant,  indepen¬ 
dent  of  temperature.  For  example,  from  the  dielectric  suscep¬ 
tibility  of  glass-forming  salol  over  24  K  we  find^  x/C 
=  -0.182 ±0.003.  Furthermore,  we  find  a  similar  ratio  from 
dozens  of  measurements  on  many  different  glass-forming 
liquids,  and  even  .v/C=0. 197±0.02  from  magnetic  relax¬ 
ation  in  single-crystal  Fe."  We  now  speculate  as  to  a  pos¬ 
sible  reason  for  this  “universality.” 

A  specific  expression  for  the  correlation  coefficient  (C) 
in  the  relaxation  rate  (w^-w^e^^  may  be  obtained  by 
combining  detailed  balance  with  Fermi’s  golden  rule.  The 
transition  rate  from  energy  £,  to  Ef  is  w,- 
X  \/(/I|/m,), where  Vj_,^  (  —  is  matrix  element  that 
connects  the  initial  and  final  states,  and  nf/nj  = 

jjj  factor  that  ensures  detailed  balance.  At 
normal  temperatures  (kifTt>  SEg~^/s),  thermal  fluctuations 
strongly  influence  transitions  between  levels,  so  that  the  ma¬ 
trix  element  is  dominated  by  the  probability  that  a  fluctuation 
will  cause  the  initial  and  final  energies  to  overlap. 
Near  thermal  equilibrium^^ 
Pi^f<xcx[)[-{Ef-Ei)^F"{E,)/2kiiT],  where 

£"(£,. )=s/"(£,,)  and  f"(E^)  is  the  Helmholtz  free-energy 
curvature  per  particle  about  the  equilibrium  energy.  The  net 
relaxation  rate  into  equilibrium  is  obtained  by  integrating 
over  all  possible  initial  states 

I*  (J£,l . ,1 V' >ie //I ,) « e ‘ 

yielding’  C=  -  \/[\(>(rf"{E,)k„Tl  so  x/C  =  ~lf>sf" 
X(Ef)ki,T.  As  expected  for  response  that  is  governed  by 
thermal  fluctuations,  the  relaxation  rate  is  independent  of  A, 
consistent  with  a  ratio  of  shape  parameters  in  Eq,  (1)  that 
docs  not  depend  on  the  details  of  interactions  in  a  substance. 

Some  thermodynamic  identities  can  be  used  to  simplify 
x/C.  The  free-energy  curvature  of  an  average-sized  DCD 
may  be  written’’ 

sf"(E  )  =  {,)^ISE^)(E-TS)=-  T(  d-S/dFJ  )=\/(TC^) 

(where  Cy=SE/r)T  is  the  "heat  capacity”  of  an  average¬ 
sized  DCD  due  to  excitations  that  contribute  to  observed 
response),  so  that  x/C  =  —  1 6k,j/Cy ,  For  a  system  of  N  clas¬ 
sical  particles,  the  law  of  Dulong  and  Petit  gives  x/C=  -  16/ 
3N,  leaving  no  explicit  temperature  dependence.  Of  course, 
with  decreasing  temperature,  the  heat  capacity  per  particle 
diminishes,  Cy<'ikg,  while  the  number  of  particles  in  an 
average-sized  DCD  increases,  s>N .  Evidently,  since  x/C  is 
found  to  be  constant,  the  effective  number  of  classical  de¬ 
grees  of  freedom  must  not  change,  scy  =  2>Nkif.  Finally,  wc 
speculate  that  N  corresponds  to  the  minimum  number  of 
classical  particles  necessary  to  support  nontrivial  excitations 
in  three  dimensions,  A~3’,  which  gives  x/C®” -().  198. 
Empirically,  regardless  of  interpretation,  Eq.  (1)  with  .v/|Cl 
=0.19±0.()2  provides  excellent  agreement  with  observed  rc- 
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FIG.  1.  Relaxation  of  the  remanent  magnetization  in  a  aingic-cryatal  whis¬ 
ker  of  Fe  at  4.2  K  after  removing  three  different  fields.  Dashed  curves  arc 
best  fits  to  the  data  using  the  stretched  exponential  function.  Solid  curves  arc 
best  fits  to  the  data  using  Eq.  (1)  with  i/C=0.20.  Inset:  deviation  between 
the  data,  model  function  (solid  line  at  each  origin),  and  stretched  exponen¬ 
tial. 

sponse  from  a  wide  variety  of  ergodic  systems  with  only  one 
parameter  governing  the  width  and  entire  shape  of  the  re¬ 
sponse. 

Nonergodic  systems  (e.g.,  slowly  relaxing  crystals  or 
glasses)  have  quenched  (local)  randomness  that  may  be  char¬ 
acterized  by  the  Poisson-like  distribution  from  percolation 
theory:  For  isotropic  excitations  in  highly 

correlated  (p>p.)  systems,  the  size-scaling  exponents  are 
l-fl=10/9  and  {=2/3,  with  C'oc|p-p£.|“  Using  jc  =  C's, 
the  net  relaxation  of  a  nonergodic  system  becomes 

A/(f)  =  Mo  (2) 

Jo 

Equation  (2)  has  only  three  adjustable  parameters:  again  Mq 
accommodates  the  magnitude  of  response  and  governs 
the  time  scale  of  relaxation,  while  the  width  and  entire  shape 
of  the  response  is  controlled  by  the  single  parameter  C.  For 
example,  if  C  =  0  the  relaxation  is  size  independent,  yielding 
single  relaxation  rate  (Debye-like)  behavior,  whereas  if 
|C|>1,  ihe  spectral  width  is  extremely  broad.  Here,  for  re¬ 
sponse  that  is  governed  by  thermal  fluctuations,  the  correla¬ 
tion  coefficient  is  given  by  C=  -C'/[16/"(£jAgT]. 

III.  EXPERIMENTAL  EVIDENCE  FOR  THE  MODEL 

Measurements  of  magnetic  response  were  made  using  a 
SQUID  magnetometer.  Features  of  the  magnetometer  include 
a  nonconducting  sample  region  (to  minimize  eddy-current 
effects),  and  a  critically  damped  low-impedance  solenoid  for 
fields  (//)  of  0.05-70  Oe  that  can  be  removed  within  5  /us. 
With  a  standard  dc  SQUID  sensor  coupled  to  a  high-speed 
voltmeter,  the  magnetometer  is  capable  of  measurements 
from  10“’  to  10“*  s  after  removing  //. 

Figure  1  shows  the  relaxation  of  the  primary  magnetic 
response  in  a  single-crystal  whisker  of  Fe  at  4.2  K  after 
removing  three  different  fields.**  Best  fits  using  the  stretched 
exponential  show  significant  deviations  from  the  observed 
behavior,  while  Eq.  (1)  with  x/lC|=0.20  gives  excellent 
agreement.  Figure  2  shows  the  magnetic  relaxation  in  an 
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FIG.  2.  Relaxation  of  the  remanent  magnetization  in  an  11.9%Au;Fc  sample 
at  three  temperatures  above  the  spin-glass  transition  7’j=39  K.  Solid  curves 
are  the  best  tits  to  the  data  using  Eq.  (2).  Inset:  deviation  between  the  data, 
model  function  (solid  line  at  each  origin),  and  simple  power  law. 


11.9%  Au:Fe  sample  at  three  temperatures  above  the  spin- 
glass  transition  T^=39  K.**  The  inset  shows  that  a  simple 
power  law  gives  good  agreement  over  four  or  five  orders  of 
magnitude  in  time,  but  when  the  entire  range  of  data  are 
considered,  Eq.  (2)  gives  significantly  better  agreement.  Fig¬ 
ure  3  shows  magnetic  relaxation  in  a  single  crystal  of  EuS  at 
three  temperatures  below  the  Curie  transition  7^  =  16.57  K.*“ 
Linear  fits  to  the  data  show  that  the  relaxation  is  approxi¬ 
mately  logarithmic,  but  again,  best  fits  using  Eq.  (2)  are  sig¬ 
nificantly  better. 

We  have  documented  statistical,  qualitative,  and  quanti¬ 
tative  evidence  for  the  validity  of  the  mesoscopic  model. 
Statistically,  compared  to  previously  proposed  response 
functions,  in  addition  to  giving  superior  agreement  with  ob¬ 
served  magnetic  response  from  paramagnets,  spin  glasses, 
and  ferromagnets,  the  model  also  provides  better  agreement 
with  the  observed  dielectric,  structural,  and  thermal  response 
from  dozens  of  liquids,  glasses,  polymers,  and  crystals.’  Fur¬ 
thermore,  no  other  previously  proposed  response  function 
can  fully  account  for  the  qualitative  behavior  of  the  high- 
frequency  dielectric  absorption  in  glass-forming  liquids.’ 
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FIG.  3.  Relaxation  of  the  remanent  magnetization  in  single-crystal  EuS  at 
three  temperatures  below  the  Curie  transition  7',,  =  16..S7  K.  Dashed  lines  arc 
best  logarithmic  fits  to  the  data.  Solid  curves  arc  best  tits  to  the  data  using 
Eq.  (2). 
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Most  convincing,  however,  is  the  quantitative  confirmation 
of  the  size-scaling  exponents. 

The  size  distribution  used  in  Eq.  (1) 

assumes  thermodynamic  extensivity  (1 
-6--1)  and  that  DCD  size  obeys  the  central-limit  theorem 
(^=1).  For  data  of  sufficient  quality  and  range,  it  is  possible 
to  release  these  exponents  as  additional  adjustable  param¬ 
eters,  so  that  the  only  place  where  size  scaling  is  fixed  is  in 
the  exponent  of  the  relaxation  rate,  with 

/8=-l.  For  example,  if  response  was  a  surface  effect  or  if 
domain  radius  was  the  appropriate  parameter  of  randomness, 
one  would  expect  1-0=  2/3  or  f=l/3,  respectively.  From 
magnetic  relaxation  in  single-crystal  whiskers  of  Fe,  we  find 
1-0=O.92±O.12  and  ^=0.99±0.08,  quantitatively  confirm¬ 
ing  all  assumptions  of  the  model:  volume  response  1-0=1, 
random  DCD  .sizes  {=1,  and  relaxation  rates  vary  exponen¬ 
tially  with  inverse  size  /3=-l;  otherwise  1-0  and  C  would 
adjust  to  compensate.  Similarly,  the  size  distribution  used  in 
Eq.  (2)  (xn^a;c'  “  )  assumes  the  Poisson-like  size  distri¬ 

bution  from  percolation  theory  (^=2/3)  and  thermodynamic 
extensivity  (1  -  0=10/9).  From  magnetic  relaxation  in  single¬ 
crystal  EuS  we  find  1  — 0=1,1Q±O.O2  and  ^=0.669±0.004, 
again  quantitatively  confirming  all  assumptions  of  the  model. 
Alternatively,  within  experimental  uncertainty,  Eqs.  (1)  and 
(2)  are  the  correct  response  functions  for  these  data. 

IV.  APPLICATIONS  OF  THE  MODEL 

Since  the  model  provides  a  physical  mechanism  for  the 
primary  response  of  condensed  matter,  it  may  be  u,sed  to 
interpret  a  variety  of  observed  behavior.  For  example,  the 
model  has  been  used  to  identify  ergodicity  in  amorphous 
systems,  and  provide  an  explanation  for  observed  non- 
Arrhenius  temperature  dependences  of  relaxation  rates.** 
Here  we  will  focus  on  application  to  magnetic  materials, 
specifically  the  ob.served  magnitude  and  distribution  of 
Landau-Lifshitz  damping  parameters,  and  1//  magnetic 
noise. 

When  OO,  the  size-dependent  relaxation  rate 
implies  that  larger  DCDs  have  faster  relax¬ 
ation  rates.  OO  (as  is  observed  for  the  primary  magnetic 
response  of  Fe)  can  only  occur  if  relaxation  requires  activa¬ 
tion  over  an  intermediate  barrier,  where  /"(£)<0  gives 

!//"(£  )>0.  Qualitatively,  large  DCDs  have  many  de¬ 
grees  of  freedom  that  facilitate  traversal  of  a  potential  bar¬ 
rier,  whereas  small  domains  are  relatively  rigid,  and  hence 
require  many  attempts  before  relaxing.  In  the  Landau- 
Lifshitz  formalism,  a  fundamental  attempt  frequency  is  the 
Larmor  precession  rate  w=|'y|B,  where  |y|=17.6XlO'’  (rad/ 
s)/G  for  pure  electron  spins.^"*  If  this  precession  is  related  to 
the  asymptotic  relaxation  rate  w„~'|’y|B,  then  = 
gives  a  connection  between  the  gyromagnetic  precession  and 
average  relaxation  rates,  providing  a  physical  explanation  for 
the  Landau-Lifshitz  damping  parameter  a®=w^/w,o=e”‘'*^. 
Indeed,  from  SQUID  measurements  of  magnetic  relaxation 
in  Fe  we  find  '‘*^***  **^*=“0.006,  consistent  with 

the  damping  parameter  found  from  ferromagnetic-resonance 
linewidths  at  much  higher  frequencies:  ^  =32  Oe  at  fa=9.2 
GHz  and  =  1 5  8  Oe  at  36.2  GHz^’^  give 


a=(5B)|-y|/(47r/y)'«0.005.  Thus  the  mesoscopic  model  pro¬ 
vides  an  explanation  for  both  the  magnitude,  and  distribu¬ 
tion,  of  Landau-Lifshitz  damping  parameters  in  Fe.  Further¬ 
more,  approximately  half  of  the  commercially  available 
ferrite  materials^*’  have  damping  parameters  consistent  with 
However,  other  materials  have  quite  dif¬ 
ferent  damping  parameters,  suggestive  of  alternative  relax¬ 
ation  mechanisms,  Most  notably,  highly  polished  YIG  crys¬ 
tals  have  the  lowest  microwave  loss  of  any  material,  with 
a—lO”"*.  Such  extraordinarily  low  loss  is  attributable^^  to  an 
absence  of  orbital  contributions,  and  nearly  spherical  charge 
distribution,  for  the  ferric  ions  in  YIG;  thus  the  spins  are 
decoupled  from  the  “universal”  lattice  vibrations  which  gov¬ 
ern  the  relaxation  in  many  other  materials. 

Another  common  property  that  may  be  attributed  to  me¬ 
soscopic  thermal  fluctuations  is  1//  noise.  Electrical  1// 
noise  has  been  known  for  many  years,^*  but  magnetic  mea¬ 
surements  of  sample  noise  have  only  been  possible  with  re¬ 
cent  advancements  in  SQUID  magnetometry.^**  Within  the 
fluctuation  dissipation  theorem,  noise  is  proportional  to  1// 
times  the  out-of-phase  (absorption)  component  of  response, 
M^(f)  =  kQTx"{f)/TT^f-  Thus  only  systems  with  infinitely 
broad  absorption  peaks  (corresponding  to  logarithmic  time 
relaxation)  will  exhibit  purely  1//  noise.  Of  course,  no 
physical  system  can  have  an  infinitely  broad  absorption  peak, 
as  evidenced  by  deviations  from  logarithmic  relaxation  when 
measured  over  sufficient  time  range;  similar  deviations  must 
also  occur  in  Iff  noise.  Indeed,  magnetic  noise  spectra^** 
from  spin  glasses  exhibit  very  broad,  asymmetrical  devia¬ 
tions  from  Iff  behavior,  consistent  with  relaxation  rates  that 
vary  exponentially  with  inverse  size,  which  is  the  key  feature 
of  our  model.  Furthermore,  deviations  from  1//  behavior 
become  more  conspicuous  near  T,,  similar  to  the  increased 
deviations  from  logarithmic  relaxation  observed  in  EuS  near 
Tj. .  Using  Eq.  (2),  1//  times  the  out-of-phase  component  of 
the  Fourier  transform  of  -dM{t)ldt  yields  a  specific  expres¬ 
sion  for  the  equivalent  noise  spectrum: 


MV)  = 


2k,T 


IT 


Jo 


dx  X 


10/9,. 


„2/,l 


1/W, 


1  4-(27r//w^.)^’ 


(3) 

where  .  Although  electrical  measurements  on 

small  samples  have  shown  that  Iff  noise  is  often  caused  by 
a  distribution  of  independently  relaxing  regions,'^**  available 
magnetic  measurements  have  not  allowed  quantitative  con¬ 
firmation  of  Eq.  (3).  Neverthele.ss,  magnetic  relaxation  that  is 
characterized  by  Eq.  (1)  or  (2)  may  yield  apparent  Iff  noise. 
For  example,  Fig.  4  shows  equivalent  noise  spectra  of  ferro¬ 
magnetic  EuS,  demonstrating  qualitative  agreement  with 
measured  noise  spectra,^**  and  the  difficulty  in  distinguishing 
from  hypothetical  1  / /  behavior. 


V.  CONTRAST  WITH  PREVIOUS  PICTURES 

Domain-wall  motion  is  an  established  mechanism  of 
magnetic  response.  Usually,  wall  motion  occurs  on  short 
time  scales  (<10“''  s),  outside  the  time  window  of  our 
SQUID  magnetometer,  but  by  extrapolating  the  observed  re¬ 
sponse  to  r  =  0,  an  estimate  of  the  relative  contribution  of 
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FIG.  4.  Equivalent  noise  spectra  in  ferromagnetic  EuS,  from  the  imaginary 
part  of  the  susceptibility  (inset),  as  determined  from  the  data  of  Fig.  3.  Solid 
lines  are  the  best  po-^vt-linv  fits  to  the  data  [A/^(/)  «  1//^],  yielding  /3  of 
1.007, 1.046,  and  1.14  at  temperatures  of  4.2,  8.0,  and  16.6  K,  respectively. 


such  fast  response  mechanisms  can  be  obtained.  As  shown  in 
Fig.  5  for  the  magnetic  relaxation  of  Fe,  after  removing  small 
fields  (i/<0.1  Oe),  the  response  accounted  for  by  our  me¬ 
soscopic  model  is  only  about  20%  of  the  initial  (infield)  re¬ 
sponse;  80%  of  the  initial  response  occurs  before  10'^  s, 
presumably  due  to  domain-wall  motion.  However,  with  in¬ 
creasing  field  the  fraction  of  slow  response  increases,  until 
H  >  1  Oe  where  essentially  100%  of  the  initial  response  can 
be  accounted  for  by  magnon  relaxation  over  the  available 
time  window.  At  still  higher  fields  {H>  3  Oe,  Fig.  6),  rela¬ 
tively  small  jumps  and  spikes  appear,  indicative  of  minor 
domain-wall  adjustments  (Barkhausen  noise)  during  the  oth¬ 
erwise  smooth  magnon  response.  Evidently,  the  magnetic  re¬ 
laxation  is  so  slow  that  domain  walls  (which  traverse  the 
sample  in  <10~*  s)  cannot  carry  any  magnetization  reversal. 
Instead,  these  “proto-walls”  merely  break  the  degeneracy 
between  regions  where  magnons  will  eventually  relax  the 
spins  into  distinct  static  alignments;  magnetization  evolves 
smoothly  from  saturation  without  any  significant  contribu¬ 
tion  from  wall  motion. 


H  (0«) 


FIG.  5.  Field  dependence  of  inidal  (in-field)  susceptibility  M/H  ( x )  from 
before//  was  removed,  and  extrapolated  initial  response  M(0)IH  (□)  from 
Eq.  (1),  of  an  Fe  whisker  at  4.2  K.  For  //<0. 1  Oe,  only  20%  of  the  in-field 
response  is  accounted  for  by  Eq.  (1).  For  H>  1  Oe,  essentially  100%  of  the 
in-field  response  can  be  accounted  for  by  magnon  relaxation  over  the  avail¬ 
able  time  window. 
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FIG.  6.  Relaxation  of  the  remanent  magnetization  in  Fe  at  4.2  K  after 
removing  four  relatively  large  fields.  Inset:  deviation  of  the  data  from  Eq. 
(1),  showing  small  jumps  and  spikes  (Barkhausen  noise)  due  to  domain-wall 
adjustments  during  the  primary  magnon  relaxation. 

Many  investigators  have  considered  slow  relaxation  due 
to  coherent  domain  rotation  via  barrier  hopping.  Such  coher¬ 
ent  domains  are  assumed  to  be  rigidly  aligned  in  a  common 
direction,  with  only  a  few  degrees  of  freedom,  similar  to  a 
rigid  rod  governed  by  classical  mechanics.  Generally,  barrier 
heights  are  assumed  to  increase  with  increasing  domain  size, 
with  /3>0.  In  contrast,  we  consider  relaxation  of 
low-energy  internal  degrees  of  freedom  (e.g.,  magnons)  gov¬ 
erned  by  thermodynamics,  for  which  )3=-l.  Our  approach 
has  some  favorable  features.  First,  even  at  low  temperatures 
in  highly  ordered  ferromagnets,  where  rigidly  aligned  spin 
behavior  might  be  expected  to  occur,  magnons  are  found  to 
govern  the  static  magnetization,  hence  they  should  also  con¬ 
tribute  to  the  dynamical  properties.  Second,  it  is  generally 
assumed  that  slow  relaxation  of  a  rigidly  aligned  domain 
requires  activation  over  an  intermediate  energy  barrier.  In 
contrast,  for  C<0,  normal-mode  relaxation  involves  simple 
transitions  between  adjacent  energy  levels,  thus  requiring 
only  detailed  balance.  (Although  r^me  systems  do  have 
OO,  indicating  relaxation  over  an  intermediate  barrier, 
since  with  y8=  — 1,  large  DCDs  relax  faster  than 

small  DCDs,  as  expected  for  systems  with  internal  degrees  of 
freedom.)  Third,  since  there  is  considerable 

asymmetry  in  the  relation  between  domain  size  and  relax¬ 
ation  rate,  so  that  relatively  symmetrical,  and  hence  more 
physically  reasonable,  size  distributions  (e.g.,  Gaussian  or 
percolation)  provide  good  agreement  with  most  frequently 
observed  asymmetrical  responses.  Finally,  within  experimen¬ 
tal  uncertainty  for  a  variety  of  systems,  /3=-l  has  been 
confirmed  quantitatively. 

VI.  CONCLUSIONS 

A  model  is  presented  that  provides  a  physical  description 
for  the  primary  response  of  condensed  matter.  The  model  is 
based  on  the  assumption  that  nonexponential  response  is  due 
to  a  heterogeneous  distribution  of  independently  relaxing  re¬ 
gions,  and  that  these  regions  obey  simple  thermodynamics. 
The  model  gives  superior  agreement  with  the  observed  re¬ 
sponse  from  dozens  of  different  materials,  including  mag¬ 
netic  after-effects  in  paramagnets,  spin  glasses,  and  ferro- 
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magnets.  Data  of  sufficient  quality  and  range,  including 
SQUID  measurements  of  single-crystal  EuS  and  whiskers  of 
Fe  over  nine  orders  of  magnitude  in  time,  allow  quantitative 
confirmation  of  ail  aspects  of  the  model.  The  model  provides 
a  common  physical  basis  for  several  previously  used  empiri¬ 
cal  expressions,  such  as  the  stretched  exponential,  power- 
law,  and  logarithmic  time  dependences.  Furthermore,  the 
model  provides  a  physical  explanation  for  other  properties 
commonly  found  in  the  dynamical  response  of  magnetic  ma¬ 
terials,  including  the  magnitude  and  distribution  of  Landau- 
Lifshitz  damping  parameters,  and  1//  noise. 
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The  development  of  a  number  of  models  of  slow  relaxation  in  magnetic  materials  is  reviewed.  A 
phenomenological  theory  based  on  the  intrinsic  energy  barrier  is  shown  to  explain  the  form  of  time 
dependence  of  the  magnetization,  including  the  logarithmic  time  dependence  observed  for  systems 
with  a  relatively  wide  distribution  of  energy  barriers.  This  formulation  gives  rise  to  useful  analytical 
results  which  give  generally  good  qualitative  agreement  with  experiment.  The  slow  relaxation  is 
related  to  the  irreversible  magnetic  behavior  via  a  fictitious  fluctuation  field  Hf  which  itself 
determines  a  quantity  called  the  activation  volume  Vac,.  Both  and  are  related  to  the 
magnetization  reversal  process.  For  granular  materials  generally  smaller  than  the  grain  size. 

Computer  simulations  based  on  the  Monte  Carlo  method  arc  applied  to  the  investigation  of  the 
behavior  of  thin  films  with  perpendicular  anisotropy.  Detailed  comparisons  of  the  simulation  with 
experimental  data  demonstrate  the  relationship  between  and  the  micromagnetic  magnetization 
reversal  mode.  Some  recent  models  introducing  thermal  agitation  into  the  micromagnetic  formalism 
are  discussed. 


I.  INTRODUCTION 

In  general,  models  of  magnetization  reversal  proceed  by 
determining  the  minimum  energy  state  and  following  its  evo¬ 
lution  until  at  some  field  the  minimum  disappears  and  an 
irreversible  transition  to  a  new  state  occurs.  This  approach  is 
valid  for  magnetization  reversal  at  absolute  zero  temperature. 
However,  at  a  finite  temperature  a  different  phenomenology. 
Involving  determination  of  the  energy  barriers,  must  be 
adopted.  A  considerable  amount  of  work  has  been  carried  out 
using  a  simple  formalism  based  on  a  distribution  of  energy 
barriers.  This  approach  has  proved  extremely  useful  in  pro¬ 
ducing  analytical  results  which  give  generally  good  qualita¬ 
tive  agreement  with  experiment,  thereby  illuminating  the 
physical  processes  involved,  Here  v  e  start  by  outlining  the 
energy  barrier  distribution  formalism  and  introducing  the 
concepts  of  the  fluctuation  field  and  activation  volume. 
These  highlight  the  major  deficiencies  of  the  phenomenol¬ 
ogy,  which  are  principally  the  neglect  of  the  detailed  nature 
of  the  magnetization  reversal  mechanisms  and  interaction  ef¬ 
fects.  The  remainder  of  the  article  is  devoted  to  consideration 
of  computational  studies  of  slow  relaxation. 


II.  ANALYTICAL  MODELS  FOR  TIME  DEPENDENCE 

In  magnetic  materials  the  time-dependence  effects  arise 
due  to  the  fact  that  there  is  a  finite  relaxation  time  r  required 
for  the  magnetization  vector  to  rotate  from  one  minimum  to 
another.  The  origin  of  the  energy  barrier  is  a  material  prop¬ 
erty  and  since  its  magnitude  depends  on  experimental  condi¬ 
tions  such  as  magnetic  field,  these  factors  govern  the  prob¬ 
ability  of  thermally  activated  transitions.  Almost  any 
phenomenology  shows  that  the  probability  of  a  transition  is 
given  by' 

r“ ':=/()  exp(-A£//:r),  (1) 


where  /„  is  the  attempt  frequency  which  depends  on  the 
properties  of  the  material  and  AE  is  the  height  of  the  energy 
barrier  for  reversal. 

In  general  the  time  variation  of  the  magnetization  of  any 
system  can  be  characterized  by  a  simple  differential  equa¬ 
tion: 

dM(t)  M(l)-M,, 

-Jt  T  ’ 

where  M is  the  equilibrium  magnetization.  In 
principle  the  time  variation  of  magnetization  can  be  de¬ 
scribed  by  .solving  Eq.  (2). 

For  the  case  of  a  noninteracting  system  which  contains  a 
distribution  of  energy  barriers  the  solution  of  Eq.  (2)  gives 

M{t)  =  B+A  I  e-"^f>'>/(y)dy,  (3) 

Ju 

where  B  =  and  A  =A/(/  =  0)  — A/(“)  are  time- 

independent  constants.  /(>>)  is  the  distribution  of  energy  bar¬ 
riers  and  y  =  AElAE„,  is  the  reduced  energy  barrier  relative 
to  the  average  barrier  AE,„  of  the  system. 
T“'(y)=/()  exp(— ay)  is  the  inverse  of  the  relaxation  time 
and  a=AEJkT.  According  to  Eq.  (3)  the  time-dependent 
behavior  is  most  sensitive  to  two  parameters  which  charac¬ 
terize  the  relevant  distribution  of  energy  barriers  for  the  sys¬ 
tem,  i.e.,  the  average  energy  barrier  of  the  sy.stem  AE,„  and 
the  width  of  the  distribution. 

Figure  1  shows  the  exact  calculations  of  the  integral  in 
Eq.  (3)  at  different  values  of  a  for  a  narrow  (fr=().  18)  and 
distribution  of  energy  barriers.  In  these  calculations  a  log 
normal  distribution  of  energy  barriers  was  used.  The  change 
in  the  values  of  a  can  arise  from  temperature  changes  or 
magnetic  field  changes.  These  calculations  show  that  for  a 
narrow  distribution  of  energy  barriers  the  decays  exhibit  non- 
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FIG.  1.  The  time  variation  of  magnetization  at  different  values  of  a  for  a 
narrow  distribution  of  energy  barriers  (cr=0.18). 


analytical  expression  of  Eq.  (4)  can  be  derived  by  represent¬ 
ing  the  behavior  of  f{y)  about  using  a  series  expansion^'** 


M(t)  =  Mito)-A'2  nyc) 

n"0 


A  Mf)!""-’ 


(7) 


where 


M{lo)--=B+A-A 


f(y)dy 


and  A  ln(r)=ln(f/fo)  and  t^^  is  the  initial  time  of  measure¬ 
ment.  /"(y^)  is  tha  tiih  differential  of  the  distribution  func¬ 
tion  evaluated  at  y^.,  Equation  (7)  shows  that  for  a  constant 
probability  of  activation 

A/(r)  =  A/(ro)~^A  ln(r),  (8) 

which  is  the  well-known  logarithmic  time  dependence  of 
magnetization.^  However  in  general  /(y)  is  not  constant  and 
higher  order  terms  become  important  as  the  variation  of  the 
distribution  function  about  y^.  becomes  steeper.  In  Ref.  3  the 
higher  order  coefficients  are  found  to  be  proportional  to 
and  hence  as  the  width  of  the  distribution  increases 
the  higher  order  terms  in  the  expansion  will  vanish. 


linear  logarithmic  time-dependent  behavior.  For  a  wide  dis¬ 
tribution  of  energy  barriers  a  ln(t)  law  is  a  good  approxima¬ 
tion  over  the  range  of  time  examined. 

In  order  to  understand  the  physical  interpretation  of 
these  results  and  examine  the  role  of  the  energy  barrier  dis¬ 
tribution,  it  is  possible  to  simplify  the  integral  in  Eq.  (3) 
using  the  critical  energy  barrier  of  activation  (Afi^).  This 
critical  barrier  can  be  defined  in  such  a  way  that  activation 
over  barriers  lower  than  A£^  happens  so  quickly  that 
g-i/T{y<yc)  ~  0.  With  {oiy>y^  Eq.  (3)  becomes 

M(f)=B+A-A  P'‘'V(y)c/y,  (4) 

Jo 


where  yc=AEJAE„,  is  the  reduced  critical  barrier  for  rever¬ 
sal  and  is  given  using  Eq.  (1)  by 


According  to  Eq.  (4)  the  rate  of  change  of  M(t)  with 
ln(t)  is  given  by 


dM(t) 
d  ln(0 


A 

-fiy.i 


(6) 


This  result  explains  the  shapes  of  any  M(t)  vs  ln(f)  curve 
where  the  slope  of  the  M{t)  vs  ln(r)  curve  at  any  instant  is 
directly  linked  to  the  behavior  of  the  distribution  function 
about  the  critical  barrier  above  which  thermal  activation  is 
taking  place.^  Thus  the  data  shown  in  Fig.  1  can  be  explained 
as  being  due  to  significant  variation  of  f(yc)  during  the  time- 
dependent  process.  In  the  case  of  a  wide  distribution  of  en¬ 
ergy  barriers,  the  variation  of  M(t)  vs  ln(r)  is  almost  linear 
due  to  the  fact  that  /(yc)  does  not  change  appreciably  about 
the  critical  barrier  as  in  the  case  of  a  narrow  distribution.  An 


III.  THE  FLUCTUATION  FIELD  AND  ACTIVATION 
VOLUME 

The  concept  of  the  fluctuation  field  was  introduced  by 
Neel'*'’  who  assumed  that  thermal  agitation  could  be  repre¬ 
sented  by  a  fictitious  field  which  he  showed  to  be  a 
linear  function  of  ln(t).  As  a  result  the  magnetization  can  be 
written  as 

M  =  Afo±XinH/(t).  (9) 

Equation  (9)  directly  relates  the  time-dependent  changes  to 
the  irreversible  susceptibility  defined  as  AM  \JAH  where 
AMj,,  is  the  small  change  in  the  irreversible  component  of 
magnetization  resulting  from  a  small  increment  of  field  AH, 
is  often  measured  as  the  slope  of  the  dc-demagnetization 
remanence  curve.  Thus,  as  is  intuitively  reasonable,  the  time- 
dependent  changes  are  related  to  the  irreversible  magnetic 
behavior  of  the  system.  The  meaning  of  the  fluctuation  field 
is  however,  unclear  from  Eq.  (9)  and  is  still  the  matter  of 
some  debate.  It  w-juld  seem  that  the  fluctuation  field  is  inti¬ 
mately  linked  with  the  micromagnetics  of  magnetization  re¬ 
versal,  as  will  be  demonstrated  here  in  the  case  of  materials 
with  perpendicular  anisotropy.  A  rather  different  definition  of 
the  fluctuation  field  in  terms  of  the  time-dependence  coeffi¬ 
cient  was  given  by  Wohlfarth^  as 

S-Xinfif  m 

Thus,  in  principle  independent  measurements  of  S  and  ;y|„ 
can  be  use  to  determine  Hf.  A  considerable  amount  of  ex¬ 
perimental  work  has  been  carried  out  using  this  approach. 
This  shows  to  be  a  parameter  dependent  on  a  number  of 
factors  such  as  the  volume  and  anisotropy  field 
distributions**'’  and  interparticle  interactions.'*’ 

It  is  also  found  that  //y  is  dependent  on  the  mag.  etiza- 
tion  reversal  mechanism  of  the  material.  This  is  often  dis- 
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cussed  in  terms  of  an  “activation  volume”  Vaj.,  which  can  be 
defined  following  Wohlfarth^  on  dimensional  grounds  as 


V 


kT 

MjTf’ 


(11) 


where  M,  is  the  bulk  saturation  magnetization  of  the  mate¬ 
rial.  V,c  is  perhaps  most  useful  in  studying  the  behavior  of 
granular  materials,  which  have  a  well-defined  volume  V  for 
comparison  with  Vjci-  Generally  speaking  it  is  found  that 
is  significantly  smaller  than  V  for  elongated 
particles.*'’*^  Flanders  and  Sharrock'^  have  also  measured 
particle  sizes  via  time-dependence  measurements.  Although 
the  measured  Volumes  are  in  principle  different  from  • 
they  are  also  generally  found  to  be  smaller  than  V  for  elon¬ 
gated  particles.  A  similar  situation  is  found  for  alumite  thin 
films, a  case  to  be  discussed  in  more  detail  later.  Although 
the  activation  volume  is  a  useful  quantity  in  the  study  of 
granular  materials  it  is  perhaps  less  so  in  relation  to  domain 
wall  processes  since  the  equivalent  physical  volume  is  more 
difficult  to  define.  In  general  it  is  perhaps  more  useful  to 
concentrate  on  Hp  which  is  directly  related  to  the  material 
properties.  Recent  work'*  has  shown  that  the  form  of  Hf 
depends  upon  the  distribution  of  energy  barriers  For 

a  single  energy  barrier  it  can  be  shown  that 


Hf=-kTI[Sii.EldH]  (12a) 

while  for  a  relatively  wide  distribution 


Hf=--kTI[d^EldH]^E^t,E,^  (12b) 


where  the  differential  is  evaluated  at  the  critical  energy  bar¬ 
rier  defined  earlier.  Equation  (12b)  is  the  definition  of  //y 
originally  given  by  Gaunt,'*  and  has  been  the  starting  point 
of  a  number  of  attempts  (e.g.,  Ref.  17)  to  e.xplain  the  relation 
between  Hf  and  the  coercive  force,  the  so-called  Barbier 
plot."*  It  is  relatively  easy  to  study  H f  using  analytical  theo¬ 
ries  for  simple  model  systems.  The  problem  of  determining 
Hf  via  micromagnetic  calculations  for  more  realistic  systems 
is  at  a  very  early  stage.  Essentially  the  problem  is  that  via 
Eq.  (12)  Hf  is  related  to  the  energy  barrier,  which  is  not 
determined  in  the  standard  micromagnetic  approach.  This 
problem  will  be  considered  in  detail  in  the  final  section  of  the 
article. 

Finally  we  briefly  indicate  here  the  approach  to  magnetic 
viscosity  based  on  a  constitutive  equation."*  This  phenom¬ 
enological  approach  has  proved  very  useful  in  the  study  of 
magnetic  viscosity,  especially  via  the  definition  of  new  meth¬ 
ods  of  determining  Hf.  These  methods  avoid  the  determina¬ 
tion  of  Xii,  [necessary  for  the  direct  determination  of  Hf  us¬ 
ing  Eq.  (10)]  which  itself  is  a  quantity  dependent  on  the 

measurement  time.  Details  of  this  approach  are  given  in  the 
•  oo 
current  issue. 


IV.  MODELS  OF  TIME  DEPENDENCE  IN  THIN  FILMS 
WITH  PERPENDICULAR  ANISOTROPY 

The  first  simulation  of  time-dependent  magnetic  behav¬ 
ior  for  an  interacting  many-particle  system  was  made  in 
1986^'  using  a  Monte  Carlo  technique.  We  shall  describe  the 
model  in  some  detail  here,  since  it  essentially  forms  the  basis 


of  most  subsequent  treatments.  The  first  study^'  considered  a 
three-dimensional  lattice  of  particles  interacting  via  a  mag¬ 
netostatic  field.  An  important  result  of  this  study,  which  also 
features  strongly  in  recent  work  is  the  fact  that  logarithmic 
time  dependence  can  result  in  a  system  with  a  single  intrinsic 
energy  barrier  due  to  a  spread  of  interaction  energies.  Thus 
the  disorder  which  appears  necessary  for  logarithmic  time 
dependence  has  an  intrinsic  contribution  from  the  probabilis¬ 
tic  nature  of  the  reversal  process  itself. 

Simulations  of  films  with  perpendicular  anisotropy  were 
prompted  by  the  experimental  work  of  Dahlberg  et  al.^^  on 
CoCr  films,  who  observed  a  strong  time  dependence  of  the 
magnetization  (driven  by  the  demagnetizing  field)  which  re¬ 
sulted  in  a  time  decay  of  a  recorded  signal.  In  the  recording 
context  we  also  note  the  work  of  Charap^*  who  has  used  a 
Monte  Carlo  model  to  study  the  thermal  stability  of  written 
information  in  longitudinal  granular  media.  Because  of  the 
strong  demagnetizing  fields  in  the  transition  region  the  ther¬ 
mal  stability  is  much  reduced,  leading  to  the  conclusion  that 
the  ultimate  lower  limit  of  grain  size  in  conventional  record¬ 
ing  is  significantly  larger  than  the  superparamagnetic  limit 
which  is  often  assumed. 

A.  A  Monte  Carlo  model 

Central  to  the  calculations  is  the  determination  of  the 
energy  barrier,  which  essentially  governs  the  transition  rate 
via  the  Arrhenius-Ncel  law.  The  film  is  considered  to  consist 
of  a  collection  of  grains  with  anisotropy  easy  axes  oriented 
perpendicular  to  the  film  plane.  In  practice  there  will  be  a 
distribution  of  easy  axis  directions  about  the  normal  to  the 
plane.  However,  the  time  dependence  is  most  strongly  de¬ 
pendent  on  the  large  demagnetizing  fields  and  the  spread  of 
interaction  energies  and  consequently  the  disorder  due  to  the 
easy  axis  distribution  is  neglected.  The  grains  are  assumed  to 
interact  via  the  magnetostatic  field,  which  can  be  calculated 
using  standard  techniques  such  as  the  fast  Fourier  transform 
or  the  Bethe-Peierls-Weiss  approximation  used  in  Ref.  21. 
In  addition  it  is  possible  to  introduce  an  exchange  interaction 
which  is  necessary  for  the  simulation  of  magneto-optical 
films.  A.ssuming  coherent  rotation  within  individual  grains 
the  energy  barrier  is  given  by 

^E  =  KV(\-H,JHk)\  (13) 

where  //„„=// -I- //|„|  is  the  sum  of  the  applied  and  magneto¬ 
static  interaction  field,  respectively.  Each  individual  grain 
has  a  characteristic  relaxation  time  determined  by  the  energy 
barrier  and  the  Arrhenius-Neel  law,  Eq.  (1).  The  numerical 
simulation  is  most  efficiently  carried  out  using  an  algorithm 
described  by  Binder.^'*  The  algorithm  is  as  follows: 

(1)  The  time  is  set  to  r=0. 

(2)  t'  is  sampled  at  random  from  a  distribution 

Nr  exp(- Arr')  where  N  is  the  number  of  particles 
and  r  =  max{/- J  where  is  the  relaxation  rate  of  the 

Mil  particle:  =  /u  exp(  -  Mi^IkT). 

(3)  A  moment  v  is  selected  at  random,  l^v^A. 

(4)  With  probability  r^  Ir  we  accept  the  reversal. 

(5)  Steps  (2)  to  (4)  are  repeated  until  an  equilibrium 
state  is  reached. 
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FIG.  2.  Time  variation  of  magnetization  in  a  perpendicular  thin  film. 

This  approach  has  the  advantage  of  scaling  the  steps 
along  the  time  axis  according  to  the  transition  rate  at  a  given 
point  in  the  process.  Consequently  it  is  possible  to  simulate 
the  magnetic  relaxation  efficiently  over  extremely  large  time 
scales. 

Simulations  were  first  carried  out  in  zero  applied  field^^ 
on  an  ensemble  of  particles  of  identical  size,  consisting  of 
prolate  ellipsoids  with  a  7:1  aspect  ratio.  As  shown  in  Fig.  2 
over  many  orders  of  magnitude  the  decay  is  nonlogarithmic. 
However,  over  the  typical  experimental  time  scale  an  ap¬ 
proximately  logarithmic  slow  relaxation  is  predicted,  in 
agreement  with  experiment.  Within  this  region  it  is  possible 
to  define  a  coefficient  of  magnetic  viscosity  S.  The  tempera¬ 
ture  dependence  of  S  shows  slow  monotonic  increase  to  a 
broad  maximum  followed  by  a  rapid  decrease  to  zero.  This  is 
broadly  in  agreement  with  experiment,  indicating  that  the 
essential  features  of  the  model,  in  terms  of  interaction  ef¬ 
fects,  are  correct.  There  is  however,  a  major  discrepancy  in 
the  grain  size  predicted  from  a  fit  between  theory  and  experi¬ 
ment  which  is  very  small  in  comparison  with  the  physical 
size  of  the  CoCr  columns.  Tliis  can  be  interpreted  in  terms  of 
a  micromagnetic  model  of  magnetization  reversal.  Generally, 
magnetization  reversal  in  elongated  particles  takes  place  by 
incoherent  rotation,  which  can  be  viewed  as  the  nucleation  of 
a  volume  of  reverse  magnetization  followed  by  propagation 
of  the  reversed  area  throughout  the  particle.  The  energy  in¬ 
volved  with  the  nucleation  is  clearly  less  than  required  to 
reverse  the  whole  particle  by  rotation.  Consequently  a  re¬ 
duced  effective  volume  for  the  model  simulations  is  not  un¬ 
reasonable.  The  micromagnetic  implications  of  this  observa¬ 
tion  will  be  described  in  the  final  sections  of  the  article. 

B.  Analytical  models  of  slow  relaxation  In 
perpendicular  media 

In  the  Monte  Carlo  simulations  there  is  a  strong  contri¬ 
bution  to  the  logarithmic  time  dependence  arising  from  the 


disorder  produced  by  the  interaction  field  Jistribution.  How¬ 
ever,  materials  with  perpendicular  magnetization  have  a 
unique  feature  in  that  logarithmic  time  dependence  can  occur 
as  a  result  of  the  macroscopic  demagnetizing  field.  A  simple 
mean-field  model  can  give  very  useful  results  in  comparison 
with  experiment.  Mean-field  models  have  been  proposed  by 
Lottis  et  al.^  and  Lyberatos  et  al}^  Consider  a  material  with 
perpendicular  anisotropy  and  particle  size  V  with  a  distribu¬ 
tion  function  /(V).  The  interactions  are  represented  by  a 
mean-field  formalism,  the  total  field  being  the  sum  of  the 
applied  field  and  demagnetizing  field,  i.e.,  H  = 

The  variation  of  magnetization  with  time  is  the  interval  /q  to 
t  given  by 

M(V,r)  =  Af(V,/o)  +  [We(V)-M(V,r„)] 

(14) 

where  and  Mg  are  the  reduced  initial  and  equilibrium 
values  of  the  magnetization,  respectively.  If  the  relaxation 
time  is  given  by  the  Arrhenius-Neel  law  it  can  be  shown  that 
Mg  and  r  are  given  by 

Mg{V)  =  iinh{M,HV/kT),  (15) 

and 

t“’(V')==2  /o  exp 

X coshi  I  for  |/i|<l 
and 

r-\V)=U  for|/»|>l,  (16) 

where  In  order  to  calculate  the  time  evolution  of 

the  magnetization  we  approximate  the  decay  by  a  series  of 
discrete  time  intervals  that  can  be  made  arbitrarily  small 
thereby  approximating  a  continuous  process.  Thus,  taking 
into  account  the  particle  size  difitribution  we  have  that 

M{t„^^)^M{t„)+  j  [M.,(V,M}-M(V,M)] 

x{l-exp[-(r„,,-/„)7-'(V,Af)]}/(K)dV 

(17) 

the  transcendental  nature  of  Eq.  (17)  is  stressed  here  by  writ¬ 
ing  Mg  and  t  as  explicit  functions  of  Af.  In  Ref,  27  a  nu¬ 
merical  solution  of  Eq.  (17)  was  made  using  a  log  normal 
volume  distribution.  The  results  do  not  depend  strongly  on 
the  form  of  f{V)  as  long  as  this  is  narrow. 

The  analytical  results  agree  qualitatively  with  the  com¬ 
putational  studies.  An  initial  rapid  demagnetization  is  fol¬ 
lowed  by  a  quasilogarithmic  region.  The  initial  demagnetiza¬ 
tion  arises  because  in  the  strong  demagnetizing  field  the 
relaxation  times  are  short  and  also  A/j  =  — 1.  Ultimately  of 
course  as  the  time-dependent  process  proceeds  the  demagne¬ 
tization  field  decreases  and  the  system  tends  to  a  state  of  zero 
magnetization.  An  approximate  analytical  approach  to  the 
problem  of  relaxatior  in  perpendicular  media  has  been  car¬ 
ried  out  by  Chantrell  which  clarifies  certain  features 

of  the  experimental  data  and  reinforces  the  intimate  relation- 


KV 

If 
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ship  between  slow  relaxation  and  micromagnctics.  Starting 
from  the  Eq.  (2)  and  assuming  coherent  rotation,  it  can  be 
shown  that  for  large  demagnetizing  fields  the  magnetization 
is  a  solution  of  the  equation 

J  rfA/ exp[|8(l-/i2)]/(l+M)=-t/,„  (18) 

where  p=KVIkT,  and  in  zero  field  h  =  N,,MIHii.  Using  a 
steepest  descent  approach  it  can  be  shown  that  the  magneti¬ 
zation  at  remanence  decreases  logarithmically  with  a  normal¬ 
ized  time-dependence  coefficient  S^=d{MIMf)ld\n(t) 
given  by 

(19) 

This  approximate  equation  is  valid  for  relatively  short 
time  scales.  A  more  detailed  treatment  shows  to  be  a 
slowly  decreasing  function  of  ln(/)  (in  agreement  with  ex¬ 
periment)  with  the  magnetization  decay  tending  to  an  expo¬ 
nential  as  /-+00.  It  should  be  stressed  that  the  volume  in  Eq. 
(19)  is  in  principle  the  physical  volume  rather  than  the  acti¬ 
vation  volume  defined  earlier.  In  Ref.  28  a  comparison  is 
made  with  the  experimental  behavior  of  alumite  media, 
which  consist  of  elongated  metal  particles  oriented  perpen¬ 
dicular  to  t'.e  plane  and  which  are  prepared  by  the  deposition 
of  iron  mio  oxidized  aluminum.  It  has  been  experimentally 
demonstrated  that  alumite  samples  reverse  incoherently  by  a 
mechanism  close  to  curling.^^  Essentially  it  is  found  that  Eq. 
(19)  is  obeyed  well  for  alumite,  however  the  best  fit  to  the 
data  is  obtained  using  an  effective  activation  volume  equal  to 
0.05  times  the  physical  column  volume.  Given  that  alumite 
exhibits  incoherent  reversal  of  a  type  which  might  be  thought 
of  as  nucleation  of  a  reversal  followed  by  propagation,  this 
small  activation  volume  seems  intuitively  reasonable.  How¬ 
ever,  a  complete  understanding  of  this  phenomenon  requires 
a  very  detailed  micromagnetic  study,  which  is  the  subject  of 
the  final  section  of  this  article. 


V.  THERMAL  ACTIVATION:  THE  MICROMAGNETIC 
APPROACH 

Thus  far  all  the  theoretical  developments  have  been 
based  on  the  assumption  of  magnetization  reversal  by  coher¬ 
ent  rotation  in  single  domain  particles.  However,  the  com¬ 
parison  with  experiment  leads  inevitably  to  the  conclusion 
that  magnetization  reversal  Involves  thermally  activated 
nucleation  followed  by  propagation  of  the  reverse  domain. 
The  latter  process  may  be  hindered  by  pinning,  in  which  ca.se 
the  movement  of  a  domain  wall  from  a  pinning  site  is  itself 
a  thermally  activated  process.  It  should  perhaps  be  stressed 
that  this  presents  a  problem  fundamentally  outside  the  clas¬ 
sical  micromagnetic  formalism.  Micromagnetism  is  based  on 
the  determination  of  stationary  states  i*.id  their  evolution 
with  respect  to  changes  in  exicrnai  parameters  such  as  the 
applied  magnetic  field.  Magnetization  reversal  occurs  when 
the  local  energy  minimum  in  which  the  system  is  situated 
disappears  resulting  in  a  transition  to  a  new  stationary  state. 
Modern  investigation  using  numerical  techniques  generally 
determines  stationary  states  using  the  I.andau-Lifschilz  dy¬ 
namic  equation.  This  approach  more  reliably  determines  the 
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stationary  state  after  magnetization  reversal.  However,  this 
approach  is  not  valid  at  a  finite  temperature.  Here  we  outline 
two  rather  different  theories  of  micromagnetism  at  a  finite 
temperature,  the  first  valid  for  short  time  scales  and  the  sec¬ 
ond  applicable  to  slow  dynamic  behavior. 

A.  Langevln  dynamics  formalism 

This  approach  takes  account  of  collective  magnetic  ex¬ 
citations  in  the  system,  recognizing  that  ultimately  thermal 
agitation  occurs  via  spin  waves.  The  theory  is  essentially  an 
extension  of  Brown’s  modcl'^'*  of  thermal  activation  to  sys¬ 
tems  with  large  numbers  of  degrees  of  freedom.  The  dy¬ 
namic  behavior  of  a  spin  is  governed  by  the  Landau- 
Lifschitz  equation 

dM  \ 

-^  =  r„MXH+-Mx(MXH),  (20) 

where  y  is  the  gyromagnetic  ratio  and  \  is  the  damping 
parameter.  At  a  finite  temperature  the  stochastic  dynamics  of 
the  spin  can  be  de.scribed  by  adding  a  fluctuating  “random 
field’’  term  to  the  deterministic  field  arising  from  interaction 
effects  in  addition  to  the  applied  field.  Thus  Eq.  (20)  be¬ 
comes  the  Langevin  equation  of  the  problem.  Using  this  for¬ 
malism  Brown’’*  derived  an  analytical  expression  for  the  re¬ 
laxation  time  associated  with  thermally  activated  reversal  of 
a  single  particle.  A  model  of  thermal  activation  in  a  micro- 
magnetic  system  of  coupled  spins  has  been  proposed  by  Ly- 
beratos  et  al?'  Briefly,  the  technique  involves  linearization 
of  the  equation  of  motion  followed  by  a  transformation  into 
the  normal  coordinates  which  essentially  decouples  the  equa¬ 
tions.  The  statistics  of  the  random  field  can  then  be  deter¬ 
mined  using  the  fluctuation  dissipation  theorem.  This  model 
was  first  used  to  study  magnetization  reversal  in  the  simplest 
micromagnetic  system  of  a  pair  of  magnetostatically  coupled 
particles.’"  Essentially,  the  set  of  integrated  Langevin  equa¬ 
tions  is  .solved  numerically,  leading  to  a  switching  behavior 
resembling  a  random  walk  over  the  energy  barrier.  Among 
the  results  given  in  Ref.  32  are  detailed  calculations  of  the 
pre-exponential  factor  /(,  in  the  Arrhenius-Nccl  law.  In  par¬ 
ticular,  a  dependence  of  /o  on  the  applied  field  and  strength 
of  coupling  between  the  particles  was  demonstrated.  In  ad¬ 
dition  thermal  agitation  was  shown  to  have  a  profound  effect 
on  the  reversal  process  itself.  Significant  deviations  from  the 
deterministic  (symmetric  fanning)  mode  arc  found  at  a  finite 
temperature,  the  magnitude  of  which  depends  on  the  tem¬ 
perature  and  the  intcrparticlc  coupling.  This  has  two  impor¬ 
tant  effects  from  the  micromagnetic  viewpoint.  First,  a  rever¬ 
sal  to  an  antiparallel  state  after  switching  becomes  possible 
in  addition  to  the  parallel  state  expected  at  zero  temperature. 
Second,  it  is  found  that  there  appears  a  temperature  depen¬ 
dence  of  the  effective  energy  barrier.  Physically  this  is  be¬ 
cause  of  the  departure  from  the  ideal  reversal  mode  induced 
by  thermal  perturbations  as  a  result  of  which  many  unsuc¬ 
cessful  reversal  attempts  are  made  in  directions  other  than 
those  leading  to  the  saddle  point  of  the  transition.  We  note 
that  these  effects  are  important  for  reversal  over  low  energy 
barriers,  i.e.,  reversals  involving  very  short  time  scales.  The 
model  described  here  cannot  realistically  be  applied  to  rever- 
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sals  in  slow  dynamic  time  scales.  In  order  to  study  slow 
dynamics  it  is  necessary  to  calculate  energy  barriers  directly. 
This  is  a  problem  which  is  being  given  increasing  attention. 
In  the  following,  we  outline  some  recent  energy  barrier  ap¬ 
proaches. 

B.  Energy  barrier  models 

Slow  relaxation  in  multivariate  systems  such  as  a  par¬ 
ticle  in  the  micromagnetic  formalism  is  best  approached  by 
direct  determination  of  the  energy  barrier  and  the  determina¬ 
tion  of  the  relaxation  time  using  the  Arrhenius-Neel  law 
[Eq.  (1)].  However,  the  determination  of  the  minimum  en¬ 
ergy  barrier  on  a  complex  energy  surface  is  a  difficult  prob¬ 
lem  and  one  not  amenable  to  the  usual  micromagnetic  ap¬ 
proach.  An  early  model  was  given  by  Lyberatos  and 
Chantrell.^^  This  model  uses  a  minimization  approach  to  de¬ 
termine  the  energy  barrier.  The  algorithm  was  found  to  give 
physically  reasonable  results  for  the  variation  of  energy  bar¬ 
rier  with  particle  size,  leading  ultimately  to  the  prediction  of 
a  peak  in  the  variation  of  with  particle  diameter,  in  agree¬ 
ment  with  the  early  experimental  work  of  Kneller  and 
Luborsky.^*  An  interesting  result,  which  highlights  the  im¬ 
portance  of  the  thermal  effects  is  the  prediction  of  a  ther¬ 
mally  induced  flower  to  vortex  state  transition  in  zero  field. 
This  assists  nucleation  via  a  mechanism  close  to  curling  and 
leads  to  a  lower  coercivity  than  predicted  by  the  previous 
computations.^^  However,  this  approach,  although  providing 
useful  physical  results,  significantly  overestimates  the  energy 
barrier,  and  a  number  of  other  approaches  have  been 
adopted. 

The  study  of  energy  barriers  in  the  micromagnetic  prob¬ 
lem  is  thus  of  considerable  importance.  For  the  simplest  case 
of  two  interacting  particles  analytical  approaches'^^’'”  have 
given  useful  results  and  in  particular^^  it  was  shown  that  the 
activation  volume  is  related  to  the  change  of  magnetization 
required  to  reach  the  saddle  point  of  the  transition,  which  is 
consistent  with  the  definition  proposed  by  Gaunt.''’  The  su- 
perparamagnetic  transition  has  also  been  studied  via  numeri¬ 
cal  approaches  in  a  chain  of  spheres.-’"  However,  both  these 
approaches  rely  on  constrained  optimization,  which  is  known 
to  lead  to  potential  numerical  problems  in  complex  systems. 
A  more  recent  development  is  a  novel  random  search  ridge 
method  for  saddle  point  detention  on  hypersurfaces.  Essen¬ 
tially  a  ridge  method  is  used,  employing  the  linear  fluctua¬ 
tion  theory  outlined  earlier’'  to  choose  the  initial  direction  of 
search  for  the  ridge.  This  enhances  the  simulation  by  tlic 
introduction  of  the  lowest  eigenmodi  s  into  the  thermal  acti¬ 
vation  problem.  A  detailed  study  of  the  topology  of  the  en¬ 
ergy  surface  for  three  interacting  particles  using  this  tech¬ 
nique  will  be  published  elsewhere.” 
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Time  dependence  of  switching  fieids  in  magnetic  recording  media  (invited) 
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Coercivity  and  other  experimental  measures  of  switching  field  depend  upon  the  time  scale  of 
interest.  This  time-scale  dependence  has  practical  importance  in  magnetic  recording,  because  the 
effective  time  scales  of  writing  and  storage  are  very  different.  A  simple  model  accounts  for  the 
time-scale  dependence  of  coercivity  in  terms  of  the  thermally  assisted  crossing  of  an  energy  barrier 
whose  height  is  reduced  by  the  applied  field.  Fitting  this  barrier-crossing  model  to  data  provides  an 
estimate  of  the  volume  that  must  switch  magnetization  direction  in  overcoming  the  barrier.  The 
assumption  of  Stoner- Wohlfarth  reversal  is  used  to  obtain  an  initial  estimate  of  the  dependence  of 
the  barrier  height  on  the  field.  With  some  adjustment  of  the  resulting  energy  expression,  the  model 
gives  good  agreement  between  calculated  switching  volume  and  actual  particle  volume  for 
advanced  recording  particles  of  three  types:  acicular  oxide,  acicular  metal,  and  barium  ferrite 
platelets.  The  model  can  be  used  to  estimate  minimum  practical  particle  volumes  for  use  in  magnetic 
recording.  Switching  due  to  fields  nearly  perpendicular  to  the  particle’s  preferred  axis,  sometimes 
used  as  a  measure  of  the  anisotropy  field,  also  shows  the  effect  of  thermal  assistance.  The  switching 
volume  determined  from  such  measurements,  like  that  from  coercivity,  approximates  the  particle 
volume. 


I.  INTRODUCTION 

Current  magnetic  recording  media  encode  information, 
whether  digital  or  analog,  as  magnetized  zones  in  the  surface 
of  a  tape  or  disk.  The  minimum  dimension  of  these  features 
is  on  the  order  of  a  micrometer  (typically  0.5  fim  in  ad¬ 
vanced  applications).  This  paper  will  focus  on  media  of  the 
particulate  construction,  ‘  as  opposed  to  those  made  by  thin- 
film  deposition.  A  particulate  medium  consists  of  a  support 
material  upon  which  is  coated  a  dispersion  of  magnetic  par¬ 
ticles  in  organic  polymers,  along  with  solvents,  lubricants, 
and  other  necessary  components.  Usually  the  coating  is  ex¬ 
posed  to  a  magnetic  field  before  drying  in  order  to  impart  a 
magnetic  orientation  to  the  particles.  The  particles  have 
maximum  dimensions,  length  for  acicular  particles  and  di¬ 
ameter  for  platelets,  on  the  order  of  a  tenth  micrometer 
(0.05-0.2  /zm,  for  advanced  materials).  They  are  generally 
assumed  because  of  their  size  to  be  single-domain  particles. 
The  particle  size  is  extremely  important  to  the  recording 
resolution,  signal-to-noise  properties,  and  magnetic  stability 
of  the  medium.^  Recent  years  have  seen  significant  reduction 
in  particle  sizes  of  all  compositions  used  in  recording. 

One  of  the  most  important  magnetic  properties  of  the 
particles  used  in  a  recording  medium  is  the  remanent  coer¬ 
civity,  which  is  essentially  the  median  switching  field.  For 
convenience,  the  intrinsic  coercivity  (applied  field  that  re¬ 
duces  magnetization  to  zero  after  saturation  in  the  opposite 
direction)  is  more  commonly  specified;  it  is  often  (and  here) 
referred  to  simply  as  the  coercivity.  I  he  coercivity  value  de¬ 
termines  the  field  needed  to  record,  and  also  to  erase  or  over¬ 
write,  information  on  the  medium.  Thus  it  must  not  be  ex¬ 
cessively  large.  The  coercivity  must,  however,  be  adequately 
large  to  prevent  lona-term  demagnetization  duiing  the  de¬ 
sired  life  of  the  information  (typically  years);  this  implies 
adequate  resistance  to  fields  from  both  internal  and  external 
sources. 

Time-dependent  magnetic  phenomena  have  been  well 
known  for  over  40  years, and  were  in  fact  described  over  a 


century  ago,*  In  particular,  the  coercivity  value  depends  upon 
the  time  scale  of  the  process  used  to  induce  magnetic  rever¬ 
sal.  That  is,  the  value  of  the  fixed  field  required  to  reduce 
magnetization  to  zero  from  saturation  decreases  as  one  in¬ 
creases  the  time  that  it  is  allowed  to  act.  Similarly,  the  coer¬ 
civity  measured  in  a  swept-field  hysteresis  loop  increases 
with  the  sweep  ratc.^'*’’ 

These  timc-dcpcndencc  considerations  are  highly  rel¬ 
evant  to  magnetic  recording  technology,  in  which  the  time 
scale  of  the  writing  process  may  be  on  the  order  of  10"**  s 
and  that  of  the  desired  storage  .stability  on  the  order  of  lO’’’*’ 
s.  The  usual  laboratory  methods  cannot  investigate  behavior 
over  this  huge  range,  covering  16  orders  of  magnitude,  al¬ 
though  recent  pulsed-field  experiments’*  have  begun  to  probe 
behavior  at  and  below  its  lower  end,  A  vibrating-yample 
magnetometer  (VSM)  typically  has  a  time  scale  on  the  order 
of  1  s,  and  a  60-Hz  magnetometer  has  an  effective  time  scale 
of  10"'’-10'‘’  s.^  The  model  described  here  and 
previously^'*'^  allows  the  interpretation  of  such  laboratory 
experiments  in  terms  of  physical  quantities  and  also  the  ex¬ 
trapolation  to  the  much  longer  and  shorter  time  scales  of 
interest  in  recording.  Reducing  the  switching  volume  has  the 
effect  of  increasing  the  amount  by  which  the  “writing  coer¬ 
civity’’  exceeds  the  “storage  coercivity.”  Thus  the  trend  to¬ 
ward  smaller  particles  for  benefits  in  signal-to-noise  ratio, 
resolution,  and  surface  smoothness  will  at  some  point  be 
limited  by  time-dependence  considerations.  This  potential 
limitation  has  been  discussed  in  the  past^  and  will  be  re¬ 
evaluated  in  Sec.  IV, 

II.  MEASUREMENTS  AND  MODEL 

The  es.sential  origin  of  time-dependent  magnetic  behav¬ 
ior  in  small  particles  is  the  thermally  assisted  process  of 
crossing  an  energy  barrier  that  occurs  in  magnetic 
switching.*’'*''*"'*  The  conventional  Arrhenius  formulation  for 
the  rate  constant  r,  the  probability  per  unit  time  of  succes.sful 
crossing,  is 
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r=/l  exp(-A£/itr).  (1) 

The  factor  A  is  assumed  to  have  a  negligible  dependence  on 
field  and  temperature;  k  is  Boltzmann’s  constant  and  T  is  the 
absolute  temperature.  The  role  of  an  externally  applied  mag¬ 
netic  field  is  to  decrease  the  energy  barrier  A£  until  switch¬ 
ing  occurs  on  the  time  scale  of  interest,  Equation  (1)  would 
suggest  that  in  the  presence  of  a  constant  opposing  field,  the 
magnetic  moment  m{t)  of  a  collection  of  particles  decays 
exponentially  with  time  t  from  an  initial  saturated  value  nto 
as 

wt(/)  =  mo[2  exp(-r/)- 1],  (2) 

This  exponential  behavior  would  in  fact  be  observed  for  an 
ensemble  of  noninteracting  particles  having  identical  mag¬ 
netic  properties.  Particles  in  actual  recording  media,  how¬ 
ever,  exhibit  distributions  of  particle  size  and  shape  (and  pos¬ 
sibly  composition).  This  distribution  of  physical  properties 
leads  to  a  distribution  of  magnetic  properties,  which  may  be 
further  complicated  by  the  variety  of  interparticle  magnetic 
interactions  that  can  occur.  The  result  is  that  observed  behav¬ 
ior  is  nonexponential. The  decay  of  m(t)  in  the  presence  of 
a  constant  field  is  often  found  to  approximate  a  linear  depen¬ 
dence  on  some  power  of  the  logarithm  of  time.*'^  Such  a 
function  can  be  viewed  as  the  superposition  of  many  expo¬ 
nential  decays,  representing  a  distribution  of  magnetic  prop¬ 
erties  such  as  switching  field.  Another  way  of  measuring 
time  dependence  is  the  recording  of  hysteresis  loops  of  dif¬ 
fering  sweep  rates;*'^''"*  by  combining  an  ac  instrument  (e.g., 
60  Hz)  with  a  VSM,  this  technique  can  allow  a  greater  range 
of  time  scales  than  is  convenient  in  constant-field  decays.  In 
both  types  of  experiments,  one  must  take  the  distribution  of 
properties  into  account.  A  straightforward  way  of  doing  this 
is  to  focus  attention  on  the  center,  or  peak,  of  the  switching- 
field  distribution  (SFD)  and  to  consider  the  cocrcivity  as  rep¬ 
resenting  the  material  at  this  peak.  It  will  be  assumed  that  in 
some  approximation  the  peak  of  the  SFD  is  associated  with 
the  peak  of  the  distribution  of  other  relevant  parameters, 
such  as  switching  volume.  In  other  words,  the  coercivity 
characterizes  the  switching  of  the  most  typical,  or  significant, 
particles  in  the  sample.  (One  needs  to  assume  also  that  sub¬ 
stantially  the  same  material  is  represented  hy  the  peak  of  the 
SFD  at  all  time  scales  of  interest.)  Obtaining  constant-field 
decay  curves  that  represent  the  same  part  of  the  SFD  [that  is, 
the  same  value  of  the  measured  moment  wi(f)]  over  a  sig¬ 
nificant  range  of  time  values  can  be  difficult.  Over  a  limited 
time  range,  curves  for  significantly  different  field  values  may 
occur  at  very  different  m{t)  values  and  thus  represent  differ¬ 
ent  parts  of  the  SFD.  The  slopes  of  the  curves  will  in  fact 
reflect  the  height  of  the  SFD  for  these  fields.**’’'^’  The  switch¬ 
ing  volumes  associated  with  these  points  of  the  SFD  may 
well  be  different,  In  order  to  concentrate  on  one  part  (the 
peak)  of  the  SFD,  a  large  range  of  experimental  time  scales 
may  be  more  easily  attained  by  using  hy.steresis  loops,  and 
the  resulting  coercivity  values,  for  different  sweep  rates.  The 
loops  pre.sent  their  own  difficulties,  however.  One  must  as¬ 
sign  an  effective  time  scale,  t  in  Eq,  (1),  to  the  experimental 
sweep  rate.  This  assignment  can  be  done;^’'^''^  as  expected, 
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the  t  value  is  approximately  inversely  proportional  to  the 
sweep  rate  but  also  depends  upon  the  strength  of  the  time- 
dependent  effects  shown  by  the  sample. 

Equation  (1)  will  be  used  with  the  above  assumptions 
and  interpretations.  The  factor  A  in  Eq,  (1)  is  an  “attempt 
frequency”  for  barrier  crossing.  It  can  be  estimated  in  a  num¬ 
ber  of  ways,’®  including  simple  precession,  and  appears  to  be 
on  the  order  of  10^  s”’.  A  range  of  values  around  this  esti¬ 
mate  will  be  considered. 

The  energy  barrier  A£  depends  upon  the  value  of  a  vol¬ 
ume  that  is  called  below  the  “switching  volume”  and  desig¬ 
nated  by  V.  This  parameter  is  defined  here  as  the  volume  of 
material  that  must  rotate  magnetically  in  the  process  of  over¬ 
coming  the  rate-limiting  energy  barrier.  In  switching  by  co¬ 
herent  rotation,  this  would  be  expected  to  be  the  entire  par¬ 
ticle  volume  (assumed  single-domain  at  the  sizes  of  interest). 
In  more  complex  reversal  modes,  the  switching  volume 
might  be  a  fraction  of  the  particle  volume,*“  the  portion  that 
must  rotate  in  order  to  initiate  the  reversal  process  of  the 
whole  particle.  If  reversal  is  incoherent  but  simultaneous, 
however  (as  in  fanning'*^),  V  might  conceivably  be  the  entire 
particle  volume. 

The  model  assumes  single-domain  particles  having 
uniaxial  magnetic  anisotropy,  with  anisotropy  energy  of  the 
form  K  sin^  6  (angle  0  between  the  preferred  axis  and  the 
moment  vector).  For  the  case  of  the  applied  field  being  ex¬ 
actly  aligned  with  the  preferred  axis  and  opposing  the  initial 
magnetization,*'^ 

AE=^KV{\-HIH„)\  (3) 

with 

H^  =  2KIM.  (4) 

The  first-order  anisotropy  constant  is  designated  by  K,  the 
magnetization  intensity  of  the  particle  by  M,  and  the  external 
field  strength  by  H.  (Note:  A£  =  0  for  H  =  The  switch¬ 
ing  volume  V  used  here  cannot  be  identified  with  the  “acti¬ 
vation  volume”  Vn,.,  discussed  by  others.'*’'*'^**  Taco  as  usu¬ 
ally  defined,  is  explicitly  field  dependent,  For  the  special 
case  of  perfect  alignment  of  H  with  the  preferred  axis,  Va^, 
can  be  interpreted  in  terms  of  the  change  in  magnetic  mo¬ 
ment,  projected  onto  the  preferred  axis,  that  occurs  in  over¬ 
coming  the  barrier  [Ref.  20,  Eq.  (26),  and  Ref.  16,  Eq.  (12)J. 
The  V  used  here  can  best  be  identified  with  the  value  of  the 
“critical  volume’'  '*  that  applies  when  the  field  is  equal  to  the 
coercivity. 

The  case  of  perfect  alignment  of  field  and  preferred  axis 
is  an  improbable  one  in  a  collection  of  particles  having  even 
a  modest  distribution  of  orientations.  Actual  recording  media 
have  substantial  distributions,  despite  efforts  to  orient  them. 
[Typical  ratios  of  remanent  to  saturated  moment  near  0.8 
indicate  mean  deviations  of  roughly  cos  '(0.8),  or  35°,  from 
the  intended  direction.]  Victora^'  has  presented  a  theoretical 
argument  that  with  the  field  not  aligned  with  the  preferred 
axis,  the  exponent  in  Eq.  (3)  is  expected  to  be  3/2,  for  very 
general  anisotropy,  even  including  interactions.  The  Stoner- 
Wohlfarth  (SW)  model  of  reversal^^  also  indicates  an  expo¬ 
nent  that  can  differ  from  2.  Using  the  approximation  of 
Pfeiffer,*''  one  can  use  the  SW  model  to  write 
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FIG.  1.  Dependence  of  Stoner- Wohlfarth  parameters,  used  in  Eqs. 

on  the  (minimum)  angle  i/t  between  the  applied  ftcid  and  the  preferred  axis 

of  a  particle. 


MG.  2.  Plot  of  Eq.  (10),  which  models  the  dependence  of  measured  cocr- 
civily  on  time  scale  t,  for  /f(|==1800  Ot,  n=l/2,  /1=2X10'*  s~', 
V'=3.0X  10“'’  cm\  and  M  =  300  cmu/cm’.  '.Iclevant  time  scales  for  mag¬ 
netic  recording  and  experimental  measurements  arc  shown. 


A£=/!:V(1 -///// J", 

(5) 

t 

Ho  =  2xKIM, 

(6) 

m«'0.86-i-  1.14x. 

(7) 

For  later  convenience,  subsequent  expressions  will  use  the 
definition 

«=■!//«,  (8) 

As  in  the  case  of  perfect  alignment,  AE-0  for  //=//o .  The 
dependence  of  Nq  (that  is,  of  x)  on  the  angle  <//  between  the 
field  direction  and  the  preferred  axis  is  the  familiar  SW  one: 

a;=[cos^^^(<lr)  +  sin^''^((fr)]"^'^.  (9) 

Figure  1  shows  this  behavior  (j:=1.0  for  or  90°; 
j:  =  0.5  for  tfi=45°).  Using  Eqs.  (5)-(8)  and  defining  coer- 
civity  //c(0  fbe  field  that  produces  reversal  of  half  of  the 
sample  in  time  t, 

HAt)=H„{l-[{kT/KV)\u{At)r}.  (10) 

(A  relatively  insignificant  factor  of  0.693,  shown  in  earlier 
work,^’^  has  been  absorbed  into  A  for  convenience.)  Figure  1 
shows  the  behavior  of  the  exponent  n  in  the  SW  model,  using 
the  Pfeiffer  approximation.  Figure  2  shows  a  plot  of  Eq.  (10) 
for  typical  parameters,  where  the  experimental  time  scale  t  is 
the  duration  of  a  constant  or  pulsed  field  and/or  the  equiva¬ 
lent  values  for  swept-field  experiments.’  As  was  stated 
above,  the  coercivity  is  interpreted  as  representing  the 
switching  of  material  at  the  peak  of  the  SFD  and  also  the 
peaks  of  other  relevant  distributions.  Thus  Eq.  (10)  is  taken 
to  represent  the  most  “typical”  particles  in  the  medium. 

III.  RESULTS 

Equation  (10)  has  four  unknowns:  //„,  A,  n,  and  the 
product  KV.  If  one  is  willing  to  assume  plausible  values  for 
A  and  n,  the  other  two  can  be  determined  from  two  measured 
coercivity  values  of  sufficiently  differing  time  scales.  This 
has  been  done  in  the  past,  using  a  VSM  and  a  60-Hz 
instrument.’®  Further,  if  the  magnetization  intensity  M  is 


known,  K  and  V  can  be  determined  separately,  using  Eqs.  (6) 
and  (7).  These  calculations  allow  the  interpretation  of  the 
time  dependence  of  coercivity  in  terms  of  physical  param¬ 
eters,  and  also  the  extrapolation  to  coercivity  values  for  the 
experimentally  difficult  recording  and  storage  time  scales.’® 
If  more  than  two  experimental  time  scales  are  available,  de¬ 
termination  of  more  than  two  parameters  is  possible.  Figure 
3  shows  data  and  a  typical  fit  for  a  tape  containing  cobalt- 
modified  acicular  iron  oxide  particles.  As  in  all  coercivity 
measurements  reported  here,  the  applied  field  direction  coin¬ 
cides  with  the  direction  of  intended  magnetic  orientation  in 
the  sample;  the  preferred  axes  of  individual  particles  are  dis¬ 
tributed  around  this  direction.  The  oxide  particles  are  rela¬ 
tively  small  examples  of  this  type  of  material,  about  0.2  fim 
long,  and  are  commonly  used  in  advanced  video  and  data 
tapes.  The  data  are  from  a  VSM,  run  at  various  sweep  rates, 
and  a  60-Hz  instrument.  Four  parameters  are  still  too  many 
to  fit  meaningfully.  Therefore  a  value  of  A  was  chosen  and 
fitting  was  done  on  //(,,  KV,  and  n.  Equivalently  good  fits 
were  achieved  over  a  range  of  A  values.  Figure  4  shows  the 
relationship  between  fitted  n  and  a.ssumed  A.  The  switching 
volume  V  was  computed,  using  Eqs.  (6)  and  (7),  with  a  mag¬ 
netization  M  of  340  emu/cm’.  The  value  of  V  depends  upon 
the  assumed  value  of  A,  but  not  very  sensitively.  However,  it 
is  very  interesting  that  the  best  agreement  between  V  and  the 
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FIG.  3.  Experimental  data  showing  measure  coercivity  vs  experimental  time 
scale  I,  for  tape  containing  acicular  cubalt-modificcl  iron  oxide  particles. 
Line  is  a  fit  of  Eq.  (10),  for  A  =  .3  x  1  ()''  s  ',  and  is  the  basis  for  one  of  the 
points  in  Fig.  4.  lire  fitting  parameters  arc  H„,  n,  and  the  product  KV. 
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FIG.  4.  Plot  of  values  of  n  vs  chosen  values  of  A,  obtained  by  O.iting  Eq. 
(10)  to  the  data  in  Fig.  3.  Magnetization  M  is  340  cmu/cm^;  this  is  used  to 
calculate  the  value  of  the  switching  volume  V  from  the  fitted  values  of  //y , 
n,  and  the  product  KV  that  result  for  each  value  of  A.  The  dotted  line  shows 
a  least-squares  fit,  yielding  «=  1 .115 -0.()606[log(A/s"')], 


particle  volume  estimated  from  transmission  electron  mi¬ 
croscopy  (I’EM)  occurs  for  n  approximately  0.63,  close  to 
the  2/3  predicted  by  Victors^’  and  for  A  about  10**  s“*,  in 
reasonable  agreement  with  results  of  Doyle  et  ai^  The  value 
of  0.63  for  n  is  somewhat  lower  than  would  be  expected  in 
SW  reversal  for  the  sample’s  degree  of  orientation.  The 
remanence-to-saturation  ratio  is  0.88,  which  indicates  aver¬ 
age  angular  deviations  of  nearly  30°.  The  SW  model  [Eqs. 
(7)-(9);  Fig.  1]  predicts  an  n  value  of  0.68  for  this  angle. 

Another  .sample  studied  was  a  tape  containing  barium 
ferrite  platelets,  of  a  type  currently  of  interest  for  advanced 
applications.  This  experimental  tape  had  a  relatively  low  de¬ 
gree  of  magnetic  orientation  (remanence-to-saturation  ratio 
of  0.63),  which  tends  to  minimize  the  interaction  effects. 
These  can  be  very  strong  in  barium  ferrite, especially 
when  highly  oriented.^  Because  of  the  low  degree  of  orien¬ 
tation,  n  will  be  initially  estimated  as  0.7.  This  is  the  maxi¬ 
mum  allowed  in  SW  reversal;  see  Fig.  1.  The  measured  co- 
ercivities  were  1460  Oe  for  the  60-Hz  loop  and  1290  Oe  for 
the  VSM  run  at  13  Oe/s  sweep  rate.  The  effective  t  values  for 
these  measurements  can  be  estimated’  as  1.5X  10“*  s  and  0.8 
s,  respectively.  The  hysteresis  loops  were  recorded  to  limits 
of  ±3240  Oe  (the  maximum  possible)  with  the  60-Hz  instru¬ 
ment,  and  ±2940  Oe  with  the  VSM.  These  limits  provide 
that  the  ratio  of  maximum  applied  field  to  measured  coerciv- 
ity  is  approximately  the  same  in  the  two  instruments,  in  order 
to  avoid  the  possibility  that  one  produces  more  complete 
saturation  of  the  sample  than  the  other.  (This  precaution  is 
necessary  only  because  of  the  relatively  low  60-Hz  field  ca¬ 
pability  relative  to  this  sample.)  The  results  of  fitting,  using 
0.7  for  rt,  10**  s“'  for  A,  and  300  emu/cm’  for  M,  are  given  in 
Table  I. 

In  addition,  rcmanence  coercivities  were  measured  in  the 
following  way.  A  fixed  reverse  field,  opposite  the  direction 
of  initial  magnetization  by  a  field  of  11  kOe,  was  applied. 
Periodically,  the  reverse  field  was  shut  off  and  the  remanence 
measured.  The  total  accumulated  field  exposure  time  re¬ 
quired  to  reduce  remanence  lo  zero  was  taken  to  be  the  / 
value  for  remanence  coercivity  h%  equal  to  this  reverse  field. 
The  results  were  /  values  of  10  and  290  s  for  H,  values  of 
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1350  and  1300  Oe,  respectively.  The  results  of  fitting  these 
values,  using  the  same  values  for  n,  A,  and  M,  are  also  shown 
in  Table  I. 

The  agreement  between  the  two  coercivity  methods  with 
regard  to  V  is  good.  The  average  is  given  in  Table  1,  with  a 
measure  of  the  uncertainty  resulting  from  their  spread.  The 
9%  increase  in  Hq  from  the  first  to  the  second  line  is  typical 
of  a  remanence  coercivity  relative  to  the  coercivity  from  a 
scanned  loop.  These  results  are  not  very  sensitive  to  the 
value  chosen  for  A;  variation  over  the  range  2X10**-3X10'* 
s"*  produces  an  insignificant  difference  (3%-5%)  in  //(, 
and  V. 

TEM  pictures  indicate  that  most  of  the  particles  have 
volumes  of  2-3x  10”*’  cm^.  The  factor-of-2  discrepancy  be¬ 
tween  the  model  calculation  of  V  and  the  apparent  particle 
size  may  not  be  significant,  in  view  of  various  assumptions 
made  in  the  model  and  the  difficulty  of  estimating  represen¬ 
tative  TEM  volumes.  (Particle  size  is  quite  nonuniform.)  The 
discrepancy  is  largely  removed  (calculated  V««2X10“'’ 
cm^)  if  n'^0.6,  close  to  the  value  found  for  the  acicular 
oxide.  This  n  value  would  in  SW  reversal  [Eqs.  (7)  and  (9); 
Fig.  1]  be  appropriate  for  a  very  well  oriented  sample,  which 
is  not  the  case. 

It  seems  worthwhile  to  investigate  the  possibility  that  the 
switching  volume  V  is  less  than  the  total  particle  volume 
because  of  an  incoherent  mode  of  switching.  This  would  be 
plausible  in  view  of  recent  theotetical  work.^*  The  method  of 
Flanders  and  Shtrikmun,^**  applied  previously  lo  barium  fer¬ 
rite  anisotropy  studies,^^'^**  allows  measurement  of  switching 
by  only  those  particles  whose  preferred  axes  lie  nearly  per¬ 
pendicular  to  the  applied  field,  as  in  Fig.  5.  Even  if  switching 
at  lower  ip  values  in  the  usual  coercivity  measurement  is 
incoherent,  the  nearly  perpendicular  field  very  likely  pro¬ 
duces  parallel  rotation  of  the  moment  throughout  the  particle, 
and  thus  coherent  switching.  In  SW  reversal,  by  Eqs.  (7)-(9) 
(Fig.  1),  the  value  of  n  is  expected  to  be  close  to  0.5  and  that 
of  X  to  1.0.  In  this  study,  switching  was  measured  for  par¬ 
ticles  having  ij/  in  the  range  85°-90°.  The  field  needed  to 
produce  this  switching  was  measured  as  a  function  of  the 
duration  of  application.  The  results,  shown  in  Fig.  6,  have  a 
large  amount  of  scatter,  possibly  as  a  result  of  deviations 
from  isolated-particle  behavior  due  to  interactions.  The  fit  of 
Eq.  (10),  using  0.5  for  n,  yields  the  values  shown  in  the  last 
line  of  Table  I,  for  A/=300  emu/cm^. 

Both  the  “remanence  coercivity”  and  the  “perpendicular 
switching”  methods  use  the  measurement  of  remanent  mo¬ 
ment  after  the  application  and  removal  of  a  field.  Therefore 
their  //„  values  can  be  directly  compared  (Table  I).  The  ratio 
of  these  two  values,  4800/1850=2.6,  exceeds  the  maximum 
ratio,  2.00,  that  the  SW  model  (Fig.  1)  can  explain  between 
switching  fields  for  different  angles.  (Recall  that  because  of 
the  low  degree  of  orientation  the  coercivity  measurement 
represents  particles  near  the  center  of  the  curves  in  Fig.  1.) 
Therefore  it  is  likely  that  some  form  of  incoherent  switching 
occurs  in  the  coercivity  measurement.  The  agreement  of  the 
values  for  V  shown  in  the  last  two  lines  of  Fable  I  is  perhaps 
remarkable  in  view  of  the  fact  that  different  reversal  modes 
may  be  involved, 

A  third  material  chosen  for  this  study  was  a  tape  con- 
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TABLE  !.  Ba  ferrite. 


Method 

Initial  magnetizing 
field  (kOe) 

Wu  (Oe) 

V(10'*’cm-’) 

Coercivity 

3 

1700 

1,28 

Remanence 

coercivity 

11 

1850 

1.10 

Average  of 
above  two 

I.2+0.1 

Perpendicular 

switching 

11 

4800+300 

1.3 +0.4 

taining  metal  particles  (MP).  As  with  the  barium  ferrite,  the 
coercivity  values  were  measured  from  loops  where  the  ratio 
of  maximum  field  to  coercivity  was  the  same  for  the  60-Hz 
magnetometer  and  the  VSM.  These  instruments  gave,  respec¬ 
tively,  1735  Oe  from  a  loop  of  ±3170  Oe  and  1650  Oe  for  ± 
3000  Oe.  The  resulting  fit  to  Eq.  (10)  yields  (with  values  of 
2/3  for  n,  lO'*  s“’  for  A,  and  1800  emu/cm^  for  A/) 

//o=1860  Oe,  and,  V=0.73X10-‘’  cm^ 

This  value  of  V  represents  only  the  metallic  core  of  the  par¬ 
ticle;  this  core  is  surrounded  by  the  oxide  shell  produced  by 
the  passivation  process.  Chemical  analysis,  magnetic  mo¬ 
ment,  and  particle  mass  density,  together  with  lEM  pictures, 
indicate  that  the  core  is  only  about  35%  of  the  particle  vol¬ 
ume  and  that  the  shell  is  only  weakly  magnetic.  The  TEM 
pictures  also  show  that  particle  volume  is  about  3-4X10"'^ 
cm^.  Thus  the  actual  particle  core  volume  appears  to  be 
about  1.2X10“’’  cm^,  nearly  twice  the  calculated  value  of  V. 
As  in  the  case  of  the  barium  ferrite  particles  in  this  study,  the 
discrepancy  is  removed  if  n  is  set  to  approximately  0.6. 
Again,  for  SW  reversal,  this  is  not  consistent  with  the  degree 
of  orientation  in  actual  media.  Equations  (7)-(9)  require  a 
value  of  less  than  10°  for  ij/  to  give  an  n  value  of  0.6;  this 
would  imply  a  remanence-to-saturation  ratio  of  0.99.  The 
MP  tape  studied  had  a  ratio  of  0.85. 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  results  presented  here  represent  magnetic  switching 
behavior  for  particulate  recording  media  representing  the 
current  state  of  the  art  in  three  materials:  acicular  oxide, 
barium  ferrite,  and  metallic  particles.  All  show  significant 


FIG.  5.  Diagram  of  particle  in  the  presence  of  field  nearly  perpendicular  to 
preferred  axis;  i^ia  less  than,  but  close  to,  9U°.  Remanence  will  switch  from 
right  to  left  if  moment  rotates  past  the  energy  barrier. 
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FIG.  6.  Plot  of  measured  value  of  near-perpendicular  switching  field  vs  field 
application  time  r.  Angle  0  was  in  the  range  85°-%°  in  the  experiment.  The 
fit  was  done  for  A  =  10**  s'*  and  n  =  1/2.  The  fitting  parameters  are  //„,  n, 
and  the  product  XV. 


time-scale  dependence  in  typical  laboratory  experiments. 
The  thermally  assisted  barrier-crossing  model  discussed  here 
is  successful  in  analyzing  this  time-scale  dependence.  Using 
SW  reversal,’^’’’  the  model  determines  switching  volumes 
that  are  within  a  factor  of  2  of  particle  volumes  estimated 
from  TEM  pictures.  With  the  assignment  of  the  exponent  n 
to  a  value  of  0.6,  rather  than  0.7  as  determined  from  SW 
reversal  for  typical  particulate  orientation,  the  agreement  is 
essentially  perfect  (within  the  precision  of  determining  TEM 
volumes).  The  good  agreement  between  calculated  V  and 
particle  volume  for  n  values  of  0.6,  rather  than  0.7,  may 
indicate  that  the  dependence  of  A£  on  applied  field  is  not 
accurately  given  by  SW  reversal.  Regardless  of  the  reversal 
model  used,  however,  the  barrier-crossing  model  described 
here  can  be  expected  to  be  useful  in  extrapolating  from  co- 
ercivities  measured  in  the  laboratory  to  the  much  shorter  and 
longer  times  relevant  to  magnetic  recording  and  storage  of 
information. 

By  using  Eq.  (10)  to  estimate  coercivities  that  would  be 
relevant  to  writing  and  storage  time  scales,  one  can  obtain  an 
estimate  of  the  smallest  particle  volumes  practical  for  mag¬ 
netic  recording.  If  the  highly  arbitrary  criterion  is  adopted 
that  the  coercivity  relevant  to  3-year  storage  (10^  **  s)  be  no 
less  than  one  half  of  the  value  relevant  to  10-MHz  writing 
(lO”**  s),’  then  for  A  =  lO'’  s"*  and  n  =  0.6, 

(^i‘'^)mlnimum=4.3X10“'’  ergS.  (11) 

This  is  106X  the  room-temperature  value  of  kT,  Lu  and 
Charap  found  significant  decay  of  simulated  high-density  re¬ 
corded  transitions  for  a  KV  value  of  60kT?'^ 

Using  Eqs.  (6)  and  (7),  Eq.  (11)  can  be  rewritten  as 

V'n,inlmum=6-lXlO“‘^  ergs///,)W,  (12) 

where  will  be  expressed  in  cm^  If  is  in  Oe  and 

M  in  emu/cm^.  The  difference  between  Eq.  (12)  and  similar 
expressions  discussed  earlier’  is  the  use  of  Eqs.  (5)-(7)  in 
place  of  Eqs.  (3)  and  (4).  Equation  (12),  however,  does  not 
take  account  of  the  differing  need  lor  long-term  coercivity  in 
materials  of  very  different  magnetization  intensity.  A  simple 
way  of  estimating  this  need  is  through  the  familiar  expres- 
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sion  of  Williams  and  Comstock”  for  the  magnetic  transition 
length  that  results  from  self-demagnetization: 

a=B,dl2rrH^.  (13) 

In  Eq.  (13),  is  the  remanent  induction  for  the  medium  (in 
G),  d  the  recording  depth,  and  the  coercivity  (in  Oe),  This 
expression  essentially  says  that  a  medium  having  a  higher  B^ 
value  needs  a  higher  value  in  order  to  resist  transition 
broadening.  If  the  transitions  occur  at  spacing  b,  then  a  rea¬ 
sonable  degree  of  transition  sharpness  requires 

a^blA^dll.  (14) 

Equations  (13)  and  (14)  together  give 

Hc^BJtt.  (15) 

With  Eq.  (15)  as  a  lower  limit  for  //,.  (10**  s),  and  2200  Oe  as 
an  assumed  practical  upper  limit  for  the  writing  coercivity 
He  (lO'  **  s),  Eq,  (10)  can  again  be  used  to  estimate  the  mini¬ 
mum  practical  particle  volume.  With  A  =  10“^  s“‘  and  «=0.6, 
Vn,inimuin"4X10“'**  cm^  for  barium  ferrite  and  1.1X10“'® 
cm^  for  the  metallic  core  of  MP.  Assuming  a  passivation 
shell  thickness  comparable  to  that  of  current  MP,  the  latter 
value  implies  a  volume  of  3-4X 10“'®  cm^  for  the  entire  MP 
particle  (M=300  and  1800  emu/cm^,  fl,.=  1400  and  3000  G 
for  barium  ferrite  and  MP,  respectively). 

The  estimated  minimum  practical  particle  volumes  given 
above  for  MP  and  barium  ferrite  arc  nearly  identical;  the 
lower  self-demagnetization  and  absence  of  a  passivation 
shell  in  barium  ferrite  media  compensate  for  the  higher  value 
of  M  that  would  otherwise  appear  to  give  an  advantage  to 
MP  [Eq.  (12)].  These  calculated  values  of  are  sub¬ 

stantially  smaller  than  the  volumes  of  the  smallest  currently 
available  particles  (2-4X10“'^  cm^).  Thus  the  model  dis¬ 
cussed  here  argues  that  particulate  media  technology  can  ad¬ 
vance  significantly  further  toward  smaller  particles  and  the 
resulting  higher  signal-to-noise  ratios. 

The  barrier-crossing  model  discussed  here  will  become 
invalid  at  time  scales  on  the  order  of  1 1 A  or  less.  The  values 
of  A  used  here  would  imply  that  this  limitation  occurs  at  a 
time  scale  of  about  1  ns  (10“"  s),  at  least  for  barium  ferrite 
and  MP.  In  fact,  the  observations  of  Doyle  et  al.^  made  with 
extremely  short  field  pulses  have  shown  a  pronounced  in¬ 
crease  of  the  required  switching  field  with  decreasing  pulse 
duration  at  just  this  order  of  magnitude.  The  point  at  which 
this  increase  is  considered  to  be  significant  is  somewhat  ar¬ 
bitrary.  Equation  (10),  with  parameters  typical  of  advanced 
media,  gives  a  l%-2%  increase  of  switching  field  with  each 
halving  of  the  field  exposure  time  t,  for  times  approaching 
the  A/»*'l  condition.  If  one  defines  the  onset  of  the  regime 
where  the  model  is  no  longer  adequate  as  the  pulse  width 
where  the  switching  field  rises  about  10%  (an  order  of  mag¬ 
nitude  more  rapidly)  per  octave,  then  this  appears  to  occur  at 
about  0.6  ns  for  MP  and  about  1.5  ns  for  barium  ferrite  [Figs. 


3(a)  and  4(a)  of  Ref.  8].  In  data-recording  terms,  the  required 
switching  field  begins  to  deviate  significantly  from  that  pre¬ 
dicted  by  Eq.  (10)  somewhere  around  1  Gbit/s  for  both  ma¬ 
terials.  Since  the  data  rates  in  anticipated  recording  systems 
are  generally  on  the  order  of  10  -100  Mbit/s  per  channel, 
recording  processes  will  probably  stay  within  the  regime  of 
the  model  discussed  here  during  the  foreseeable  future,  for 
both  MP  and  barium  ferrite. 
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Magnetic  and  structural  instabilities  of  ultrathin  Fe(100)  wedges  (invited) 

S.  D.  Rader,  Dongqi  Li,  and  Z.  Q.  Qiu®* 

Materials  Science  Division,  Argo.tne  National  Laboratory,  Argonne,  Illinois  60439 

An  overview  is  provided  of  recent  efforts  to  explore  magnetic  and  related  structural  issues  for 
ultrathin  Fe  films  grown  epitaxially  as  wedge  structures  onto  Ag(lOO)  and  Cu(lOO).  Experiments 
were  carried  out  utilizing  the  surface  magneto-optic  Kerr  effect.  Ordinary  bcc  Fe  is  lattice  matched 
to  the  primitive  unit  cell  of  the  Ag(lOO)  surface.  Fe  wedges  on  Ag(lOO)  can  be  fabricated  whose 
thick  end  has  in-plane  magnetic  easy  axes  due  to  the  shape  anisotropy,  and  whose  thin  end  has 
perpendicular  easy  axes  due  to  the  surface  magnetic  anisotropy.  A  spin-reorientation  transition  can 
thus  be  studied  in  the  center  of  the  wedge  where  the  competing  anisotropies  cancel.  The  goal  is  to 
test  the  Mermin-Wagner  theorem  which  states  that  long-range  order  is  lost  at  finite  temperatures  in 
an  isoiiopic  two-dimensional  Heisenberg  system.  Fe  wedges  on  Cu(lOO)  can  be  studied  in  like 
manner,  but  the  lattice  matching  permits  fee  and  tetragonally  distorted  fee  phases  to  provide 
structural  complexity  in  addition  to  the  interplay  of  competing  magnetic  anisotropies.  The  results  of 
these  studies  are  new  phase  identifications  that  help  both  to  put  previous  work  into  perspective  and 
to  define  issues  to  pursue  in  the  future. 


I.  INTRODUCTION 

It  is  of  interest  to  explore  magnetic  instabilities  associ¬ 
ated  with  competing  anisotropies  in  ultrathin  epitaxial  films. 
A  simple  approximation  is  to  equate  tiie  two  dominant  con¬ 
tributions  to  the  anisotropy  energy  density 


This  provides  the  condition  for  which  the  “shape”  anisot¬ 
ropy  {—2'ttM^)  balances  out  the  surface  anisotropy  {2KJt), 
where  K,  is  the  surface  anisotropy  constant,  t  is  the  thickness 
of  the  magnetic,  film,  and  M  is  the  magnetization.  The  un¬ 
derlying  assumptions  are  that  any  other  anisotropy  terms  can 
be  ignored,  and  that  the  magnetization  orientation  within  the 
film  is  uniform  (i.e.,  all  :,pins  point  in  the  same  direction). 
The  critical  thickness  for  spin  reorientation  is 

^  ttM^  ' 

For  t<tn  the  easy  axis  of  magnetization  is  perpendicular  to 
the  film  plane  (i.e.,  vertical),  while  for  t>tg  the  easy  axis  is 
in  plane.  The  question  is  what  happens  in  the  vicinity  of 
r  =  /„? 

Recent  theoretical  treatments  and  ideas  can  be  summa¬ 
rized.  First,  in  an  isotropic  two-dimensional  (2D)  Heisenberg 
system  there  is  no  long-range  order  at  finite  temperature. 
This  is  known  as  the  Mermin-Wagner  theorem.’  Hence,  spin 
melting  might  be  expected  to  occur  in  the  vicinity  of  . 
Pescia  and  Pocrovsky^  used  a  renormalization  group  ap¬ 
proach  to  consider  thermal  fluctuations,  and  concluded  that 
the  spin  reorientation  occurs  as  a  phase  transition  at  a  tem¬ 
perature  which  can  be  less  than  the  Curie  temperature 
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Tc-  They  used  the  idea  of  Jensen  and  Bennemann^  of  a 
transition  dri’.’en  by  the  entropy  of  disorder  on  going  from  a 
uniaxial  to  a  planar  spin  configuration  as  temperature  in¬ 
creases.  Morr,  Jensen,  and  Bennemann'’  recently  used  a 
Greens  function  approach  within  the  random  phase  approxi¬ 
mation  to  phenomenologically  describe  the  loss  of  long- 
range  order  in  the  vicinity  of  the  spin-reorientation  phase 
transition.  However,  it  is  known  that  even  arbitrarily  small 
anisotropies  can  restore  long-range  order.^  Therefore,  it  also 
may  be  necessary  to  explore  the  additional  anisotropies,  such 
as  arise  from  the  bulk  or  from  finite-size  effects,  or  from 
higher-order  terms  in  the  expansions  of  the  anisotropies  than 
the  dominant  terms  that  vary  as  the  square  of  the  magnetiza¬ 
tion.  The  higher-order  terms  can  manifest  themselves  in  the 
vicinity  of  where  foe  dominant  anisotropy  terms  vanish. 
Experimentally,  ultrathin  magnetic  films  are  always  grown 
on  a  substrate  for  which  lattice  constants  and  thermal  expan¬ 
sion  coefficients  tend  to  be  mismatched  to  some  degree. 
Thus,  epitaxial  strain  also  can  influence  the  magnetic  surface 
or  interface  anisotropy.  This  has  been  treated  recently  for  a 
test  case,  for  example,  by  Victora  and  MacLaren*  who  used 
electronic  structure  calculations. 

Alternatively,  it  also  becomes  important  in  explore  non- 
uniform  magnetization  configurations.  For  example,  Yafet 
and  Gyorgy'  considered  the  conditions  necessary  to  stabilize 
ferromagnetic  stripe  domains  in  an  atomic  monolayer  that 
possesses  strong  surface  magnetic  anisotropy.  They  found 
that  while  the  short-range  part  of  the  dipolar  interaction  gives 
rise  to  the  familiar  -2vM^  shape  anisotropy  term,  the  long- 
range  part,  which  can  be  represented  as  a  domain  wall-wall 
interaction,  can  result  in  a  lower  energetic  state  than  the  uni¬ 
formly  magnetized  case.  The  wall-wall  interaction,  however, 
has  to  be  evaluated  explicitly  for  the  domain  configuration 
under  consideration.  The  domain  size  will  reach  an  experi¬ 
mentally  observable  magnitude  in  the  vicinity  of  the  spin- 
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reorientation  transition.  Thieville  and  Fert*  treated 
spin  configurations  using  a  microtnagnetic  approach.  Ali 
natively,  Erickson  and  Mills^  reached  similar  coitclusions  for 
canted  spin  structures  by  considering  spin  wave  e;tcitations 
in  2D  films.  They  found  that  the  excitation  energy  becomes 
imaginary  in  a  gap  region  near  the  spin-reorientation  transi¬ 
tion,  implying  that  there  exists  a  static  spin-density  wave  in 
real  space  in  this  region  (i.e.,  the  stripe  domain  structure).  A 
striped  domain  structure  in  a  2D  film  can  be  viewed  as  a 
one-dimensional  (ID)  ordered  system.  It  is  well  known  that 
ID  ordered  states  are  unstable  against  thermal  fluctuations. 
Indeed,  Kashuba  and  Pokrovsky'®  examined  2D  striped  do¬ 
mains  by  means  of  renormalization  group  methods  and 
found  that  while  thermal  fluctuations  destroy  the  regular  spa¬ 
tial  distribution  of  the  stripe  domains  predicted  by  Yafet  and 
Gy  orgy  ^  for  the  7=0  case,  the  orientation  of  the  domain 
walls  remains  stable  in  the  presence  of  thermal  fluctuations. 
Therefore,  they  reached  the  conclusion  that  the  2D  stripe 
domains  can  be  mapped  onto  the  smectic  liquid-crystal  case. 

It  is  of  interest  to  discuss  in  more  detail  the  issue  of  a 
film  of  fixed  thickness  that  undergoes  a  temperature- 
dependent  spin-reorientation  transition  from  perpendicular  at 
low  T{T<Tn)  to  in  plane  at  high  T(T>Tj{).  The  question 
arises  as  to  the  existence  of  a  temperature  gap  AT  for  which 
eithei  long-range  order  disappears  or  for  which  a  uniform 
magnetization  configuration  is  unstable  with  respect  to  cant¬ 
ing,  twisting,  or  domain  formation.  Erickson  and  Mills 
roughly  estimate  a  value  of  ^TITg— 0.5%  for  an  ultrathin  Fe 
film.  A  gap  due  to  domain  formation  can  be  appreciably 
larger  in  magnitude  than  this  estimate.  This  is  because  the 
gap  would  signal  the  T  range  over  which  the  scale  of  the 
domain  structure  shrinks  to  dimensions  that  are  less  than  the 
sample  size  or  probing  length. 

Much  has  been  said  about  2D  spin-reorientation  phe¬ 
nomena  so  fi:r,  but  perhaps  the  most  fascinating  aspect  to 
appreciate  is  that  it  is  predicated  on  the  existence  of  perpen¬ 
dicular  surface  anisotropy  that  is  strong  enough  to  compete 
with  the  shape  anisotropy  of  the  film.  For  Fe  the  shape  an¬ 
isotropy  gives  rise  to  an  —20  kG  demagnetizing  field.  Thus, 
the  surface  anisotropy  must  be  quite  substantial  in  magni¬ 
tude.  Neel"'  was  the  first  to  recognize  that  unusually  strong 
surface  anisotropies  relative  to  bulk  anisotropies  can  exist. 
The  bulk  magnetocrystalline  anisotropy  was  first  attributed 
to  the  spin-orbit  interaction  by  Van  Vleck.'^  Neel  recognized 
that  strong  spin-orbit  interactions  could  arise  from  the  bro¬ 
ken  symmetry  at  the  surface.  Much  more  recently  Gay  and 
Richter''^  performed  the  first  computational  study  to  confirm 
that  strong  surface  anisotropies  can  be  anticipated  in  particu¬ 
lar  systems.  Wang,  Wu,  and  Freeman'"*  have  contributed  the 
most  recent  state-of-the-art  advances  to  this  demanding  ap¬ 
proach. 

Gradmann'^  was  the  first  to  experimentally  identify  per¬ 
pendicular  easy  axes  attributed  to  strong  surface  anisotropy. 
He  recently  reviewed  his  work  that  dates  back  to  the  1960s 
on  a  variety  of  films,  in  an  outstanding  book  chapter.  Jonker 
et  al.  reawakened  interest  in  the  surface  anisotropy  issue  in 
1986.  They  attributed  the  nonobservation  of  spin  polarization 
in  photoemission  experiments  on  Fe/Ag(100)  films  as  being 
due  to  the  existence  of  vertical  easy  axes,  and  to  the  technical 


constraint  that  the  spin  detectors  employed  in  their  experi¬ 
ments  were  only  sensitive  to  in-plane  magnetization  compo¬ 
nents.  Recent  work  on  surface  magnetic  anisotropy  in  ultra- 
thin  films  have  been  reviewed  in  a  variety  of  publications.'’ 

Another  experimental  manifestation  of  strong  surface 
anisotropies  can  be  observed  in  enhanced  coercivity  (H^) 
values  displayed  in  the  ultrathin  regime.  The  earliest  studies 
of  this  type  are  due  to  Hirsch'"  who  observed  a  factor  of  —5 
enhancement  in  He  for  ultrathin  Fe  interleaved  with  Cu. 
Bader'®  documented  a  number  of  systems  for  which  H^ 
peaks  in  the  monolayer  region.  Engel  et  al.^°  have  observed 
He  peaks  in  monolayer-range  films  that  occur  as  a  function 
of  the  thickness  of  a  nonmagnetic  overcoating  layer.  This  can 
be  due  to  electronic  effects  or  morphological  (i.e.,  wetting) 
changes  in  the  magnetic  layer.  Gradmann  has  documented 
similar  examples  of  coercivity  and  anisotropy  changes  due  to 
nonmagnetic  overcoats.'^ 

The  first  experimental  identifications  of  temperature- 
dependent  2D  spin-reorientation  transitions  in  transition- 
metal  films  are  due  to  Pappas,  Kamper,  and  Hopster.’'  They 
studied  both  Fe/Ag(100)  and  Fe/Cu(100).  A  AT  range  of 
—20-30  K  was  identified  that  had  vanishingly  small  rema- 
nence.  Allenspach  and  Bischof’^  subsequently  imaged  the 
magnetic  domains  of  Fe/Cu(100)  and  observed  striped  do¬ 
mains  with  smectic  liquid-crystal-like  orientational  order,  as 
described  by  Kashuba  and  Pokrovsky.'®  However,  the  ques¬ 
tion  is  still  not  answered  as  to  whether  the  spontaneous  mag¬ 
netization,  as  opposed  to  the  average  magnetization,  is  at  all 
reduced  or  not  in  the  immediate  vicinity  of  the  spin- 
reorientation  transition. 

In  the  present  work  we  describe  recent  surface  magneto¬ 
optic  Kerr  effect  (SMOKE)  contributions  to  this  fundamental 
problem  in  2D  magnetism.  We  first  examine  Fe/Ag(100)  for 
which  magnetic  instabilities  can  be  studied  without  concern 
for  structural  instabilities,  since  Fe  is  well  lattice  matched  to 
the  Ag(lOO)  square  net.  Then  we  progress  to  the  more  com¬ 
plex  case  of  Fe/Cu(100)  which  can  exhibit  similar  spin- 
reorientation  behavior  to  Fe/Ag(100),  but  also  possesses 
structural  instabilities. 

fee  Fe(lOO)  is  lattice  matched  to  Cu(lOO).  In  the  ultra¬ 
thin  limit  a  tetragonally  distorted  fee  structure  is  stable.  This 
fet  structure  relaxes  to  an  undistorted  fee  structure  upon  in¬ 
creasing  the  Fe  thickness.^^  The  fet  phase  is  itself  unusual  for 
an  element.  Only  elemental  Sn  has  a  naturally  occurring  fet 
phase.  In  the  case  of  Fc/Cu(100)  the  fet  structure  is  stabilized 
epitaxially.  (This  is  one  of  the  attributes  of  modern  thin-film- 
megnetism  research — the  ability  to  artificially  stabilize  new 
phases.)  Eventually,  thicker  Fe  films  grown  on  Cu(iOO) 
transform  to  the  equilibriuni  bcc  structure.  In  c(llO)  epitaxial 
relationships  to  fcc(lOO)  have  been  described  elsewhere.’"*  ’ 
Metastable  phases,  therefore,  abound  in  Fe/Cu(100)  as  a 
function  of  growth  temperature  and  Fe  thickness.  The  fet 
spin-reorientation  transition,  lOr  example,  is  only  found  for 
low-T  growth  (7'«200  K).  At  higher  temperatures  the  fet 
structure  relaxes  to  fee  and  the  magnetic  properties  change 
dramatically,  as  studied  recently  by  Tliomasen  et  al.^^  and  Li 
et  al}^  Thus,  Fe/Cu(100)  provides  a  system  rich  in  magnetic 
and  structural  instabilities.  The  interplay  of  these  instabilities 
has  intrigued,  challenged,  and  stymied  a  whole  generation  of 
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modem  researchers.  An  enormous  collective  effort  has  been 
devoted  to  this  system.  It  is  the  prototype  chosen  by  many 
who  seek  a  rite  of  passaite  into  the  realm  of  surface  magne¬ 
tism. 

II.  EXPERIMENTAL  DETAILS 

Background  information  on  the  sample  preparation, 
characterization,  and  magneto-optic-measurement  techniques 
appear  elsewhere.^®"“  For  the  sake  of  completeness  we 
briefly  mention  that  the  Fe  samples  were  prepared  by  ultra- 
high  vacuum  evaporation,  also  known  as  molecular  beam 
epitaxy.  The  Fe  wedges  are  formed  by  linear  translation  of 
the  substrate  behind  a  m.ask  during  growth.  Evaporation  rates 
are  in  the  range  of  1  monolayer  (ML)  every  ~2-3  min.  The 
wedges  have  a  slope  of  —0.2  ML/mm  for  Fe/Ag  and  —1.5 
ML/mm  for  Fe/Cu.  The  slopes  are  substantially  larger  for  the 
Fe/Cu  wedges  in  order  to  scan  the  broader  region  of  interest 
that  includes  a  range  of  the  fet,  fee,  and  bcc  phases.  The 
crystals  were  —1  cm  in  length,  and  the  laser  beam  for  the 
SMOKE  studies  was  focused  to  —0.2  mm.  Thus  —50  dis¬ 
crete  positions  could  be  sampled  along  a  wedge.  The  sub¬ 
strates  were  prepared  utilizing  standard  surface-science  tech¬ 
niques  involving  sputter-anneal  cycles.  Low-  and  high- 
energy  electron  diffraction  (LEED  and  RHEED)  were  used 
to  characterize  the  substrates  and  Aims.  RHEED  oscillations 
during  Fe  growth  are  published  in  Refs.  27  and  28. 

Magneto-optic  Kerr-effset  measurements  were  made  at 
the  He-Ne  laser  line  using  p -polarized  light.  The  films  were 
magnetized  using  a  split-coil  superconducting  solenoid  that 
provides  a  homogeneous  field  with  low  trapped  flux  at  zero 
current  (<10  Oc).  Hysteresis  loops  were  generated  with  no 
attempt  to  convert  to  ellipticity  units.  Ellipticities  are  re¬ 
ported  elsewhere  for  related  film  structures.^^  The  important 
point  for  the  present  studies  is  that  the  signal  is  proportional 
to  the  magnetization.  The  remanent  magnetization  Mu  was 
used  to  track  the  phase  transitions  in  order  to  avoid  possible 
field-induced  transitions.  The  hysteresis  loops  are  used  to 
identify  the  easy  axis  of  magnetization.  Square  polar  loops 
identify  vertical  easy  axes,  while  square  longitudinal  loops 
identify  in-plane  easy  axes.  To  obtain  polar  or  longitudinal 
signals  the  sample  was  positioned  appropriately  within  the 
solenoid  to  face  one  of  two  orthogonal  laser  stations  used  to 
generate  the  data.  Thus,  it  was  necessary  to  rotate  the  sample 
by  90°  between  full  scans  of  a  wedge  to  obtain  data  for  both 
configurations.  This  introduced  an  absolute  uncertainty  in  the 
positioning  of  the  beam  along  the  wedge,  but  it  presented  no 
obvious  problem  for  our  purposes.  The  hysteresis  loops  per¬ 
mitted  the  values  to  be  obtained.  They  were  used  to  iden¬ 
tify  the  structural  transitions  for  Fe/Cu  and  to  augment  the 
spin-reorientation  studies  for  both  systems. 

III.  RESULTS 
A.  Fe/Ag(100) 

The  spin-reorientation  transition  for  Fe/Ag(100)  is 
shown  in  Figs.  1(a)  and  2.  Figure  1(a)  displays  the  transition 
as  a  function  of  temperature  for  a  fixed  Fe  thickness.  This  is 
the  manner  in  which  the  transition  was  studied  originally  by 
Pappas  el  who  used  polarized  electron  scattering  to 
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FIG.  1.  The  perpendicular  and  parallel  components  of  the  remanent  magne¬ 
tization  for  a  6.0  ML  Fe  film  grown  on  Ag(lOO)  vs  temperature  arc  shown  in 
(a)  and  the  corresponding  cocrcivitics  from  polar  SMOKE  measurements 
are  shown  in  (b).  The  noise  in  the  longitudinal  Kerr  data  (parallel  magneti¬ 
zation  component)  is  greater  than  that  in  the  polar  data  because  of  the 
inherent  weakness  on  the  longitudinal  signal,  as  mentioned  in  the  text. 


identify  a  region  A  T  with  vanishing  magnetization.  The  high 
signal-to-noise  ratio  and  data  density  in  Fig.  1(a)  enables  one 
to  discern  an  asymmetric  ramp  structure  within  the 
pseudogap  encompassed  by  AT.  Thus,  if  the  remanence  van¬ 
ishes,  it  does  so  over  a  very  limited  T  range  (a  few  kelvin  at 
most),  as  estimated  by  Erickson  and  Mills.  Note  that  in 
Figs.  1(a)  and  2  are  normalized  to  the  film  thickness,  and  the 
longitudinal  and  polar  Mu  values  at  saturation  are  normal¬ 
ized  to  each  other  for  clarity.  (The  polar  signal  is  —25  times 
as  intense  as  the  longitudinal  signal,  as  expected.)  The  ques¬ 
tion  that  Fig.  1(a)  raises  is  what  is  the  root  cause  of  the 
remanence  decrease  within  A  T1  Is  long-range  ferromagnetic 
order  lost  anywhere  within  this  region,  as  might  be  antici¬ 
pated  from  the  Mermin-Wagner  theorem?  How  do  domains 
or  other  nonuniform  spin  configurations  manifest  themselves 
within  AT?  If  long-range  order  does  not  vanish,  do  enhanced 
thermal  fluctuations  in  2D  suppress  the  magnetization  even 


FIG.  2.  Perpendicular  and  parallel  components  of  the  remanent  magnetiza¬ 
tion  at  room  temperature  along  an  Fc/Ag(l(Ml)  wedge. 
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FIG.  3.  Magnetic  phase  diagram  of  Fc/Ag(100). 

partially  due  to  the  system  becoming  more  isotropic  in  the 
vicinity  of  These  questions  should  motivate  future 
progress  in  the  held. 

Figure  2  provides  similar  data  to  Fig.  1  (a)  but  as  a  func¬ 
tion  of  Fe  thickness  along  a  wedge.  The  region  Ad  and  the 
point  dn  are  defined  operationally  in  an  analogous  manner  to 
AT  and  in  Fig.  1(a).  The  asymmetric  ramp  structure 
within  Ad  is  very  similar  in  appearance  to  that  observed  in 
Fig.  1(a)  within  AT.  The  same  questions  apply  as  outlined 
above.  It  is  interesting  to  note  that  Kashuba  and  Pokrovsky 
have  found  that  their  calculations  linearize  to  first-order  ex¬ 
pansion  in  both  T  and  d  in  the  vicinity  of  and  d^,  as 
observed  experimentally  in  Figs.  1(a)  and  2. 

To  augment  Fig.  1(a)  further,  we  show  the  corresponding 
//(  data  in  Fig.  1(b).  The  transition  at  T/;  is  defined  by  a  peak 
in  He  which  is  almost  3  times  as  large  as  its  value  at 
(Tn-i^T).  For  T>Tn  the  value  of  //<,  drops  precipitously 
because  the  vertical  axis  becomes  a  hard  direction  for  the 
magnetization.  For  T<{Tf(- LT),  decreases  substan¬ 
tially  as  T  increases.  Thus,  the  hysteresis  loops  are  shrinking 
in  area  in  this  interval  as  T  increases.  This  can  be  due  to 
enhanced  thermal  fluctuations  as  T/;  is  approached,  or  to  the 
fluidity  of  the  domain  structure.  The  peak  in  at  Tr  ,  in  any 
case,  represents  a  striking  observation  and  a  challenge  to 
interpret. 

Figure  3  summarizes  results  for  the  spin-reorientation 
phase-boundary  determinations  for  Fe/Ag(100).  The  data 
represent  measurements  taken  along  wedges  at  different  tem¬ 
peratures.  The  pseudogap  regions  are  not  indicated  in  Fig.  3, 
but  Curie  temperatures  Tc  shown  for  some  initial  Fe 
thicknesses.  The  Curie  transitions  are  found  to  be  2D-Ising- 
likL,  as  described  in  Ref.  27.  The  Curie  transitions  can  be 
examined  to  provide  an  estimate  of  the  intrinsic  width  that 
might  apply  also  to  the  spin-reorientation  transitions.  The 
3%-5%  tails  reported  at  Tc  imply  that  the  correlation  length 
is  limited  by  finite-size  effects  to  ~100  A,  which  corre¬ 
sponds  to  a  typical  terrace  width  in  a  metallic  single 
crystal.^^  Thus,  with  inclusion  of  the  Curie  transitions.  Fig.  3 
delineates  the  A/=0,  Af||,  and  phase  regions. 

B.  Fe/Cu(100) 

The  region  of  stability  of  vertical  easy  axes  for  Fe/ 
Cu(lOO)  was  first  explored  systematically  by  Liu  et  al.^ 
They  constructed  a  phase  diagram  to  represent  the  metasta¬ 
bility  of  the  system  by  plotting  growth  temperature  versus  Fe 
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FIG.  4.  Boundaries  of  the  uniform  ferromagnetic  phase  wilh  verticai  easy 
axis  fur  an  fet  Fc/Cu(100)  wedge  as  a  function  of  measurement  temperature 
and  Fc  thickness.  The  left-hand  boundary  delineates  the  onset  of  detection  of 
a  ferromagnetic  signal,  while  the  right-hand  boundary  terminates  in  a  tran¬ 
sition  to  the  spin-in-planc  fet  phase. 

thickness  for  a  large  number  of  films.  Vertical  easy  axes  were 
observed  in  a  region  bounded  by  a  thickness  of  ~6  ML  Fe 
ai'd  growth  temperatures  that  do  not  extend  very  much  above 
room  temperature.  The  onset  of  ferromagnetic  signals  for  the 
thinnest  films  occurred  between  ~1  and  3  ML.  Figure  4 
shows  a  somewhat  different  mapping  than  that  of  Liu  et  al?^ 
for  one  of  our  wedged  samples  grown  at  low  temperature. 
Figure  4  is  analogous  to  the  plot  of  the  Fe/Ag(100)  data  in 
Fig.  3.  The  left-hand  boundary  in  Fig.  4  represents  the  onset 
of  detection  of  ferromagnetic  signals  with  vertical  easy  axis 
(i.e.,  Tc),  while  the  right-hand  boundary  represents  the  ter¬ 
mination  of  the  vertical  ferromagnetic  phase  (i.e.,  Tr).  The 
left-hand  boundary  is  believed  to  be  influenced  by  the  non¬ 
ideal  morphology  of  the  films  (i.e.,  intermixing)  as  well  as  by 
decreased  values  for  decreasing  film  thickness. 

Subsequent  to  the  work  of  Liu  et  interest  focused 
on  the  region  beyond  the  right-hand  boundary  of  Fig.  4.  It 
became  clear  that  two  phases  exist  in  this  region  depending 
on  growth  temperature.  For  low  temperature  (-100  K) 
growth  the  spin-reorientation  transition  ensues,  as  for  Fe/ 
Ag(lOO).  This  occurs  even  if  the  samples  are  annealed  to  the 
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FIG.  5.  Spin-rcoricntalion  transition  for  Fc/Cu(l()0). 
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FIG.  6.  Coercivilic,s  along  a  wedge  of  Fe/Cu(100)  illuslraling  peaks  at  the 
phase  transitions.  The  left-hand  transition  is  from  the  fet  (I)  to  the  fee  phase 
(II),  while  the  right-hand  transition  is  to  the  bcc  structure  (III). 


vicinity  of  room  temperature  after  growth,  as  in  the  work  of 
Ref.  21.  For  example,  the  spin  reorientation  is  shown  in  Fig. 
5  for  a  wedge  grown  at  190  K,  annealed  at  room  tempera¬ 
ture,  and  measured  at  110  K.  However,  different  results  are 
obtained  for  room- temperature  growth.  Xhonneux  and 
Courtens^^  found  evidence  for  a  nonmagnetic  phase  beyond 
the  6-7  ML  Fe  phase  boundary.  Thomasen  et  al}^  further 
clarified  the  new  phase  identification  as  having  a  surface  fer¬ 
romagnetic  “live”  layer  with  vertical  easy  axis.  Li  et  al.^ 
more  recently  confirmed  the  work  of  Thomasen  et  al.^  and, 
further,  found  evidence  that  the  ferromagnetic  surface  is  the 
termination  of  an  antiferromagnetic  (AFM)  phase.  Antiferro¬ 
magnetism  does  not  manifest  itself  directly  in  SMOKE  mea¬ 
surements,  so  further  explanation  is  necessary.  While  Ref.  25 
observed  a  constant  magnetization  in  the  region  of  interest, 
Li  et  al^  found  that  upon  cooling  the  constant  signal  devel¬ 
oped  peaks  of  monolayer-type  amplitude.  For  an  AFM  struc¬ 
ture  built  up  of  alternating  ferromagnetic  (100)  sheets,  a  peak 
would  arise  due  to  an  uncompensated  ferromagnetic  sheet 
whenever  there  is  an  odd  number  of  total  layers  in  the  struc¬ 
ture. 

Structural  studies  indicate  that  the  AFM  phase  corre¬ 
sponds  to  the  relatively  undistorted  fee  structure.  The  M ^ 
ferromagnetic  phase  that  precedes  it  in  Fe  thickness  corre¬ 
sponds  to  the  unrelaxed  fet  structure.  The  spin-reorientation 
transition  takes  place  within  the  fet  structure,  and  the  transi¬ 
tion  to  fee  is  suppressed  at  low-temperature  growth.  The  fet 
structure  is  probably  strain  stabilized  under  these  conditions 
due  to  the  morphology  of  the  interface  and/or  to  magneto¬ 
striction  effects.  In  this  latter  regard,  Hembree  et  al.^^  re¬ 
cently  documented  for  Fe/Cu(100)  striking  field-induced 
metastable  states  attributed  to  magnetoelastic  effects.  It  is 
also  of  interest  to  'speculate  on  the  relationship  of  the  AFM 
fee  phase  identified  by  Li  et  al}^  to  that  observed  in  y-Fe 
coherent  precipitates  in  Cu  host  alloys.  For  the  bulk  alloys 
the  Neel  temperature  is  low  as  is  the  magnetic  moment 
(<l/ifl).^^  For  the  films  the  magnetic  ordering  temperature  is 
much  higher  (200-250  K)  suggestive  that  the  moments  may 
also  be  larger.  However,  it  remains  to  be  determined  to  what 
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extent  the  surface  ferromagnetic  layer  boosts  the  properties 
{Jfj  and  fx)  of  the  underlying  AFM  film. 

Finally,  with  increasing  Fe  thickness  the  bcc  phase  is 
reached  at  ~10-12  ML  Fe.  The  bcc  films  are  ferromagnetic 
with  in-plane  easy  axis  dictated  by  the  shape  anisotropy.  The 
coercivity  exhibits  striking  peaks  at  the  phase  transitions,  as 
shown  in  Fig.  6  for  a  wedge  than  spans  the  fet-fee  transition 
as  well  as  the  bcc  transition.  The  coercivity  provides  a  con¬ 
venient  way  to  track  phase  boundaries  between  fet-fee,  fcc- 
bcc,  and  fct-bcc,  as  well  as  for  the  spin-reorientation  transi¬ 
tion.  The  most  recent  magnetic  phase  diagram  for  the  growth 
of  Fe/Cu(100)  is  presented  in  Ref.  28. 

IV.  SUMMARY 

Recent  SMOKE  studies  for  Fe/Ag(100)  and  Fe/Cu(100) 
were  highlighted.  The  documentation  of  the  spin- 
reorientation  transition  for  Fe/Ag(100)  provides  detailed  cor¬ 
ollary  measurements  to  those  of  Refs.  21  and  22.  A  sup¬ 
pressed  but  nonvanishing  remanent  magnetization  was  found 
within  most  of  the  pseudogap  region  in  temperature  and  Fe 
thickness  that  characterizes  the  phase  transition.  The  coerciv¬ 
ity  also  exhibits  a  pronounced  peak.  The  role  of  thermal 
fluctuations  in  a  nearly  isotropic  2D  Heisenberg  system  is 
quite  dramatic  and  can  suppress  long-range  order  and/or  give 
rise  to  domain  structures  with  unusual  characteristics. 

For  fet  Fe/Cu(100)  the  spin-reorientation  transition  oc¬ 
curs  for  low-temperature  (^200  K)  growth.  However,  for 
room-temperature  growth  the  ferromagnetic  fet  phase  with 
vertical  easy  axis  transforms  to  an  AFM  fee  phase  with  a 
surface  ferromagnetic  live  layer.  Fe  films  of  ~  10-1 2  ML 
transform  to  the  equilibrium  bcc  ferromagnetic  structure  with 
in-planc  easy  axis  of  magnetization.  The  Fe/Cu(100)  system 
offers  complexity  associated  with  the  interplay  of  magnetic 
and  structural  transitions.  However,  coercivity  peaks  can  be 
used  to  track  a  variety  of  its  pha.se  transitions.  The  underly¬ 
ing  mechanisms  for  achieving  phase  stability  and  that  control 
coercive  behavior  remain  a  challenge  to  pursue  in  the  future. 
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Magnetic  and  structural  instabilities  of  ferromagnetic  and  antiferromagnetic 
Fe/Cu(100) 

Dongqi  Li,  M.  Freitag,®'  J.  Pearson,  Z.  Q.  Qiu,*^*  and  S.  D.  Bader 

Materials  Science  Division,  Argonne  National  Laboratory,  Argonne,  Illinois  60439 

Fe  wedges  epitaxially  grown  on  Cu(10())  have  been  employed  to  investigate  the  interplay  between 
magnetic  and  structural  instabilities.  2-4  monolayer  (ML)  clean  Fe  films  grown  at  room 
temperature  are  ferromagnetic  with  perpendicular  easy  axes,  bcc  Fe  films>  1 1  ML  thick  are 
ferromagnetic  with  in-plane  easy  axes.  Most  importantly,  6-11  ML  fee  Fe  films  are 
antiferromagnetic  and  have  a  ferromagnetic  surface.  Films  grown  below  200  K  and  annealed  to 
room  temperature  do  not  exhibit  the  antiferromagnetic  phase,  but  remain  ferromagnetic  and  undergo 
a  spin-reorientation  transition  from  perpendicular  to  in  plane  at  ~6  ML.  A  new  phase  diagram  for 
Fe/Cu(100)  is  proposed  as  a  function  of  thickness  and  growth  temperature.  In  addition,  an 
impurity-stabilized  layer-by-layer  growth  that  persists  to  30-40  ML  Fe  is  also  reported. 


Iron,  especially  fee  Fe,  is  intrinsically  unstable  magneti¬ 
cally  in  the  sense  that  its  nearest-neighbor  exchange  interac¬ 
tion  can  be  either  positive  (ferromagnetic)  or  negative  (anti¬ 
ferromagnetic),  depending  on  structural  details.''^  3e  films 
grown  onto  Cu(lOO),  in  particular,  form  various  .structural 
and  magnetic  phases  to  illustrate  the  tendency  toward 
instability.'’”'*  In  the  current  work,  we  focus  on  these  insta¬ 
bilities  and  their  interplay  to  achieve  a  better  understanding 
of  the  relation  between  structure  and  magnetism.  Mo.st  im¬ 
portant,  we  observe  an  antiferromagnetic  phase  with  a  ferro¬ 
magnetic  surface  for  6-11  monolayer  (ML)  films  of  Fe  grown 
on  Cu(lOO)  at  ambient  temperature.  The  different  magnetic 
phases  are  displayed  in  a  new  magnetic  pliase  diagram.  In 
addition,  an  impurity-induced  layer-by-layer  growth  of  Fe  on 
Cu(lOO)  is  observed  that  persists  into  the  30-40  ML  regime. 

Sample  preparation  proceeded  first  via  mechanical  and 
electrochemical  polishing  of  the  Cu(lOO)  substrate,  and  then 
via  sputtering  and  annealing  (600  °C)  cycles  in  the  ultrahigh 
vacuum  chamber.  Fe  was  evaporated  from  an  alumina  cru¬ 
cible  with  a  typical  evaporation  rate  of  0.7  ,Vmin.  The  base 
pressure  of  the  chamber  was  1 X 10”  Torr,  and  the  pressure 
during  deposition  was  2-5X10”“’  Torr.  The  ordering  and 
cleanness  of  the  crystal  and  the  films  were  confirmed  with 
reflection  high-energy  electron  diffraction  (RHEED),  low- 
energy  electron  diffraction  (LEED),  and  Auger  spectroscopy. 
The  Fe  wedges  were  grown  while  moving  the  substrate  be¬ 
hind  a  mask  during  evaporation  to  define  a  slope  of  —1.5 
ML/mm.  The  substrate  temperature  during  growth  is  denoted 
as  T, .  The  magnetic  properties  were  studied  in  situ  by  means 
of  the  surface  magneto-optic  Kerr  effect  (SMOKE).  A  Hc-Nc 
laser  beam  focused  to  0.2  mm  was  u.sed  to  scan  along  the 
wedge  to  obtain  hysteresis  loops  for  different  Fe  thicknesses. 
The  height  of  the  Kerr  loop  in  remanence  is  denoted  as  A/«  , 
due  to  its  relation  to  the  remanent  magnetization.  First  the 
results  of  “dirty”  growth  will  be  presented.  The  remainder  of 
the  article  will  then  be  devoted  to  the  properties  of  clean 
films. 

Quite  striking  behavior  is  obseiwed  for  dirty  growth.  In 
that  case  persistent  layer-by-layer  growth  can  be  obtained 
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(see  Fig.  1)  as  judged  by  relatively  undamped  RHEED  oscil¬ 
lations  up  to  32  ML  Fe.  The  oscillations  resume  after  restart¬ 
ing  the  stopped  deposition  (not  shown  in  Fig.  1)  and  persist 
to  40  ML,  where  the  experiment  was  terminated.  This  is 
surprisingly  thick  for  a  metastable  pha.se.  The  LEED  patterns 
before  and  after  deposition  were  both  c(2X2),  which  is  a 
common  pattern  for  contaminated  fcc(K)O)  surfaces.  Auger 
measurements  indicate  an  oxygen  level  of  10-20  at.  %  for 
both  the  substrate  and  the  film.  The  chamber  pressure  during 
this  dirty  deposition  v/as  2X  lO”**  Torr,  which  is  significantly 
higher  than  that  for  the  clean  films  to  be  reported  herein.  It  is 
apparent  that  the  layer-by-layer  growth  of  the  metastable  fee 
Fe  shown  in  Fig.  1  is  extrinsically  stabilized  by  impurities,  as 
can  be  qualitatively  understood.  There  are  two  factors  that 
mitigate  against  persistent  layer-by-layer  epitaxial  growth. 
One  involves  the  thermodynamic  argument  that  opposes  the 
wetting  of  a  high-surface-free-energy  species  (Fe)  on  a  low- 
surfacc-free-energy  substrate  (C;u).  Three-dimensional 
growth  would  be  anticipated  in  such  a  case.  The  other  factor 
is  that  the  slight  lattice  mismatch  between  fee  Fe  (3.59  A) 
and  Cu  (3.61  A)  should  cause  strain  in  the  film  and  lead  to  a 
critical  thickness  for  epitaxial  growth.  The  impurities  appear 
to  act  as  surfactants  to  lower  the  surface  free  energy  of  Fe  so 
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FIG.  1.  Klitilil)  intensity  oscillations  for  a  dirty  deposition  of  Fe  on 
Cut  KM)),  t  he  persistent  oscillation,  indicative  of  layer-by-layer  growth,  are 
impurity  induced,  as  discussed  in  the  text.  I'lie  deposition  rate  was  0.64 
A/min  T,  ,M.S  K. 
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FIO.  2.  RHEED  intensity  oscillations  for  Fc  grown  on  Cu(lOO)  at  310  K. 
Regions  I-III  arc  labeled  ns  in  Ref.  3. 


that  it  can  wet  the  Cu(10())  surface.  Such  an  effect  was  dis¬ 
cussed  by  Egelhoff  et  al.,'''  who  point  out  that  various  atoms 
can  serve  as  surfactants  for  1  ML  Fe/CuflOO)  anti  related 
systems,  and  that  some  impurity  atoms  can  float  to  the  sur¬ 
face  during  growth  to  continue  to  activate  layer-by-layer 
growth.  The  impurities  may  also  serve  us  defect  centers  to 
help  release  film  .strain  and  to  thwart  the  transition  into  the 
equilibrium  bee  phase.  Thus,  impurity  surfactant  agents  can 
provide  a  promising  way  to  extend  the  study  of  epitaxial 
growth  of  metastable  phases. 

The  growth  characteristics  of  clean  Fe  films  on  Cu(10()), 
as  documented  in  Fig.  2,  arc  more  complex  than  the  behavior 
shown  in  Fig.  1.  Three  growth  regions  are  delineated  in  Fig. 
2  for  films  grown  above  250  K  on  the  (1 X 1)  Cu(l()0)  sub¬ 
strate  with  no  detectable  C  or  O  Auger  signals,  in  agreement 
with  previous  studies.'^  No  in-planc  lattice-constant  differ¬ 
ences  are  observed  by  RHEED  or  LEED  between  the  first 
two  thickness  regions  as  Fc  grows  into  pseudomorpliic  face- 
centered  structures.  Region  I  has  been  attributed  to  a  face- 
centered  tetragonal  (fet)  phase  and  region  II  to  the  fee 
phase.*'  Region  II  exhibits  regular  oseillations  characteristic 
of  a  tendency  toward  layer-by-layer  growth.  The  sharp  decay 
of  the  RHEED  intensity  on  going  from  region  II  to  III  at  ~11 
ML  has  been  attributed  to  the  onset  of  three-dimensional 
growth  of  bcc  Fe.^'^'” 

Different  magnetic  properties  accompany  the  structural 
phases  of  regions  I-III.  For  films  grown  above  250  K,  the 
magnetic  easy  axis  changes  from  perpendicular  to  in  plane  at 
~11  ML.  The  magnetic  anisotropy  is  dominated  by  the 
shap  anisotiopy  in  region  111.  In  region  1  the  surface  anisot¬ 
ropy  yields  a  perpendicular  easy  axis.  Most  strikingly,  there 
is  a  dramatic  change  in  the  magnetic  properties  between  re¬ 
gions  I  and  II  from  the  ferromagnetic  phase  to  an  antiferro¬ 
magnetic  phase  with  a  ferromagnetic  surface.  This  is  shown 
in  Fig.  3.  The  remanent  magnetization  obtained  from  our 
magneto-optic  measurements  increases  initially  in  region  I 
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HG.  3.  I’crpcndicular  rciniuiciit  niugnctizutiaii  from  polar  SMOKE  v.s  thlck- 
iiBss  across  an  I'c  wedge  grown  at  '/',=28()  K  and  meusured  at  IVO  K  (a)  and 
70  K  (b).  Region  II  has  u  enhanced  surface  ferromugnelic  layer  and  antifer- 
romagnetic  underlayers  us  discussed  in  the  text. 


with  Fe  thickness  as  expected  for  a  ferromagnetic  film.  At 
~5  ML  Fe,  however,  the  magnetic  signal  drops  to  ~30%- 
40%  of  its  maximum  value.  In  addition,  in  region  II  the 
remanent  magnetization  forms  a  two-peaked  structure  be¬ 
tween  6  and  11  ML  which  is  most  apparent  at  low  tempera¬ 
ture.  The.se  observations  suggest  that  the  bulk  of  the  Fc  film 
is  antiferromagnetic  with  alternating  layers  of  spins  pointing 
out  of  or  into  the  surface.  There  is  a  relatively  constant  mag¬ 
netic  .signal  in  region  II  at  relatively  high  temperature  (right 
below  Tf).  And  the  signals  at  the  valleys  do  not  go  to  zero  in 
the  temperature  range  we  performed  our  experiments.  These 
facts  sugge.sl  that  the  surface  layer  is  ferromagnetic,  as  re¬ 
ported  in  Ref.  9,  and  has  an  enhanced  magnetic  order.  The 
antiferromagnetic  order  is  more  significantly  reduced  by 
thermal  fluctuations  than  is  the  ferromagnetic  surface  order. 
This  unique  magnetic  phase  was  observed  only  when  the 
substrate  was  clean  and  the  pressure  during  deposition  was 
<5X10  Torn  A  recent  theoretical  calculation'^  suggests 
that  the  for  4-11  ML  of  fee  Fe  on  Cu(lOO),  the  surface  and 
one  subsurface  layer  are  ferromagnetically  aligned  while  the 
underlayers  are  antiferromagnetically  aligned,  in  general 
agreement  with  our  experimental  observations.  It  is  noted 
that  the  peak  separation  in  our  experiments  is  ~2.6  ML  in¬ 
stead  of  2  ML.  Such  an  incommensurate  magnetic  structure 
is  not  indicated  by  the  calculation  of  Kraft  et  al.  It  could 
relate  to  the  quantization  of  the  electronic  states  and  the  cor¬ 
responding  spin  density  wave  in  a  finite  thickness  film. 

The  richness  of  magnetic  pliases  of  Fe/Cu(l()())  is  dem¬ 
onstrated  in  the  new  magnetic  phase  diagram  shown  in  Fig. 
4.  Region  1  contains  the  ferromagnetic  phase  with  perpen¬ 
dicular  magnetic  anisotropy.  A  nonmagnetic  region  <2  ML, 
not  delineated  in  Fig.  4,  is  presumably  due  to  a  reduced 
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FIG.  4.  Magnetic  phase  diagram  with  respect  to  growth  temperature  and  Fc 
thickness.  In  region  I,  the  films  arc  ferromagnetic  with  perpendicular  easy 
axes  (fct).  In  region  11(a)  the  films  arc  AF  and  the  surface  is  ferromagnetic 
(fee).  In  region  11(b),  the  films  arc  ferromagnetic  with  in-plane  easy  axes 
(fct).  In  region  III,  the  films  arc  ferromagnetic  with  itt-planc  easy  axes  (bee). 
(Measurements  were  performed  in  the  range  of  110-190  K.) 


Curie  temperature.  Thick  films  (>10-11  ML)  are  bee  and 
possess  in-plane  ferromagnetic  magnetization.  At  the  inter¬ 
mediate  thicknesses  of  region  II  different  phases  can  be 
formed  depending  on  the  substrate  temperature.  For  low- 
temperature  deposition,  where  the  fet-to-fee  phase  transition 
is  suppressed,  a  spin-reorientation  transition  occurs  into  re¬ 
gion  11(b)  wherein  the  easy  axis  changes  from  perpendicular 
to  in  plane.*^  For  growth  temperatures  higher  than  ~250  K, 
the  newly  identified  antiferromagnetic  phase  with  the  live 
ferromagnetic  surface  layer  appears  in  region  11(a),  as  dis¬ 
cussed  above. 

The  difference  in  structure  between  regions  I  and  II  for 
ambient-temperature-grown  films  is  believed  to  be  the  differ¬ 
ence  in  interlayer  spacing.”  The  initial  phase  is  a  fct  struc¬ 
ture  with  interlayer  spacing  different  from  the  in-plane  latiice 
constant.  Such  a  distortion  appears  to  stabilize  ferromagnetic 
ordering.  The  second  phase  is  the  more  isotropic  fee  phase” 
which  is  antiferromagnetic  and  has  a  ferromagnetic  surface. 
Because  of  the  magnetic  instability  of  fee  Fe,  a  small  lattice 


distortion  can  drive  the  system  into  either  antifc.rromagnetic 
or  ferromagnetic  states  with  different  anisotropies.  Recent 
work  reported  that  fee  Fc  grown  on  diamond  (capped  with 
Cu)  is  also  ferromagnetic,  but  with  in-plane  anisotropy.”’ 
This  might  be  consistent  with  the  expected  in-planc  com¬ 
pression  of  Fe  on  diamond  (lattice  constant  of  3.51  A)  as 
opposed  to  the  expected  in-plane  expansion  of  Fe  on 
Cu(lOO). 

In  conclusion,  we  investigated  the  ferromagnetic  and  an¬ 
tiferromagnetic  phases  of  Fe/Cu(100)  which  correlate  with 
its  structural  phases.  We  observe  a  new  antiferromagnetic 
phase  with  a  live  ferromagnetic  surface.  We  propose  a  new 
magnetic  phase  diagram  for  the  growth  of  Fe  on  Cu(lOO). 
We  also  observe  impurity-induced  layer-by-layer  growth  of 
Fc  on  Cu(10())  that  persists  to  at  least  ~40  ML. 

This  work  was  supported  by  US  DOE  BES-MS  under 
Contract  No.  W-31-109-ENG-38. 
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A  new  spectrum  component  is  observed  in  Mossbauer  spectra  of  thin  body  centered  cubic  Co  layers 
doped  with  ^’Co  which  have  previously  been  shown  to  be  in  this  metastable  state  with  nuclear 
magnetic  resonance.  It  is  characterized  with  a  large  magnetic  hyperfine  field  (3 1 .2  T)  and  an  isomer 
shift  nearly  equal  to  that  of  a-Fe.  The  decrease  of  the  isomer  shift  in  bcc  Co  with  respect  to  hep  Co 
is  consistent  with  a  smaller  s-d  charge  transfer  in  bcc  Co  as  compared  to  hep  Co.  The  influence  of 
structure  on  the  hyperfine  field  in  a  Co  crystal  is  reflected  in  the  decrease  of  the  magnetic  hyperfine 
field  of  Fe  in  bcc  Co  as  compared  to  hep  Co  and  is  simitar  to  the  volume  dependence  of  the  magnetic 
hyperfine  fields  in  a  Co  crystal. 


Over  the  last  years  magnetic  films  and  superlattices 
grown  with  molecular  beam  epitaxy  have  attracted  consider¬ 
able  attention  in  the  search  for  new  materials  with  unusual 
magnetic  and  structural  properties.  Recently  it  has  been 
shown  that  a  nietastable  body  centered  cubic  Co  phase  can 
be  grown  on  GaAs,  Fe,  and  in  Co/Fe  superlattices.'”''  One  of 
the  properties  which  is  expected  to  be  strongly  dependent  on 
the  structure  of  a  Co  crystal  is  the  magnetic  hyperfine  field. 
The  characterization  of  the  bcc  phase  was  therefore  estab¬ 
lished  with  NMR  spectroscopy  which  showed  a  NMR  fre¬ 
quency  at  199  MHz  for  bcc  Co,  a  value  which  is  about  10% 
lower  than  the  known  NMR  frequencies  in  fee  and  hep  Co. 
The  purpose  of  the  present  study  is  to  use  radioactive  ^^Co  as 
a  probe  material  for  the  magnetic  hyperfine  fields  in  these 
layers.  A  ®’Fe  source  experiment  in  which  the  Mossbauer 
isotope  is  the  daughter  isotope  of  ^^Co  is  one  of  the  few 
methods  to  measure  the  hyperfine  interaction  at  Fe  in  a  thin 
metastable  bcc  Co  crystal.  ^’Fe-NMR  measurements  or  ab¬ 
sorber  Mossbauer  measurements  would  require  a  much 
larger  concentration  of  Fe  into  Co.  The  introduction  of  *^Co 
as  a  radioactive  probe  in  the  Co  phase  under  invesu^,  'fion 
offers  at  least  five  orders  of  magnitude  of  sensitivity  as  com¬ 
pared  to  absorber  experiments.''  There  are  two  more  distinct 
advantages  in  the  use  of  .Mossbauer  spectroscopy  to  study 
^’Co  in  bcc  Co:  first,  one  can  be  completely  confident  that 
the  Fe  atoms  will  occupy  Co  sites,  as  '’^Co  is  expected  to 
take  a  regular  substitutional  lattice  site  in  bcc  Co  and  second, 
^^Fe  is  the  best  Mossbauer  probe  with  a  high  recoil-less  frac¬ 
tion  and  a  good  sensitivity  of  the  isomer  shift  (S)  to 
pressure.^  In  such  source  experiments  it  is  generally  believed 
that  the  atomic  configuration  surrounding  the  probe  atom  is 
not  modified  during  the  extremely  short  lifetime  of  the  ex¬ 
cited  Mossbauer  state,  i.e.,  the  ■^''Fe  directly  probes  the  bcc 
Co  atomic  configuration. 

It  is  intriguing  to  notice  that  the  hyperfine  field  at  ’"Co  in 
a  Co  crystal  determined  with  NMR  is  quasilinearly  decreas¬ 
ing  with  the  atomic  volume  of  the  specific  Co  phase  studied 
(hep,  fee,  or  bcc  Co).  A  similar  behavior  is  observed  in  the 
pressure  dependence  of  the  magnetic  hyperfine  field  in  a  Co 
crystal,  i.e.,  the  magnitude  of  the  hyperfine  field  is  decreas¬ 
ing  with  the  volume.’  The  pressure  effect  on  the  hyperfine 
field  is  however  an  order  of  magnitude  smaller  than  the  ob¬ 


served  decrease  of  the  hyperfine  field  of  bcc  Co  with  respect 
to  hep  Co.  In  recent  years  several  studies,  both  theoretical 
and  experimental,  have  been  performed  to  explain  systematic 
trends  and  th;:  pre.ssure  dependence  of  the  magnetic  hyper- 
fine  fields  of  impurity  atoms  into  ferromagnetic  host  metals 
such  as  Co,  Fe,  and  Ni.’'"  The  experimental  determination  of 
the  magnetic  hyperfine  field  in  a  metastable  magnetic  phase 
such  as  bcc  Co  might  shed  some  light  on  the  dependence  of 
the  magnetic  hyperfine  field  of  impurity  atoms  on  the  .struc¬ 
ture  of  the  crystal  phase  under  investigation.  Co  is,  just  like 
Fe,  a  unique  material  which  can  take  the  form  of  three  crys- 
tallographically  different  magnetic  phases.  In  the  present 
study  the  hyperfine  field  of  Fe  in  bcc  Co  is  determined  with 
Mossbauer  spectro.scopy  and  compared  with  the  known  hy¬ 
perfine  field  of  Fe  and  its  volume  dependence  in  hep  Co,  In 
addition  Mos,sbauer  spectro.scopy  is  sensitive  to  the  atomic 
volume  via  the  isomer  shift.  We  will  demonstrate  that  the 
decrease  of  the  hyperfine  field  of  Fe  in  bcc  Co  with  respect  to 
hep  Co  is  certainly  not  a  volume  effect  but  more  likely  is  due 
to  a  coordination  effect. 

Samples  were  prepared  by  implanting  80  keV  radioac¬ 
tive  ''’Co  with  a  do.se  of  lO'"'  atoms/cm^  into  Co/Fe  superlat¬ 
tices  grown  with  molecular  beam  epitaxy.  The  metastable 
bcc  Co  epitaxy  on  Fe  (001)  is  possible  because  of  the  small 
lattice  mismatch  of  1.6%  between  the  predicted  bcc  Co 
phase  (a =2.82  A)  and  an  (1 X 1 )  construction  on  Fe  (a  =2.87 
A).  [Fe^Coj,]2o  superiatticcs  with  various  Co  layer  thickness 
(.r=25  A,  6  A<>'<24  A)  were  prepared  on  MgO  (001)  sub¬ 
strates.  Details  of  the  preparation  conditions  can  be  found 
elsewhere.'’  The  Mossbauer  spectra  were  recorded  at  300  K 
u.'.ing  a  sodiumferrocyanide  absorber  (SFC).  The  lvalues  are 
expressed  as  absorber  isomer  shift  with  respect  to  SFC. 

NMR  measurements  on  these  samples  revealed  a  meta¬ 
stable  .state  for  Co  characterized  with  a  frequency  of  199 
MHz,  a  value  which  is  lower  than  the  Co  frequency  in  fee 
(217  MHz)  and  hep  Co  (220-228  MHz).  The  metastable 
state  is  attributed  to  Co  in  a  bcc  phase  and  relaxes  for  this 
growth  direction  to  the  regular  hep  phase  only  for  Co  layer 
thickness  above  24  A.'"  Co/Fe  superlattices  with  Co  thick¬ 
ness  smaller  than  24  A  are  expected  to  contain  the  following 
atomic  configurations  for  the  implanted  "’’Co  probe  atoms: 
a-Fe,  bcc  Co,  Co/Fe  interface  region,  and  a  possible  surface 
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FIG.  1,  Mossbaucr  spccira  of  bcc  Co/Fc  supcriatticc.s  with  various  Co  layer 
thickness  [24  A  (a),  18  A  (b),  12  A  (c),  and  6  A  (d)]  implanted  with  lO'* 
’^Co  measured  at  300  K  with  respect  to  a  sodiumfcrrucyanide  absorber. 


oxide  layer.  Figure  1  shows  the  Mossbauer  spectra  of 
Co/Fe  superlattices  with  different  Co-layer  thickness.  For  the 
layer  with  6  A  Co  only  two  magnetic  spectrum  components 
are  present.  The  hyperfine  field  of  the  first  spectrum  compo¬ 
nent  and  its  isomer  shift  are  within  error  limits  equal  to  that 
of  a-Fc  [B=33,l  T].  The  second  component  has  a  hyperfine 
field  of  35.4  T  and  an  isomer  shift  5=0.10  mm/s.  It  is  rea¬ 
sonable  to  attribute  this  component  to  Fe  in  the  Co/Fe  inter¬ 
face  region  since  it  is  almost  equal  to  the  hyperfine  field  of 
Fc  in  an  equiatomic  Co/Fe  alloy,  With  increasing  Co  layer 
thickness  in  addition  to  the  above-mentioned  magnetically 
split  components  a  third  spectrum  component  is  observed 
with  a  slightly  lower  hyperfine  field  [JS=31,0  T  (12  A  Co), 
fl=31.4  T  (18  A  Co),  and  18=31.2  T  (24  A  Co)].  The  as¬ 
sumption  that  this  new  component  is  due  to  Fe  in  bcc  Co  is 
justified  by  two  observations:  first,  the  increase  of  the  rela¬ 
tive  contribution  of  this  component  with  Co  layer  thickness 
is  accompanied  by  a  decrea,se  of  the  interface  component 
(see  Fig.  2)  and  is  similar  to  the  increase  of  the  NMR  com¬ 
ponent  at  199  MHz,  and  second,  this  hyperfine  field  compo¬ 
nent  is  clearly  lower  than  the  known  hyperfine  fields  of  Fe  in 
hep  Co  and  in  Co/Fc  alloys.  Therefore  we  attribute  it  to  Fe  in 
bcc  Co  and  estimate  the  hyperfine  field  of  Fe  in  bcc  Co  to  be 
31.2(2)  T.  Finally,  a  nonmagnetic  single  line  component  with 
5=0.90  mm/s  is  observed  in  ail  the  Mossbauer  .spectra  and  is 
probably  due  to  the  pre.senct  of  an  oxide  layer.  The  contri¬ 
bution  of  this  spectrum  component  is  decreasing  with  in¬ 
creasing  Co  layer  thickness  which  reflects  the  higher  resis¬ 
tance  of  Co  to  oxidation  as  compared  to  Fe. 

The  bcc  Co  spectrum  component  is  characterized  by  an 
isomer  .shift  which  is  only  slightly  smaller  than  the  isomer 
shift  of  the  a-Fe  component  and  consequently  is  also  smaller 
than  the  isomer  shift  in  hep  Co.  The  isomer  shift  is  well 
know  to  be  proportional  to  the  electron  density  at  the  nucleus 
and  thus  depends  on  the  atomic  volume.  The  behavior  in  bcc 
Co  is  opposite  to  what  can  be  expected  from  the  volume 
dependence  of  the  Fe  isomer  shift  in  hep  Co.  The  isomer 
shift  of  Fc  in  hep  Co  decreases  with  pressure^’  and  one  might 
expect  an  increase  of  the  i.somer  shift  for  bcc  Co  since  it  has 
a  larger  volume  then  hep  Co.  The  decrease  of  the  isomer 


FIG.  2.  Relative  contribution  of  the  miignctic  spectrum  components  of 
Mossbaucr  spectra  of  bcc  Co/Fc  supcrlatticcs  for  various  Co  layer  thickness 
[(♦)  ti  Fc,  (•)  bcc  Co,  (■)  CoFe  interface]. 


shift  in  bcc  Co  can  however  be  explained  by  a  smaller  s-d 
charge  transfer  in  bcc  Co  with  respect  to  hep  Co.  It  is  there¬ 
fore  supporting  without  really  proving  such  a  charge  transfer 
effect  which  has  been  proposed  a  long  time  ago  to  explain 
the  stronger  volume  dependence  of  the  isomer  shift  in  the 
bcc  metals  then  in  the  close  packed  fee  and  hep  metals.^’ 
Recently  the  hyperfine  interaction  of  Cd  in  bcc  Co/Fe 
superlattices  was  studied  with  the  angular  correlation 
technique,"  Also  in  these  measurements  a  new  value  for  the 
hyperfine  field  of  Cd  is  observed  which  is  substantially  lower 
than  the  known  hyperfine  fields  of  Cd  in  fee  and  hep  Co.  It  is 
remarkable  that  the  hyperfine  fields  for  Co,  Fe,  and  Cd  in  the 
three  Co  phases  are  inereasing  almost  linearly  with  the 
atomic  density  of  the  specific  Co  phase  (see  Fig.  3)  and  that 
the  slope  of  this  behavior  reflects  the  difference  of  the 
experimental  volume  dependence  of  the  hyperfine  field 
of  Co,  Fe,  and  Cd  in  hep  Co.  In  pressure  measurements 
one  observed  c/ In  Z//</p=0.3X  10“^  kbar“'  for  Fe,'^ 
d\nB/dp=0M5XH.r^  kbar  '  for  Co,''  and 
d  In /}/(//;  =  1.04X1()“'’  kbar  '  for  Cd’  in  hep  Co.  The  mag- 


FIG.  3,  Hyperlinc  fields  of  Co  (•),  Fe  ( ♦ ),  and  Cd  (■)  in  hep,  fee,  and  bee 
Co  vs  the  atomic  density  of  the  specific  Co  phase. 
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nitude  of  the  hyperfine  field  of  Cd  is  decreasing  much  more 
rapidly  with  the  atomic  volume  than  that  of  Co  and  Fe,  re¬ 
spectively.  It  is  therefore  tempting  to  associate  the  decrease 
of  the  hyperfine  field  in  bcc  Co  with  respect  to  hep  Co  to  a 
volume  effect.  However  if  one  estimates  the  hyperfine  field 
changes  for  bcc  Co  from  the  experimental  volume  depen¬ 
dence  one  gets  a  value  which  is  much  lower  than  the  experi¬ 
mentally  observed  changes  of  the  hyperfine  fields  of  bcc  Co. 
The  corresponding  microscopic  change  when  going  from  a 
fee  to  a  bcc  crystal  is  however  predominantly  governed  by  a 
change  in  the  specific  coordination.  In  the  analysis  of  the 
transferred  hyperfine  field  it  is  common  to  use  a  formalism 
proposed  a  long  time  ago  by  Steam,'}.*  This  model  proposes 
that  the  transferred  hyperfine  field  due  to  4a-  neighbor  con¬ 
duction  electron  polarization  {8%)  can  be  obtained  by  a  sum¬ 
mation  over  the  neighboring  atoms  with  a  specific  contribu¬ 
tion  Aflr  for  each  neighbor  shell.:  = 

Experimentally  the  different  contributions  have  been  deter¬ 
mined  up  to  the  fifth-neighbor  shell  in  fee  Co.'-’  If  one  scales 
the  fee  values  to  a  bcc  structure  under  the  assumption  that 
Aflr  has  a  Ruderman-Kittel-Kasuya-Yosida  behavior  and 
that  the  contributions  in  a  specific  shell  for  fee  Co  have  the 
same  sign  as  in  bcc  Co  one  obtains  a  transferred  hyperfine 
field  for  bcc  Co  which  is  a  few  tesla  smaller  than  in  fee  Co. 
This  result  is  merely  supporting  the  fact  that  the  decrease  of 
the  hyperfine  field  in  bcc  Co  is  due  to  a  .structure  effect. 


Finally  it  is  noteworthy  that  recent  theoretical  calculations''* 
based  on  a  .spin-polarized  Korringa-Kohn-Rostoker  (SP- 
KKR)  formalism  performed  for  bcc  Co/Fe  alloys  show  that 
the  hyperfine  field  for  pu.e  bcc  Co  is  about  20  T  a  value 
which  is  almost  in  perfect  agreement  with  the  NMR  value 
we  obtain  for  bcc  Co  in  Co/Fe  superlattices. 
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Ferromagnetism  and  growth  of  Ru  monolayers  on  C(0001)  substrates 

G.  Steierl,  R.  Pfandzelter,  and  C.  Rau 

Department  of  Physics  and  Rice  Quantum  Institute,  Rice  University,  Houstor  Texas  77251 

The  magnetic  and  growth  properties  of  Ru  monolayers  on  C(OOOl)  are  studied  using  spin-polarized 
secondary  electron  emission  and  Auger  electron  spectroscopy  (AES).  Using  AES,  we  find  that  the 
initial  growth  of  Ru  on  C(OOOl)  occurs  laterally  until  the  first  monolayer  is  completed,  One 
monolayer-thin  Ru  film  shows  ferromagnetic  order  below  a  surface  Curie  temperature  of 
approximately  250  K.  The  in-plane  magnetization  saturates  in  small  applied  fields  of  a  few  tenths 
of  an  Oe.  This  is  the  first  observation  of  spontaneous,  long-ranged,  two-dimensional  ferromagnetic 
order  in  an  ultrathin  film  composed  of  a  4d  transition  metal. 


Recent  advances,  both  experimentally  and  theoretically, 
enable  us  to  explore  the  possibility  of  inducing  spontaneous, 
two-dimensional,  long-ranged  ferromagnetic  order  in  ele¬ 
ments  that  are  paramagnetic  in  their  bulk  form.  Interesting 
candidates  are  the  paramagnetic  3d,  4d,  and  5d  transition 
metals. 

One  way  to  addre.ss  this  interesting  issue  is  to  grow  such 
a  metal  epitaxially  on  an  adequate  nonmagnetic  substrate. 
Ferromagnetic  order  in  such  ultrathin  films  may  be  induced 
by  the  reduced  coordination  number  and  hence  reduced  in¬ 
teratomic  hybridization,  band  structure  effects  due  to  the  re¬ 
striction  to  two  dimensions  and,  compared  to  the  bulk  para¬ 
magnetic  solid,  an  increased  lattice  constant  imposed  by 
pscudomorphic  film  growth. 

As  to  ultrathin  films  of  the  4d-transition  metals,  recent 
studies^"'**  have  focused  on  Ru  and  Rh  monolayers  (ML) 
deposited  on  Ag(lOO)  and  Au(lOO)  .substrates.  Theoretical 
works  indicate  that  these  systems  should  possess  a  ferromag¬ 
netic  ground  state.^"*’  Recent  experiments  for  Rh  on  Ag(lOO) 
and  on  Au(lOO),  however,  failed  to  find  any  evidence  for 
spontaneous,  long-ranged  ferromagnetic  order, or  were 
inconclusive.’*’  There  is  experimental  evidence  that  an  expla¬ 
nation  for  the  discrepancies  between  theory  and  experiment 
can  be  found  in  the  structural  properties  of  the  films  depos¬ 
ited  on  these  substrates:  Schmitz  et  al^'  propose  that  the 
equilibrium  structure  of  Rh  on  Ag(OOl)  is  actually  that  of  a 
sandwich  with  an  Ag  monolayer  atop.  Mulhollan  ct  al.  find 
evidence  for  diffusion  of  Rh  into  the  Ag  matrix.  Other  au¬ 
thors  do  not  rule  out  islanding. These  effects  are  indeed 
likely  to  prevent  spontaneous,  long-ranged  ferromagnetic  or¬ 
der. 

Therefore  we  decided  upon  a  different  substrate  and  se¬ 
lected  graphite  C(OOOl)  for  the  following  reasons:  similar  to 
the  noble  metals,  there  is  hardly  a  band  overlap  with  the 
4d-transition  metals  due  to  the  low  density  of  states  near  the 
Fermi  level,  which  should  prevent  strong  hybridization  with 
the  4d  bands.  Moreover,  the  graphite  (OOOl)-surface  is 
known  to  be  very  flat,  possessing  only  few  steps  and  nearly 
no  defects.  This  should  considerably  suppress  interdiffusion. 
As  film  material  we  selected  Ru,  which  has  a  hexagonal  bulk 
lattice  structure  with  an  in-plane  nearest  neighbor  distance 
which  is  almost  twice  that  of  graphite.  Despite  the  difference 
in  the  surface  free  energy,  epitaxial  or  pscudomorphic 


growth  of  mctastablc  Ru  with  a  lattice  slightly  stretched 
(5%)  compared  to  the  oulk  should  be  favored.”''^ 

To  study  the  growth  and  magnetic  properties,  we  used 
Auger  electron  spectroscopy  (AES)  and  spin  polarized  sec¬ 
ondary  electron  emission  (SPSEE).  For  many  mctal-on-mctal 
systems,  it  was  already  shown,  that  AES  is  a  very  suitable 
technique  to  distinguish  between  various  types  of  initial 
growth  modes  (lateral  growth,  islanding,  intermixing).”’  We 
recorded  the  Auger  intensity  of  the  substrate  and  that  of  the 
adsorbate  line  as  function  of  coverage  or  deposition  time. 
The  lateral  growth  and  the  completion  of  a  ML  is  evident 
from  the  linear  increase  in  the  signal  and  the  abrupt  change 
in  slope  in  both  plots. 

In  SPSEE,  an  unpolarizcd  electron  beam  of  energy  of  a 
few  keV  is  used  to  induce  the  emission  of  secondary  elec¬ 
trons  from  the  sample.  The  electron  spin  polarization  (ESP) 
of  the  emitted  secondary  electrons  is  a  direct  measure  of  the 
surface  magnetization.  For  SPSEE,  we  use  an  einzelicns  sys¬ 
tem  with  a  90°  cylindrical  energy  analyzer  connected  to  a  20 
keV  Mott  polarimeter, 

As  substrate,  we  use  highly  oriented,  pyrolytic  graphite 
(HOPG)  (8X15X1  mm”)  with  a  standard  distribution  of  the 
c  .aCS  <r=().2°  and  randomly  oriented  a  axes.  The  HOPG 
sample  is  cleaved  in  air.  No  fu.ther  in  situ  treatment  is  nec¬ 
essary,  because  the  extremely  low  gas  adsorption  efficiency 
guarantees  a  clean  surface  for  ample  time.  The  sample  is 
mounted  on  a  manipulator  between  the  pole  caps  of  an  elec¬ 
tromagnet  and  can  be  cooled  to  liquid  nitrogen  temperatures. 
The  temperature  is  monitored  using  a  copper-constantan 
thermocouple.  Ru  (purity  99.95%)  is  evaporated  using  elec¬ 
tron  beam  evaporation  (evaporation  rate:  0.03  ML/min).  The 
film  thickness  is  monitored  by  using  a  quartz  microbalance. 
AES  is  performed  using  a  cylindrical  mirror  analyzer 
(CMA).  During  the  magnetic  measurements,  the  residual  gas 
pressure  amounted  to  '^SXIO'"’  mbar;  during  the  evapora¬ 
tion.  it  increased  to  '*’8x10“’  mbar. 

The  growth  of  Ru  on  C(OOOl)  was  studied  by  measuring 
peak-to-peak  heights  of  differentiated  Auger  lines  versus 
deposition  time.  In  Fig.  1 ,  dNIdE  vs  E  Auger  spectra  of  the 
clean  and  the  Ru  covered  graphite  surface  are  given.  The 
graphite  spectrum  shows  one  peak  at  272  eV.  The  Ru  spec¬ 
trum  is  more  complicated  with  nearly  symmetric  peaks  at 
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FKi.  1.  Differentiated  Auger  spectra  for  the  clean  and  Ru  covered  C(OOOl) 
surface. 


273, 231,  200,  and  160  eV.^“  The  most  prominent  Ru  peak  at 
273  eV  overlaps  with  the  graphite  peak,  therefore,  we  used 
the  smaller  Ru  peaks  as  adsorbate  Auger  signal.  A  quantita¬ 
tive  analysis  of  the  substrate  Auger  signal  was  already  the 
subject  of  several  studies.^  ‘ 

In  Fig.  2(a),  the  peak-to-peak  heights  of  the  Ru  231  eV 
Auger  line  is  shown.  The  j:-axis  scale  is  converted  from 
deposition  time  to  coverage,  using  the  quartz  reading,  cali¬ 
brated  by  a  geometrical  factor.  We  refer  the  coverage  to  the 
atomic  density  of  the  (0001)  plane  in  bulk  Ru  and  assume  the 
sticking  coefficient  to  be  one.  The  Auger  signal  increases 
linearly  up  to  a  coverage  of  nearly  1  ML,  where  a  breakpoint 
occurs.  For  higher  coverages,  the  Auger  signal  increases  fur¬ 
ther  and  reveals  a  smaller  slope.  These  results  are  confirmed 
by  the  Ru  200  eV  Auger  signal  [Fig.  2(b)],  although  the  data 
points  show  a  little  more  scattering  due  to  the  smaller  signal. 

The  linear  ir  ease  of  the  Auger  signal  shows  that  Ru 
grows  laterally  until  the  graphite  surface  is  homogeneously 
covered,  and  the  first  Ru  ML  completed.  From  our  data,  it  is 
unlikely  that  Ru  continues  to  grow  in  a  layer-by-layer  mode 
(Frank-van  der  Merwe).  Our  findings  point  to  a  Stranski- 
Krastanov  growth  mode  (three-dimensional  islands  on  top  of 
a  ML)  for  the  following  reasons:  The  (average)  slope  ratio 
between  the  data  beyond  and  below  the  breakpoint  is  0.42, 
which  is  smaller  than  the  value  0.70  calculated  for  layer-by- 
layer  growth  using  an  inelastic  mean  free  path  \.=0.82  nm 
for  231  eV  electrons  and  a  thickness  </= 0.214  nm  for  one  Ru 
layer. 


Ru  Coverage  (ML) 

FIG.  2.  Auger  pcak-to-pcak  height  vs  Ru  coverage  on  C(OOOl)  of  the  (a)  Ru 
231  cV  and  (b)  Ru  200  eV  line.  The  coverage  is  referred  to  the  atomic 
density  of  the  bulk  Hu((KX)l)  plane. 


In  Fig.  3(a),  we  show  the  peak-to-peak  heights  of  the 
composite  C  272  eV-l-Ru  273  eV  Auger  signal.  The  signal 
decreases  linearly  until  a  sharp  breakpoint  occurs  at  nearly  1 
ML,  These  findings  are  even  clearer,  when  we  take  only  the 
graphite  contribution  of  the  composite  Auger  line  [Fig.  3(b)]. 
The  substrate  signal  then  shows  the  qualitative  behavior  as 
expected  for  lateral  growth  and  confirms  the  findings  from 
the  adsorbate  signal. 

To  summarize,  we  find  that  Ru  grows  laterally  on  the 
graphite  surface  until  the  first  ML  is  completed.  Beyond  the 
first  ML,  the  data  indicate  that  Ru  begins  to  form  three- 
dimensional  islands,  i.e.,  Ru  seems  to  grow  on  C(()001)  in  a 
Stranski-Krastanov  mode.  These  findings  are  corroborated 
by  our  scanning  tunneling  microscopy  measurements,  show¬ 
ing  in  the  range  of  submonolayer  coverage  lateral  growth  of 
Ru.*’ 

Next,  we  report  on  the  magnetic  properties  of  Ru  ML 
films.  Initially,  we  measured  the  ESP  as  function  of  small 
applied  fields  up  two  2  Oe  which  were  reversed  in  order  to 
calibrate  for  instrumental  asymmetries.  From  the  magnetiza¬ 
tion  curves,  we  find  that  saturation  is  reached  at  field 
strengths  of  a  few  tenths  of  an  Oe. 

For  more  refined  checks  on  the  effect  of  instrumental 
asymmetries  on  the  measured  ESP,  we  used  the  nonmagnetic 
surface  of  the  graphite  crystal  and  performed  the  same  pro¬ 
cedure  as  for  the  Ru  films.  We  find  that  the  small  applied 
fields  have  no  effect  on  the  measured  ESP. 

The  results  of  the  SPSEE  experiment  are  shown  in  Fig. 
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Ru  Covaraga  (ML) 

FIG.  3.  Auger  peak-to-peak  height  vs  Ru  coverage  on  ClOtlOl)  of  (a)  the 
composite  C  272  eV+Ru  273  eV  line,  and  (b)  the  C  372  cV  lino  only,  (b)  is 
obtained  from  the  composite  signal  in  (a)  by  subtracting  the  Ru  7.31  cV 
Auger  intensity  multiplied  by  a  factor  of  2.35.'’  The  coverage  is  referiod  to 
the  atomic  density  of  the  bulk  RufOOOl)  plane.  Statistical  errors  are  ciin- 
tained  withlnt  the  symbol  size. 


4,  Solid  circles  represent  the  ESP  of  a  Ru  ML  film  as  func¬ 
tion  of  temperature  T.  The  low  temperature  value  of  the  ESP 
.is  between  -1-8%  and  +9%,  i.e.,  the  film  is  indeed  ferromag¬ 
netic.  The  positive  sign  indicates  a  predominance  of  elec¬ 
trons  with  magnetic  moment  oriented  parallel  to  the  applied 
magnetizing  field.  With  increasing  temperature,  the  ESP 
drops  to  zero  within  a  narrow  temperature  range.  This  behav¬ 
ior  of  the  ESP  is  completely  reversible.  It  is  not  the  intent  of 
the  present  publication  to  evaluate  the  critical  exponent  of 
the  two-dimensional  (2D)  phase  transition  near  the  surface 
Curie  temperature  Tcs,  which  is  located  at  around  250  K. 

We  performed  additional  SPSEE  measurements  on  ad¬ 
sorbate  covered  Ru  ML  films.  At  300  K,  we  exposed  the 
clean  Ru  film  to  10  L  of  CO,  which  is  the  saturation  coverage 
of  CO  at  the  clean  Ru/C(0001)  surface.  From  Fig.  4 
(crosses),  it  can  be  directly  seen  that  chemisorption  of  CO 
results  in  zero  ESP  within  the  experimental  errors  which  is 
identical  to  the  result  we  obtain  for  the  clean  graphite  surface 
(see  Fig.  4,  open  squares). 

In  conclusion,  we  have  demonstrated  that  Ru  can  be 
grown  laterally  on  a  HOPG  C(OOOl)  surface  until  the  first 
Ml.  is  completed.  We  find  that  the  deposited  Ru  ML  film  is 
ferromagnetic  below  a  surface  Curie  temperature  7'cs““250 


Temperature  [K] 


FIG.  4.  ESP  of  3  cV  electrons  as  function  of  temperature  for  a  ML-thin  Ru 
film  on  CtOCOl)  (solid  circles),  for  the  clean  C(000 1 )  surface  (open  squares), 
and  fur  the  CO  covered  Ru  ML  film  on  C(()(I01)  (cro.sscs). 

K.  This  is  the  first  observation  of  2D  ferromagnetism  of  a  4d 
element. 
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The  magnetic  anisotropy  of  Ni  films  grown  on  single-crystal  Cu(lOO)  was  studied  in  situ  using  the 
surface  magneto-optic  Kerr  effect,  The  easy  arris  of  magnetization  lies  in  the  plane  of  the  film  for 
ultrathin  films  and  it  is  perpendicular  to  the  film  above  a  switching  thickness.  This  behavior  is 
attributed  to  a  specific  contribution  to  the  magnetocrystalline  anisotropy  energy  induced  by  a  change 
in  the  film  microstructure  above  a  critical  thickness.  In  the  Ni/Cu(100)  system,  the  magnetoelastic 
interface  anisotropy  favors  perpendicular  magnetization  which  becomes  comparable  to  the  shape 
anisotropy  at  the  switching  thickness.  We  compare  the  switching  thickness  and  magnetization  of 
films  grown  using  different  processing  conditions. 


For  ultrathin  ferromagnetic  films,  there  is  a  magnetiza¬ 
tion  reorientation  phase  transition  where  the  easy  axis  of 
magnetization  is  perpendicular  to  the  film  surface  and 
switches  to  in  plane  as  film  thickness  is  increased.'  "  Within 
the  framework  of  the  magnetic  Hamiltonian,  this  transition 
can  be  interpreted  as  the  increasing  dominance  of  the 
thickness-dependent  shape  anisotropy  which  favors  in-plane 
magnetization  overcoming  the  spin-orbit  magnetocrystalline 
anisotropy  term  which  favors  perpendicular  magnetization. 
In  addition  to  a  thickness-dependent  transition,  a  reorienta¬ 
tion  transition  can  also  occur  as  a  result  of  varying  tempera- 
tuie  of  a  film  with  fixed  thickness.  The  temperature  depen¬ 
dence  can  be  modeled  with  an  empirical  temperature- 
dependent  coefficient  for  the  spin-orbit  term  in  the 
Hamiltonian.^  This  transition  has  been  observed  for 
Fe/AgdOO),"*  Fe/Cu(100),’  and  Co/Au(lll).^’  For  the  Ni 
films  studied  in  this  work,  there  is  a  different  behavior. 

Bulk  Ni  is  the  canonical  Heisenberg  ferromagnet.  It  has 
a  spin  moment  of  0.6  bohr  magnetons,^  a  Curie  temperature 
Tc  of  627  K,**  a  critical  exponent  /^~0,4,  and  a  weak  mag¬ 
netocrystalline  anisotropy  with  the  easy  axis  of  magnetiza¬ 
tion  in  the  [111]  direction  and  the  hard  axis  in  the  [100] 
direction.''  Ni  monolayers  have  been  studied  theoretically 
with  the  self-consistent  local  orbital  method'""  and  a  pertur¬ 
bative  tight-binding  approach.'^  These  calculations  predict 
that  a  (100)  oriented  Ni  monolayer  has  a  preferred  direction 
of  magnetization  in  the  plane  of  the  film.  More  recent  state¬ 
tracking  first  principals  calculations  demonstrate  the  magne¬ 
tocrystalline  anisotropy  energy  for  monolayers  is  dependent 
on  band  filling  and  strain. To  what  extent  the  results  for 
truly  two-dimensional  monolayers  can  be  used  for  describing 
the  magnetic  properties  of  films  of  finite  thickness  has  yet  to 
be  determined.  The  critical  behavior  of  Ni  films  on  Ca(lOO) 
has  been  studied*'*’  and  it  was  shown  that  the  magnetic  phase 
transition  power  law  exponent  crosses  over  from  a  two- 
dimensional  XY  model  behavior  to  a  three-dimensional 
Heisenberg  model  behavior  at  a  film  thickness  of  7  monolay¬ 
ers  (ML).  These  measurements  show  films  thicker  than  a 
single  monolayer  exhibit  two-dimensional  magnetic  proper¬ 
ties. 

Both  Ni  and  Cu  are  fee  crystals  with  lattice  constants  of 
3.52  and  3.61  A,  respectively,  so  Ni  has  a  lattice  constant 
2.5%  smaller  than  Cu.  Ni  films  maintain  an  in-plane  lattice 
constant  identical  to  Cu  up  to  a  critical  thickness  of  10 
ML.'"'*^  The  surface  free  energies  for  Ni  and  Cu  are  2.45  and 


1.85  J/m^  respectively.'"  '''  Since  Cu  has  a  surface  free  en¬ 
ergy  0.6  J/m^  lower  than  Ni,  it  tends  to  segregate  to  the 
surface  at  elevated  temperatiires.^"  In  addition,  Ni  and  Cu 
form  a  continuous  series  of  solid  .solutions.  In  order  to  pro¬ 
duce  atomically  smooth  pseudomorphic  layers  of  Ni  on  Cu, 
the  films  must  be  grown  at  a  temperature  high  enough  for  the 
incoming  Ni  to  form  smooth  layers  yet  low  enough  to  sup¬ 
press  bulk  diffusion  which  favors  both  alloy  formation  and 
surface  segregation.  The  formation  of  a  surface  alloy  can  be 
detected  by  a  reduced  magnetization  since  Ni^CU|_^.  alloys 
are  nonmagnetic  when  x  is  below  0.4.^' 

Our  sample  preparation  procedures  and  film  thickness 
calibration  techniques  have  been  reported  before.^^  The  mag¬ 
netic  behavior  of  films  produced  with  three  different  process¬ 
ing  conditions  were  studied  in  this  work;  Ni  films  grown  at 
300  K  on  a  substrate  roughened  by  500  eV  Ar  *■  bombard¬ 
ment,  Ni  films  grown  at  300  K  on  a  smooth  substrate,  and  Ni 
films  grown  at  400  K  on  a  smooth  substrate.  The  composi¬ 
tion  of  the  samples  was  determined  by  Auger  electron  spec¬ 
troscopy,  with  all  of  the  films  showing  a  small  (<10%)  but 
measurable  amount  of  carbon  and  oxygen  contamination. 
The  magnetic  properties  were  measured  in  situ  by  the  surface 
magneto-optic  Kerr  effect  (SMOKE)  with  the  substrate 
cooled  to  200  K. 

To  perform  the  SMOKE  measurements,  a  linearly  polar¬ 
ized  He-Ne  laser  was  incident  on  the  sample  surface  at  70° 
from  the  surface  normal  with  the  polarization  vector  in  the 
incident  plane.  The  reflected  light  is  analyzed  by  a  Wollaston 
prism  in  combination  with  two  photodiodes  which  allows 
simultaneous  detection  of  the  two  orthogonal  light  compo¬ 
nents.  The  laser  was  rotated  to  —0.08°  from  extinction  in  the 
null  channel.  By  measuring  A/,  the  difference  between  the 
Kerr  intensity  at  remancnce,  the  Kerr  cllipticity  can  be  de¬ 
rived:  (f>'=S/4^III,  where  I  is  the  Kerr  intensity  at  zero  net 
magnetization  and  S  is  the  angle  the  laser  is  rotated  from 
extinction,  A  four-pole  electromagnet  applies  the  external 
magnetic  field  either  parallel  or  perpendicular  to  the  film 
plane  with  a  maximum  magnetic  field  of  150  Oe.*'*'  This  ar¬ 
rangement  allows  the  measurement  of  both  the  longitudinal 
and  polar  Kerr  Effects.^''  A  typical  hysteresis  loop  is  shown 
in  Fig.  1,  the  height  of  the  loop  at  zero  external  field  is 
proportional  to  the  remanent  magnetization  M,  and  the  exter¬ 
nal  magnetic  field  at  zero  net  magnetization  is  called  the 
coercive  field  or  coercivity  H,. . 

To  study  the  magnetization  of  the  films,  we  measured  the 
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FIG,  1.  A  hysteresis  loop  for  the  oul-of-planc  magnetization  of  8  ML  Ni  on 
smooth  Cu(l(X))  substrate  grown  at  7’j=400  K.  The  magnetization  at  zero 
external  field  is  the  remanence.  The  external  field  at  zero  net  magnetization 
is  called  the  coercive  field  or  cocrcivity. 


remanence  and  coercivity  as  functions  of  Ni  film  thickness 
from  4  to  20  ML  with  the  three  different  processing  condi¬ 
tions.  The  results  are  shown  in  Figs.  2  and  3. 

First  we  will  examine  the  data  for  Ni  films  grown  on  a 
smooth  Cu  surface  at  the  optimum  growth  temperature  of 
400  K.  For  film  thicknesses  below  8  ML,  there  are  relatively 
weak  Kerr  ellipticities  in  both  the  parallel  and  perpendicular 
directions  (Fig.  2).  The  magnitudes  of  the  ellipticities  cannot 
be  directly  compared  because  the  polar  and  longitudinal  Kerr 
effects  have  different  sensitivities.  The  sensitivity  for  the  po¬ 
lar  Kerr  effect  is  roughly  ten  times  that  of  the  long;  Mnal 
Kerr  effect  for  our  experimental  setup,  so  the  nr 
in  the  parallel  direction  is  about  ten  time^  tfi  .-'' 
magnetization  in  the  perpendicular  direc'i  1 .  .  ..  % 

tent  with  ferromagnetic  resonance  stud’es  N'  i  m 
Cu(lOO)  which  showed  the  anisotropy  ei  >  rf.  •'ors  .  ne 
magnetization  below  7  ML.^  The  magnitua  s  of  boti<  •  om- 
ponents  are  comparable  to  those  of  films  g.cwn  at  jOO  K 
indicating  there  is  not  a  significant  amount  of  alloying  with 
the  Cu  substrate  since  this  would  result  in  a  lower  Kerr  el- 
lipticity  for  the  400  K  growth  temperature  films. 

The  most  striking  difference  between  the  films  grown  at 
300  and  400  K  on  a  smooth  substrate  is  the  behavior  of  the 
coercive  field  at  low  thickness  (Fig.  3).  The  coercive  field 
stays  nearly  constant  for  400  K  growth  temperature  films 
where  it  increases  monotonically  for  the  300  K  growth  tem¬ 
perature  films.  This  shows  the  films  have  different  domain 
structure  with  the  400  K  films  exhibiting  a  behavior  charac¬ 
teristic  of  single  domain  films  and  the  monotonically  increas¬ 
ing  coercivity  for  the  300  K  growth  temperature  films  char¬ 
acteristic  or  multidomain  structure  with  an  increasing 
domain  size  as  the  film  thickness  is  increased. 

At  8  ML  film  thickness,  there  is  an  abrupt  increase  in 
both  magnetizations.  This  abrupt  increase  in  magnetizations 
is  accompanied  by  a  sudden  change  in  the  coercive  fields  as 
well.  The  coercive  field  in  the  perpendicular  directu  .i  drops 
to  half  its  initial  value  indicating  that  the  easy  axis  of  mag¬ 
netization  is  now  in  the  perpendicular  direction.  The  coercive 
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FIG.  2.  Remanence  vs  Ni  film  thickness  for  three  different  flim/substrate 
systems  measured  at  temperature  T^ZOU  K,  Fur  each  of  the  plots  there  is  an 
abrupt  increase  in  both  parallel  and  perpendicular  magnetizations  at  aporoxi- 
matcly  8  ML.  Because  of  the  limitation  of  our  maximum  applied  magnetic 
field,  the  magnetization  of  the  films  could  not  be  saturated  in  the  parallel 
direction  above  10  ML.  This  implies  that  the  parallel  component  could  also 
be  increasing  above  this  thickness. 


field  in  the  parallel  direction  increases  sharply  above  the 
switching  thickness,  uitimately  going  above  the  maximum 
field  attainable  with  our  experimental  apparatus.  The  slope  of 
the  perpendicular  coercive  field  versus  film  thickness  above 
the  switching  thickness  is  1 .2  Oe/ML.  The  abrupt  change  in 
the  easy  axis  of  magnetization  is  characteristic  of  a  magnetic 
reorientation  phase  transition  where  the  easy  axis  of  magne¬ 
tization  changes  from  in  plane  to  perpendicular  at  the  switch¬ 
ing  thickness  of  8  ML.  This  effect  has  been  observed  with 
x-ray  magnetic  circular  dichroism  measurements  at  a  film 
thickness  of  10  ML.^* 

We  do  not  attribute  the  magnetization  reorientation 
phase  transition  to  any  gross  structural  change  since  the 
LEED  spots  are  similar  both  below  and  above  the  switching 
thickness  for  films  grown  at  400  K.  However  a  subtle  struc¬ 
tural  change  occurs  at  thicknesses  greater  than  10  ML  where 
the  Ni(lOO)  film  transforms  from  a  strained  face  centered 
tetragonal  structure  at  low  thickness  with  an  in-plane  lattice 
constant  of  the  Cu  substrate  to  a  relaxed  face  centered  cubic 
structure  with  an  in-plane  lattice  constant  identical  to  bulk 
Ni.'*’  Small  differences  in  the  thickness  where  the  structural 
strain  relaxation  change  occurs  may  be  due  to  different  film 
preparation  procedures  or  different  levels  of  carbon  and  oxy- 
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FIG.  3,  Coercivity  vs  Ni  fllm  thickness  for  three  different  fllm/substratc 
systems  measured  at  temperature  7"= 200  K.  For  each  of  the  systems,  the 
coercivity  in  the  perpendicular  direction  drops  at  the  .switching  thickne.ss 
indicating  that  the  easy  axis  of  magnetization  is  now  in  the  perpendicular 
direction.  The  coercive  field  in  tire  parallel  direction  increases  sharply  above 
the  switching  thickness,  ultimately  going  above  the  maximum  field  attain¬ 
able  with  our  experimental  apparatus. 


gen  contamination.  This  slight  structural  relaxation  change 
nevertheless  affects  the  anisotropy  through  the  spin-orbit  in¬ 
teraction  It  is  sensitive  to  small  changes  in  interatomic 
nearest-neighbor  distances  and  by  the  different  symmetry 
properties  of  the  overlapping  wave  functions  for  the  two 
structures.  A  recent  calculation  of  the  magnetocrystalline  an¬ 
isotropy  energy  showed  that  as  a  general  trend,  decreasing 
the  atomic  spacing  will  increase  the  energy  term  which  pre¬ 
fers  a  perpendicular  magnetization. 

In  order  to  study  the  effect  of  interfacial  strain  on  the 
switching  thickness,  we  performed  similar  measurements  for 
films  deposited  on  a  rough  substrate.  Interfacial  roughness 
increases  the  amount  of  vertical  strain  and  decreases  the 
uniaxial  anisotropy  in  films  with  perpendicular  .spontaneous 
magnetization.^^’^  The  Kerr  inte.isity  for  the  films  deposited 
on  the  rough  substrate  is  significantly  lower  than  that  of  the 
films  deposited  on  a  smooth  substrate  which  shows  that  the 
magnetization  of  the  rough  films  is  reduced.  Surprisingly,  the 
switching  thickness  remains  tl.e  same  at  8  ML  film  thickness 
where  there  is  a  rapid  decrease,  in  the  polar  coercive  field. 
However  the  polar  Kerr  ellipticity  is  three  times  weaker  and 
the  coercive  field  is  twice  as  large  as  the  films  grown  at  400 
K.  This  reflects  the  different  domain  structure  of  the  rough 
films  and  suggests  that  the  structural  change  still  occurs  at  8 
ML  film  thickness. 


All  these  measurements  show  that  the  Ni  films  grown  on 
Cu(lOO)  have  a  predominantly  in-plane  magnetization  for 
films  below  8  ML  thickness.  Above  a  switching  thickness  the 
magnetization  develops  a  strong  out-of-plane  component.  We 
attribute  this  anomalous  behavior  to  both  structural  and  mag¬ 
netic  micromorphology  of  the  Ni  thin  films.  Ultrathin  films 
of  Ni  have  a  multidomain  magnetic  microstructure  which  is  a 
combination  of  perpendicular  and  in-plane  domains,  with  the 
in-plane  domains  dominating  below  8  ML.  At  a  critical  film 
thickness  there  is  a  structural  transition  and  a  perpendicular 
magnetization  develops.  The  surface  roughness  can  affect  the 
magnetic  strain  anisotropy  in  a  complicated  fashion  because 
the  Ni  layers  can  expand  in  both  the  in-plane  and  perpen¬ 
dicular  direction.  In  the  thinnest  films,  an  in-plane  interfacial 
strain  anisotropy  component  is  dominant.  However,  with  in¬ 
creasing  thickness,  an  out-of-plane  component  develops.  The 
measurements  indicate  a  mix  of  in-plane  and  out-of-plane 
magnetization  domains,  the  latter  shows  a  sudden  increase  at 
an  onset  thickness  of  8  ML.  At  much  greater  film  thickness, 
Ni/Cu(100)  films  show  a  transition  back  to  in-plane 
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magnetization. 
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Magnetization-related  transport  anomalies  in  metal/ferromagnetic  insulator 
heterostructures 
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Naval  Research  Laboratory,  Code  6340,  Washington,  DC  20375-5343 

Magnetoresistance  measurements  have  been  performed  on  epitaxial  metail/ferromagnetic  insulator 
bilayers.  They  are  more  sensitive  to  magnetic  behavior  at  the  interface^  of  such  structures  than 
magnetization  measurements.  It  is  clear  from  the  magnetoresistance  data  that  previously  reported 
slope  discontinuities  in  the  resistance  versus  temperature  of  such  heterostructures  are  magnetic  in 
origin.  These  studies  demonstrate  that  the  conduction  electrons  of  the  metal  ,ire  coupled  to  the  spins 
in  the  magnetic  insulator,  and  act  as  probes  of  the  magnetic  state  at  the  interface  between  the  two 
materials.  An  example  of  the  usefulness  of  this  probe  is  shown  by  magnetoresistance  measurements 
on  a  Ag/EuO  bilayer. 


Thin  film  heterostructures  of  nonmagnetic  metals  and 
magnetic  insulators  represent  a  new  class  of  systems  in 
which  the  interaction  of  conduction  electrons  and  magnetism 
may  be  investigated.  They  are  in  some  respects  analogous  to 
all-metallic  magnetic  heterostructures,  which  have  demon¬ 
strated  remarkable  behaviors  such  as  giant  magneto- 
resistance'  and  antiferromagnetic  coupling  through 
interlayers.^  The  primary  qualitative  difference  between  an 
all-metallic  heterostructure  and  one  involving  insulators  is 
that  the  conduction  electrons  in  the  latter  are  confined  to  the 
metal  layer  (except  for  tunneling  processes),  and  interaction 
with  localized  moments  is  essentially  restricted  to  those  at 
the  interface.  Measurements  of  the  in-plane  resistance  versus 
temperature  in  such  systems’  contain  a  strong  feature  near 
the  Curie  temperature  of  the  insulator,  for  sufficiently  thin 
metallic  layers.  In  this  paper,  we  describe  magnetization  and 
magnetoresistance  measurements  on  such  structures.  Not 
only  do  these  measurements  confirm  that  the  resistivity 
anomaly  previously  seen  is  magnetic  in  origin,  but  they  re¬ 
veal  the  utility  of  resistivity  measurements  in  probing  the 
magnetic  state  at  the  metal/insulator  interface. 

The  metal/fcrromagnetic  insulator  structures  were  pre¬ 
pared  under  conditions  of  heteroepitaxy,  in  a  VG  system  with 
a  base  pressure  of  10“"’  mbar,  on  the  [100]  plane  of  yttria- 
stabilized  zirconia  (YSZ)  substrates.  The  ferromagnetic  insu¬ 
lator  used,  EuO,  was  chosen  for  its  relatively  low  Curie  tem¬ 
perature  of  70  K  and  ease  of  thin  film  preparation.  Pressure 
during  EuO  deposition  is  typically  10“^  to  10“’’  mbar  due  to 
outgassing  of  the  boron  nitride  crucible  containing  the  EuO. 
The  lattice  constants  of  EuO  and  YSZ  are  identical,  5.184  A, 
although  the  oxygen  lattices  of  the  two  are  of  different  sym¬ 
metry,  At  a  deposition  rate  of  about  0,2  A/s,  EuO  was  found 
to  grow  epitaxially  and  two  dimensionally  on  YSZ,  with 
some  three  dimensionality  of  the  surface  occurring  after 
about  three  unit  cells  have  been  deposited.  For  consistency, 
all  of  the  samples  reported  in  this  work  involve  100  A  EuO 
layers  grown  at  a  substrate  temperature  of  300  ®C.  Our  EuO 
films  have  shown  70  K  Curie  temperatures  by  magnetization 
and  Kerr  rotation  measurements.  We  are  unaware  of  other 
work  in  which  EuO  films  have  been  prepared  epitaxially,  but 
EuS  films  have  been  epitaxially  grown."'  It  is  probably  essen¬ 
tial  that  ultrahigh  vacuum  conditions  be  used  in  the  prepara¬ 
tion  of  these  metal/magnetic  insulator  structures,  to  ensure 


intimate  contact,  and  to  ensure  that  the  thin  metal  layers 
needed  to  demonstrate  coupling  are  of  high  quality.  If  thick 
metal  layers  are  used,  as  in  one  study  of  a  thick  Pb/EuS 
bilayer, coupling  may  be  difficult  to  detect.  In  our  samples, 
resistivity  anomalies  are  not  seen  for  metal  layers  thicker 
than  200  A. 

Metal  layers  are  evaporated  in  situ  after  EuO  growth  is 
completed,  at  typical  pressures  of  10“'*  to  lO"”  mbar.  Be¬ 
cause  resistance  measurements,  x-ray  diffraction,  etc,  must 
be  done  ex  situ,  a  200  A  Si  passivation  layer  is  applied  to  all 
samples.  This  is  important  to  prevent  degradation  of  the  EuO 
due  to  moisture,  and  to  minimize  oxidation  of  V  films,  since 
the  magnetic  oxides  of  V  could  influence  the  scattering  in  the 
films.  Resistance  measurements  arc  four-terminal  ac  or  dc 
measurements  with  contacts  in  a  van  der  Pauw  configuration. 

Figure  1  contains  a  comparison  of  the  resistance  of  two 
metal/ferromagnetic  insulator  bilayers,  one  composed  of  a  36 
A  Ag  layer  on  EuO,  the  other  45  A  of  V  on  EuO.  Slope 
discontinuities,  such  as  those  reported  in  Ref.  3,  are  evident 
in  both  sets  of  R(T)  data,  at  50  K  for  the  Ag/EuO  bilayer  and 
at  90  K  for  the  V/EuO  bilayer.  Whenever  a  dRIclT  disconti¬ 
nuity  is  observed  in  our  V/EuO  structures,  it  occurs  at  90  K; 
and  at  50  K  in  Ag/EuO  structures  (sometimes  with  an  addi¬ 
tional  feature  at  13  K).  Thus,  a  common  trait  of  these  struc¬ 
tures  is  a  characteristic  temperature  T*  determined  by  the 
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FIG.  1.  The  resistance  of  bilayers  of  .36  A  V  on  100  A  EuO  (circles)  and  a.S 
A  Ag  on  lUO  A  EuO  (crosses),  normalized  to  room  temperature.  Arrows  on 
the  data  show  the  location  of  T*  {dRIdT  discontinuities)  for  the  two  samples. 
The  top  arrow  is  at  the  EuO  Cuiic  temperature  (70  K).  The  dashed  straigli' 
line  is  to  make  the  curvature  of  the  two  data  sets  above  T*  more  apparent. 
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FIO.  2.  Perpendicular  magnetization  of  a  20  A  Ag  film  grown  on  150  A 
EuO  on  yttrla-stabilized  zirconia.  The  magnetization  of  the  bare  substrate 
bar  been  subtracted  from  the  data.  Departure  from  Curlc-Wciss  behavior  is 
apparent  below  about  70  K. 


metal  element,  and  perhaps  by  other  conditions  such  as  strain 
or  epitaxial  arrangement.  Figure  1  also  illustrates  some  quali¬ 
tative  differences  between  the  Ag/EuO  and  V/EuO  samples 
we  have  grown.  In  the  V-containing  samples,  the  slope  of  the 
resistance  always  remains  positive  and  has  negative  curva¬ 
ture  down  to  Tv ,  whereas  in  Ag-containing  sampies,  the  re¬ 
sistance  develops  a  positive  curvature  above  For  very 
thin  (20  A)  Ag  layers  (not  shown),  R(T)  exhibits  a  local 
maximum  at  This  implies  that  the  physics  governing 
the  scattering  behavior  in  these  two  systems  is  qualitatively 
different.  A  further  difference  between  V/EuO  and  Ag/EuO 
interfacial  magnetism  is  apparent  in  the  different  values  of 
T*  in  the  two  systems.  Compared  to  the  bulk  EuO  Curie 
temperature  of  70  K,  Ty  is  shifted  upward  in  temperature, 
whereas  7%^  is  shifted  downward. 

The  proximity  of  the  dRIdT  discontinuities  to  the  EuO 
Curie  temperature  suggests  that  those  features  are  magnetic 
in  origin.  Two  experiments  to  confirm  this,  soft  x-ray  mag¬ 
netic  circular  dichroism  (SXMCD)  and  Hall  effect,  were  re¬ 
ported  in  Ref.  3.  No  dichroism  was  observed  in  the  SXMCD 
measurement,  giving  no  confirmation  of  c/-band  splitting, 
and  no  anomalous  Hall  voltage  was  noted.  A  change  in  mag¬ 
netic  scattering  due  to  magnetic  ordering  still  seemed  the 
most  likely  cause  of  the  resistance  anomalies.  To  verify  this, 
magnetization  and  magnetoresistance  measurements  were 
performed  on  Ag/EuO  heterostructures.  Figure  2  shows  the 
magnetization  of  a  Ag/EuO  bilayer  measured  on  a  SQUID 
magnetometer  with  the  magnetic  field  perpendicular  to  the 
film  plane.  The  magnetization  of  the  bare  substrate  (weakly 
paramagnetic)  has  been  subtracted  from  the  data.  Curie- 
Weiss  behavior  is  evident  at  high  temperatures.  Departure 
from  Curie-Weiss  behavior  begins  in  the  60-70  K  range, 
but  there  is  no  distinct  feature  corresponding  to  rjg .  This  is 
not  surprising  if  the  anomaly  at  7%^  represents  an  interfacial 
phenomenon,  since  any  transition  there  involves  only  a  frac¬ 
tion  of  the  magnetic  ions  in  the  sample. 

Magnetoresistance  measurements  proved  more  success¬ 
ful  in  resolving  the  bulk  and  interface  behavior,  and  in  asso¬ 
ciating  the  anomaly  at  7%^  with  magnetism.  The  magnetore¬ 
sistance  of  a  45  A  Ag  layer  on  EuO  is  shown  in  Fig.  3  for 
various  magnetic  fields  applied  perpendicular  to  the  film 
plane.  For  fields  of  1,  2,  and  3  T,  the  magnetoresistance  is 
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FIG.  3.  Magneloresistance  of  a  45  A  Ag  film  on  100  K  EuO  in  fields  of  (top 
to  bottom)  1,  2,  3,  and  4  T.  The  arrows  indicate  cusps  in  the  4  T  data,  which 
nearly  corre.spond  to  Curie  temperature  of  EuO  (upper  cusp),  and  to  the 
slope  discontinuity  of  the  zero-field  resistance  that  defines  TXg  • 

nonmonotonic  with  temperature,  having  a  maximum  magni¬ 
tude  a  few  degrees  above  T^g,  and  a  minimum  magnitude  at 
about  Tjg.  At  4  T,  the  magnetoresistance  is  no  longer  non¬ 
monotonic  with  temperature,  but  slope  changes  are  visible 
both  at  the  EuO  Curie  temperature  and  at  7%^ .  Whatever  the 
microscopic  mechanism,  a  magnetic  field  strongly  influences 
the  scattering  behavior  at  7'Xg.  Tiic  magneloresistance  is 
negative  even  far  above  the  Curie  temperature,  as  is  typical 
of  systems  containing  disordered  magnetic  ions.  One  inter¬ 
pretation  of  the  phenomenon  at  7"*'  is  a  reduction  in  scatter¬ 
ing  due  to  ordering  of  spins  caused  by  local  (exchange) 
fields.  All  ordering  of  perhaps  onc-quarter  to  one-half  of  the 
scattering  centers  would  be  consistent  with  the  observed 
magnetoresistance. 

Similar  behavior  has  been  observed  in  V/EuO  hetero- 
structures  near  Ty  •  The  magnetoresistance  of  a  V/EuO  bi¬ 
layer  in  a  field  of  1  T  is  shown  in  Fig.  4.  The  curve 
Ai?=A/?,)(7’o/T)^,  which  is  the  magnctorcsistance  scaling  ex¬ 
pected  fur  spin-flip  scattering  from  disordered  ions,  is  super¬ 
imposed  on  the  data.  The  close  fit  to  the  data  at  high  tem¬ 
peratures  and  the  abrupt  departure  just  above  7y  suggest  that 
the  maximum  magnitude  of  magnetorcsistance  is  due  to  an 
extra  scattering  mechanism,  in  addition  to  spin-flip  scatter¬ 
ing,  which  is  significant  within  a  few  degrees  of  7* . 

These  magnetization  and  magnetoresistance  measure¬ 
ments  demonstrate  an  association  between  magnetism  and 
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FIG.  4.  Magnctornsi^'.ancc  of  a  20  A  V  film  on  1(K)  A  EuO  in  a  field  of  1  T. 
The  (lashed  curve  is  A/f  =AK,|(7V7')^  where  AW,,  is  the  miignctoresistancc 
at  T„=113  K. 
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resistance  anomalies  in  these  metal/magnetic  insulator  het¬ 
erostructures.  The  microscopic  behavior  responsible  for  this 
association  could  be  as  simple  as  alignment  of  the  localized 
Eu'*'^  spins  by  the  molecular  field  of  the  EuO.  Or  a  more 
complex  phenomenon,  such  as  a  many-body  polarization  of 
the  conduction  electrons  due  to  the  overlap  of  their  wave- 
functions  with  the  Eu'*^'^  /  orbitals,  could  be  responsible. 
Regardless  of  the  mechanism,  the  conduction  electrons  re¬ 
spond  to  changes  in  scattering  which  are  associated  with 
magnetism,  and  therefore  act  as  probes  of  the  magnetic  state 
at  the  interface, 

We  show  as  an  example  of  the  utility  of  this  interaction 
the  magnetic  behavior  of  a  Ag/EuO  multilayer  which  exhib¬ 
ited  a  T*  of  13.5  K  rather  than  the  usual  50  K.  Because  the 
total  thickness  of  this  multilayer  was  over  500  A,  some  sur¬ 
face  roughness  may  have  allowed  contact  between  Ag  and 
EuO  planes  not  ordinarily  in  contact  in  thin  bilayer  samples. 
The  resistance  of  the  multilayer  is  shown  in  Fig.  5  for  the 
magnetic  field  both  in-plane  and  out-of-plane.  With  the  field 
in-plane,  the  magnetoresistance  is  small  and  negative  above 
T*,  and  nearly  zero  below  T*.  When  the  field  is  out-of¬ 
plane,  magnetorcsistance  is  strongly  positive  at  low  tempera¬ 
tures,  and  the  downward  shift  of  T*  is  stronger  than  with  the 
field  in-plane.  These  measurements  suggest  that  an  in-plane 
anisotropy  exists  in  this  sample. 

The  coupling  of  conduction  electrons  to  localized  spins 
at  a  metal/magnetic  insulator  interface  may  in  future  prove  to 
be  useful  both  for  probing  the  magnetic  state  of  such  inter¬ 
faces  and  for  understanding  fundamental  processes  involved 
in  electron-spin  interactions.  It  will  be  important  to  develop 
an  understanding  of  the  microscopic  processes  which  deter¬ 
mine  the  magnetic  and  scattering  behavior  illuminated  by 
these  measurements.  For  example,  two  fundamental  ques¬ 
tions  are  why  Ty  and  T/lg  arc  different,  and  why  they  arc 
displaced  in  opposite  directions  from  the  Curie  temperature 
of  bulk  EuO.  Determining  the  role  of  epitaxy  and  interface 
arrangement  in  the  behavior  of  these  structures  will  be  the 
subject  of  future  studies.  Also  of  interest  is  the  nature  of  the 
13  K  anomaly  in  Ag/EuO  films,  which  is  only  occasionally 
observed  in  these  structures. 
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FIG.  S.  Rcsistunec  in  a  magnetic  (icid  of  an  Ag/HuO  muitilaycr  of  compo¬ 
sition  (20  A  Ag/3U  A  EuO)|o,  with  magnetic  held  (a)  in  plnnc,  and  (b)  out  of 
plunc.  Magnetic  held  .strengths:  H =i)  (crosses,  solid  curves),  2  T  (circles, 
dashed  curves),  and  4  T  (diamonds,  dot-dashed  curves). 
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The  magnetic  domain  structure  and  microscopic  magnetization  reversal  processes  in  epitaxial  Fe/ 

GaAs(OOl)  films  with  cubic  anisotropy  and  in-plane  easy  axes  have  been  investigated  by  a  Lorentz 
microscope  equipped  with  a  magnetizing  stage.  For  the  films  of  a  few  hundred  angstroms  thickness 
we  observe  the  single  domain  remanent  state  predicted  for  a  two-dimensional  film  but  find  that 
domains  play  a  crucial  role  in  the  magnetic  reversal  process.  For  reversal  along  the  in-plane  (110) 
directions  (hard  axes),  magnetization  reversal  proceeds  via  a  combination  of  coherent  rotation  and 
displacements  of  weakly  pinned  90°  domain  walls  at  critical  fields.  For  magnetization  reversal  along 
the  in-plane  (100)  directions  (easy  axes),  an  irregular  checkerboard  domain  structure  develops  at  the 
critical  field  and  both  180°  and  90°  domain  walls  coexist.  The  reversal  of  the  domains  with 
magnetization  vector  opposite  to  the  applied  field  direction  takes  place  by  a  combination  of  two  90° 
reorientations.  We  discuss  how  these  processes  are  related  to  the  magnetic  anisotropies  present  in 


the  film  and  the  macroscopic  M-H  hysteresis  curves. 


I.  INTRODUCTION 

The  magnetic  properties  of  thin  epitaxial  Fe  films  and 
various  types  of  Fe  multilayer  films  grown  on  semiconductor 
substrates  are  of  particular  interest  since  they  open  up  possi¬ 
bilities  for  a  broad  range  of  applications'  and  also  permit 
fundamental  studies  in  magnetism.^"'*  The  structural  and 
magnetic  properties  of  these  epitaxial  Fe  films  arc  the  focus 
of  current  experimental  investigations.’"^  Recently,  the  mag¬ 
netization  reversal  processes  in  epitaxial  Fe/GaAs(001)  thin 
films  have  been  studied  by  the  longitudinal  and  transverse 
magneto-optical  Kerr  effects  (MOKE)."*"'’  From  these  stud¬ 
ies,  it  is  now  clear  that  the  simple  coherent  rotation  model 
cannot  explain  all  the  details  of  the  magnetization  process  in 
these  Fc/GaAs(001)  films  and  that  magnetie  domain  nro- 
cesses  play  an  important  role  in  the  magnetization  reversal 
around  the  transition  fields.  However,  to  our  knowledge,  the 
detailed  domain  evolution  during  magnetization  reversal  in 
such  epitaxial  Fe  films  has  not  been  reported. 

II.  EXPERIMENT 

The  Fe  films  were  grown  on  As-desorbed  GaAs(OOl) 
substrates  in  an  ultra  high  vacuum  chamber,^  During  growth, 
the  pressure  was  less  than  5X10"“’  mbar.  The  optimum  .sub¬ 
strate  temperature  of  150  °C  and  a  deposition  rate  of  1 
A  min"'  were  used  for  the  Fe  growth.  To  prevent  oxidation, 
compieted  Fe  films  were  covered  by  a  Cr  cap  layer,  In  this 
work,  a  new  selective  chemical  etching  technique  was  em¬ 
ployed  to  prepare  Lorentz  microscope  specimens.^  By  using 
this  method,  an  electron  transparent  unilorm  “window"  (up 
to  300x300  /j.m  in  size)  appropriate  for  magnetic  domain 
studies  can  be  fabricated.  The  macroscopic  magnetization 
reversal  behavior  of  the  Fe  films  was  .studied  using  a  MOKE 
magnetometer.’'”  The  magnetic  domain  structure  in  the  Fe 
films  was  revealed  using  a  Lorentz  electron  microscope 
equipped  with  a  magnetizing  stage.*’ 


III.  RESULTS 

A.  Microstructure 

The  epitaxial  growth  of  bcc  Fe  films  was  confirmed  by 
transmission  electron  diffraction.  The  surface  topography  of 
the  Fe  films  was  investigated  by  scanning  tunneling  micros¬ 
copy  (STM).  STM  images  reveal  that  the  films  have  a  sur¬ 
face  roughnc.ss  amplitude  of  about  10  A  over  lateral  distance 
of  several  hundred  angstroms.  Detailed  structural  results  are 
reported  elsewhere.'" 

B.  Microscopic  magnetization  reversal  processes 
1.  (110)  hard  dlrectlona 

For  the  applied  field  aligned  parallel  to  the  (110)  in- 
planc  hard  direction,  the  MOKE  hysteresis  loop  of  an  Fc(15() 
A)/GaAs(001)  film  with  cubic  anisotropy  (/Ci/A/=259  Oe, 
K„~0)  is  iivset  in  Fig.  1.  it  can  be  seen  that  initially  there  is 
a  gradual  decrease  of  the  component  of  the  magnetization 
parallei  to  the  applied  field  direction  from  saturation  as  the 
field  .strength  is  reduced  from  the  saturation  value.  An  abrupt 
jump  occurs  at  a  small  negative  field  followed  by  a  further 
gradual  decrease  until  negative  saturation  is  reached.  At  this 
transition  field,  Barkhausen  discontinuities  are  ub.served  in 
the  detailed  MOKE  loops  indicative  of  the  irreversible 
movement  of  domain  walls. 

To  gain  insight  into  the  mechanisms  by  which  the  mag¬ 
netic  switching  behavior  described  above  took  place,  the 
Fe(150  A)/GaAs(()()l)  film  was  subjected  to  field  cycles  in 
the  Lorentz  microscope.  First,  a  single  domain  state  was  in¬ 
duced  by  applying  a  magnetic  field  (/■/,)  along  one  of  the 
(110)  directions,  say  the  [110]  direction.  Then  the  field  was 
reduced  to  zero.  In  the  remanent  state,  the  Fe  film  was  found 
to  be  still  in  a  single  domain  configuration.  This  single  do¬ 
main  state  persisted  up  to  a  critical  reverse  field  strength 
Hf  -  applied  along  the  [1 10]  direction  at  which  domain 
walls  were  first  observed  (W(|,j|  =  5,6  Oe  for  a  field  amplitude 
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FIG.  1.  Foucault  images  of  an  Fe(15()  A)/GaAs(0()l)  film  for  the  tieltl  ap¬ 
plied  along  the  hard  axi.s.  The  component  of  induction  mapped  was  paratlcl 
to  the  applied  field  direction  for  reverse  field  strengths  (//J|[il()])  of  (a) 
//*  1, ,  (b)  1.10  //Jii, .  The  MOKE  hysteresis  loop  along  this  direction  is  Inset. 


of  120  Oc).  Only  a  few  domain  walls  appeart’d,  extending 
several  hundreds  of  microns  across  the  whole  area  of  the 
window.  A  Foucault  image,  sensitive  to  the  compunent  of 
induction  parallel  to  the  field  direction  and  recordc,!  at  the 
critical  field  strength  is  shown  in  Fig.  1(a).  In  this  image,  a 
single  wall  running  almost  parallel  to  the  [110]  direction  can 
be  seen.  Figure  1(b)  shows  what  happened  when  the  field 
strength  was  increased  to  a  value  of  1.10  In  this  case 
the  domain  wall  seen  in  Fig.  l(u)  remained  pinned  at  the 
original  position  but  another  domain  wall  moved  into  the 
field  of  view  from  the  top  right-hand  corner.  A  further  small 
increase  of  field  led  to  the  disappearance  of  domain  walls 
from  the  whole  of  the  visible  area  of  the  sample.  Repetition 
of  the  field  cycle  described  above  showed  that  the  fields  at 
which  walls  appeared  and  disappeared  were  highly  reproduc¬ 
ible.  Further,  it  was  noted  that  Foucault  images  .sensitive  to 
magnetic  induction  perpendicular  to  the  field  direction  were 
never  found  to  show  contrast  variations,  indicative  of  a  con¬ 
stant  (or  zero)  magnetization  component  in  that  direction. 
These  images  are  consistent  with  the  magnetization  orienta¬ 
tions  indicated  by  the  arrows  shown  in  Fig.  1 . 

The  overall  magnetization  reversal  process  for  fields 
along  the  (110)  direction  can  now  be  explained  with  refer¬ 
ence  to  Fig.  2.  As  the  field  strength  is  reduced  from  a  high 
value  in  the  [110]  direction,  there  is  a  tendency  for  the  mag¬ 
netization  to  rotate  towards  the  nearest  easy  axis.  While 
[110]  lies  midway  between  the  easy  [100]  and  [010]  direc¬ 
tions,  in  practice,  the  applied  field  will  never  be  exactly 
along  the  intended  direction  with  the  result  that  the  magne¬ 
tization  vector  rotates  towards  whichever  easy  direction  is 
closer  to  that  of  the  field  ([100]  in  Fig.  2).  Hence,  in  the 
remanent  state,  the  sample  is  uniformly  magnetized  as  a 
single  domain  along  this  “preferred”  easy  direction.  Appli¬ 
cation  of  a  field  of  the  opposite  polarity  (namely  one  parallel 
to  [ilO])  leaves  the  film  in  its  single  domain  state  until,  at  the 
critical  field,  90“  walls  are  nucleated  and  these  sweep  across 


FIG.  2.  Magnetization  reversal  process  fur  applied  fields  near  the  <UU). 


the  specimen  introducing  domains  in  which  the  magnetiza¬ 
tion  is  oriented  along  [010],  the  easy  direction  near  to  that  of 
the  applied  field.  Increasing  the  field  strength  by  only  a  frac¬ 
tion  of  1  Oe  allows  [010]  oriented  domains  to  grow  through 
Barkhauscn-like  jumps,  the  jump  distance  observed  being  of 
the  order  of  a  few  tens  of  microns.  This  part  of  the  reversal 
process  corresponds  to  the  steep  part  of  the  MOKE  loop. 
When  it  is  complete  the  whole  of  the  film  is  once  again 
uniformly  magnetized  but  the  direction  of  magnetization  has 
changed  from  the  [100]  direction  to  the  [010]  direction.  In¬ 
creasing  the  field  strength  further  leads  to  the  magnetization 
moving  away  from  the  [010]  direction  towards  that  of  the 
applied  field.  Very  similar  magnetization  reversal  behavior 
has  also  been  observed  for  a  450  A  Fe  film  along  the  (110) 
hard  axes. 


2.  {100)  MS/  directions 

Along  the  (100)  easy  directions,  the  Fe  films  exhibit  a 
square  hysteresis  loop  (the  hysteresis  loop  is  inset  in  Fig.  3). 
However,  Barkhausen  discontinuities  are  also  observed  at  the 
transition  field  in  the  detailed  minor  hysteresis  loop. 

In  the  microscope,  following  a  similar  procedure  to  that 
used  fur  the  (110)  direction,  a  single  domain  state  was  first 
induced,  in  this  case  by  applying  a  field  along  [OiO].  After 
removal  of  the  field,  no  walls  were  observed  in  the  sample, 
as  is  consi.stent  with  the  square  loop  observed  by  MOKE, 
Magnetization  reversal  was  then  studied  by  applying  succes¬ 
sively  greater  fields  parallel  to  [010].  No  change  was  ob¬ 
served  up  to  a  field  of  //[,!,  =  7.8  Oe  at  which  point  domain 
walls  suddenly  appeared.  A  Foucault  image,  sensitive  to  the 
component  of  induction  perpendicular  to  the  field  direction 
and  recorded  at  the  critical  field  strength  is  shown  in  Fig. 
3(a).  The  evolution  of  the  domain  structure  shown  in  Fig, 
3(a)  is  shown  for  a  field  of  1.09  in  Fig.  3(b).  In  both 
cases  the  domain  structure  is  of  the  checkerboard  type  ob¬ 
served  also  in  demagnetized  Fe/MgO(001)  films. ^  The 
magnetization  distributions  deduced  from  the  images  (the 
Foucault  images,  sensitive  to  the  component  of  induction 
parallel  to  the  field  direction  arc  not  included  in  Fig.  3)  are 
also  shown  in  Fig,  3.  Increasing  the  field  above  1.13  led 
to  a  complete  loss  of  domain  walls  with  the  sample  returning 
to  a  single  domain  state,  albeit  with  a  reversed  magnetization 
vector.  A  similar  checkerboard  domain  pattern  is  also  formed 
for  reversal  along  the  other  easy  axis. 


J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Gu  et  al. 


6441 


FIG.  3,  Foucault  images  and  iiiagnctiziiliuii  distrihutioiis  of  the  150  A  Fc 
film  fur  the  field  applied  along  the  easy  axis.  Tliu  component  of  induction 
mapped  in  fhc  images  was  perpendicular  to  the  applied  field  direeiiun  fur 
reverse  field  strengths  (WJIOltl])  of  (a)  (b)  1.09  The  MOKE 

hysteresis  loop  along  this  direction  is  inset. 


While  a  pure  checkerboard  domain  structure  comprises 
only  90°  domain  walls,  some  (generally  short)  180°  walls  are 
observed  in  our  structures.  It  can  be  seen  that  the  90°  and 
180°  domain  walls  arc  aligned  almost  along  the  (110)  and 
(100)  directions,  respectively.  The  180°  domain  walls  are 
assumed  to  arise  from  the  combined  action  of  the  applied 
held  and  pinning  centers. 

In  Figs.  3,  domain  wall  displacements  and  the  nucication 
of  new  domains  are  observed.  A  detailed  study  of  Figs.  3 
shows  that  the  reversal  of  the  magnetization  which  is  initially 
antiparallei  to  the  applied  field  tends  to  take  place  not  by  a 
single  reversal,  but  by  a  combination  of  two  90°  reorienta¬ 
tions.  This  two-step  reversal  process  appears  to  involve  both 
domain  nucleation  and  wall  displacements. 

It  is  immediately  clear  that  magnetic  domains  again  play 
a  crucial  role  in  the  reversal  mechanism  when  the  field  is 
applied  along  a  (100)  direction.  The  main  steps  in  the  rever¬ 
sal  process  are  summarized  as  follows.  Since  (100)  direc¬ 
tions  are  the  easy  axes  for  an  Fe  film  with  cubic  anisotropy  it 
is  entirely  reasonable  that  the  magnetization  should  remain 
oriented  along  is  initial  di’-ection  (say  [010])  when  the  field  is 
reduced  to  zero.  Even  if  the  applied  field  is  not  exactly  par¬ 
allel  to  the  [OlOj  diicction,  as  mentioned  in  the  previous 
section,  during  reduction  of  the  field  strength  to  zero,  the 
magnetization  will  simply  rotate  to  this  [010]  direction  leav¬ 
ing  a  single  domain  remanent  state.  Since  the  [010]  direction 


is  the  bisector  of  another  two  easy  directions,  [100]  and 
[ioo],  there  should  be  comparable  probabilities  for  the  mag¬ 
netization  to  jump  into  either  of  these  two  easy  directions  as 
the  strength  of  the  field  in  the  [010]  direction  is  increased. 
Thereafter,  further  90°  transitions  take  place  to  introduce  do¬ 
mains  in  which  the  magnetization  is  parallel  to  the  applied 
field  and,  over  a  small  field  range,  all  four  easy  magnetiza¬ 
tion  directions  are  present  in  the  sample  simultaneously.  This 
structure  is  the  checkerboard  pattern  but  it  exists  only  within 
a  narrow  field  range.  It  is  destroyed  by  a  combination  of 
further  domain  nucleation  and  wall  motion  of  the  kinds  dis¬ 
cussed  above.  For  the  450  A  Fe/GaAs(001)  film  an  irregular 
checkerboard  pattern  also  develops  for  reversal  along  the 
easy  directions. 

IV.  DISCUSSION  AND  CONCLUSIONS 

Since  all  the  magnetic  domains  observed  have  sizes  (>1 
/tm)  much  larger  than  the  lateral  length  of  surface  features 
revealed  by  STM,  one  may  conclude  that  the  domain  size  is 
not  affected  by  the  topography  of  these  Fe/GaAs(00l)  films. 
For  demagnetized  ultrathin  fee  Co/Cu(100)  films,  the  mag¬ 
netizations  of  the  domains  lie  along  each  of  the  four  easy 
in-plane  axes  but  the  walls  are  extremely  irregular,  suggest¬ 
ing  a  vanishing  magnetostatic  energy.  In  our  films,  the 
domain  walls  are  fairly  straight  and  have  a  defined  orienta¬ 
tion  with  respect  to  the  cry.stal  axes.  Therefore,  these  re.sults 
show  that  the  150  A  thickness  is  sufficient  for  the  magneto¬ 
static  energy  contribution  to  the  wall  energy  to  be 
important."’  Nonetheless,  the  films  are  still  thin  enough  to  be 
considered  as  almost  two  dimensional  from  the  viewpoint  of 
domain  formation.  A  simple  estimate  of  the  energy  associ¬ 
ated  with  the  checkerboard  domain  structure  shows  that  the 
checkerboard  domain  is  driven  by  the  Zeeman  energy  at  the 
coercive  field."’ 
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Magnetic  response  of  ultrathin  Fe  on  MgO:  A  polarized  neutron 
reflectometry  study 
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The  magnetization  of  ultrathin  bee  Fe  films  (two  and  three  monolayers)  on  MgO  was  measured  and 
compared  with  the  behavior  predicted  for  a  two-dimensional  ferromagnet.  The  experiment  indicated 
that  no  hysteresis  was  present  in  the  magnetization.  Instead,  the  magnetization  at  low  temperature 
was  affected  by  a  marked  field  cooling  effect.  These  observations  lead  to  the  conclusion  that  films 
of  Fe  on  MgO  of  such  thickness  exhibit  superparamagnetic  behavior  as  if  they  were  not  entirely 
continuous.  In  contrast,  films  thicker  than  live  monolayers  exhibit  a  magnetic  respon.se  close  to  that 
of  bulk  iron. 


I.  INTRODUCTION 

A  polarized  neutron  reflection  (PNR)  study  of  thin  films 
of  bcc  iron  on  MgO  recently  published'  showed  .some  sur¬ 
prising  features.  Even  the  thinnest  films  (two  monolayer 
thick)  were  found  to  be  ferromagnetic.  At  low  temperature  a 
sizeable  magnetic  field  (of  the  ordet  of  1  kOc)  was  necessary 
to  saturate  the  in-planc  magnetization,  while  fields  of  a  few 
oersted  were  .sufficient  to  saturate  thicker  samples.  The  am¬ 
plitude  of  the  ferromagnetic  moment  was  found  to  be  2.2 
±0.2  /Zfl/Fe  atom  regardless  of  the  sample  thickness,  in  con¬ 
trast  with  a  predicted  enhancement^  for  the  surface  atoms 
close  to  3  /Zfl/Fe  atom.  In  view  of  the  unusual  magnetization 
curve  at  low  temperature  the  question  was  raised  if  the.se  thin 
films  of  iron  showed  the  elusive  magnetic  behavior  expected 
fur  a  two-dimensional  ferromagnet. 

A  magnet  in  two  dimensions  differs  in  significant  ways 
from  its  three-dimensional  counterpart.  The  Mcrmin- 
Wagner  theorem  shows  thai  in  the  absence  of  anisotropy 
there  is  no  magnetic  ordering  at  zero  field.''  At  finite  fields 
the  field  and  temperature  behavior  of  the  magnetization  is 
governed  by  the  equation"* 

M  kuT 

^=l  +  ~bi[l-exp(-2MWM,//’)].  (I) 

For  fiH<kT  the  magnetization  follows  a  loglike  behavior. 
Over  a  large  temperature  range  the  magnetization  induced  at 
a  given  field  decreases  almo.st  linearly  with  increasing  tem¬ 
perature. 

The  technique  used  was  PNR,  the  working  of  which  has 
already  been  discussed  in  detail  in  the  literature,^  Hero  it  was 
used  to  measure  the  magnetic  moment,  functioning  as  a  sen¬ 
sitive  magnetometer.  The  physical  quantities  observed  by 
PNR,  however,  differ  somewhat  from  those  observed  by 
regular  magnetometry.  In  PNR  it  is  assumed  that  the  films 
are  formed  of  uniform  and  flat  layers.  If  the  films  are  not 
entirety  uniform,  the  mean  amplitude  has  to  be  taken  for 
each  height  in  the  film;  the  roughness  also  causes  some  of 
the  neutrons  to  be  scattered  out  of  the  specular  beam.  Sec¬ 
ond,  only  the  component  of  the  magnetization  in  the  plane  of 
the  sample  is  measured.  This  component,  however,  can  be 
obtained  as  an  nhsolute  value. 


II.  EXPERIMENT 

The  samples  studied  consisted  of  the  equivalent  of  two, 
three,  or  eight  monolayers  of  Fe  evaporated  onto  the  sub¬ 
strate  at  room  temperature.  The  Fe  was  covered  by  a  wedge- 
shaped  coating  of  gold,  with  a  mean  thickness  of  200  A. 
These  samples  had  been  u.sed  in  a  previous  PNR 
experiment,'  and  they  were  similar  to  others  u.sed  in  exten¬ 
sive  magneto-optical  Kerr  elfect  measurements.*’  However 
fre.sh  samples,  sputtered  on  MgO  and  covered  with  MgO  as 
well,  showed  similar  magnetic  behavior.  The  measurements 
were  taken  at  temperatures  ranging  from  25  to  300  K  and 
magnetic  fields  from  20  to  7000  Oe  at  the  reflectometer 
“POSY-1”  at  the  Intense  Pulsed  Neutron  Source  at  Argonne 
National  Laboratory.  Each  data  point  pro, seated  here  has  been 
extracted  from  a  measurement  which  took  approximately 
12  h. 

Fitting  the  neutron  rellectivily  data,  we  obtain  a  satu¬ 
rated  moment  of  2.0±l),2;U;j/Fc  atom,  showing  no  enhance¬ 
ment  over  the  bulk  value.  Demagnetizing  effects  do  not  play 
a  role  since  at  this  field  the  moment  lies  along  the  applied 
field  direction. 

Figure  1  shows  the  temperature  variation  of  the  magne¬ 
tization  of  the  three  monolayers  sample  at  7  kOe.  The  inag- 
netizatUrn  decreases  linearly  with  increasing  temperature 
with  a  slope  far  greater  than  that  of  bulk  iron.  Is  this  the 
signature  of  a  two-dimensional  magnet?  The  low  tempera¬ 
ture  magnetization  curve  (Fig.  2)  shows  saturation  at  about 
loot)  Oe  and  could  not  be  fit  to  a  log  function.  On  the  other 
hand,  the  magnetization  had  features  not  expected  for  a  con¬ 
ventional  ferromagnet.  No  evidence  for  hysteresis  was 
found,  as  it  was  checked  by  reversing  the  field  and  then 
meu.suring  the  remnant  magnetization.  In  addition,  a  very 
marked  field  cooling  effect  was  present.  On  cooling  from 
275  K  in  a  field  of  7  kOc  (FC),  the  remanent  magnetization 
was  about  half  the  saturation  value.  The  remanent  magneti¬ 
zation  dropped  dramatically  by  cooling  from  room  tempera' 
ture  in  zero  field.  The  two  monolayers  sample  displayed  es¬ 
sentially  the  same  features  as  the  three  monolayer  sample, 
but  with  worse  statistics.  The  eight  monolayer  sample 
.showed  a  clear  hysteresis  loop,  with  a  //,.  of  50  Oe  at  35  K 
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FIO.  1.  Temperature  dcpcndetice  of  the  magnetization  fur  the  three  mono¬ 
layer  sample.  Data  were  taken  at  a  Held  of  7  kOc.  Ilte  dashed  line  is  the 
Langevin  function  for  particles  of  UXK)  atoms. 


FIG.  3.  Hvstcrcsis  loop  at  35  K  for  the  eight  monolayer  sample. 


(see  Fig.  3)  and  no  appreciable  variation  with  temperature  of 
the  magnetization  at  saturation. 


III.  DISCUSSION 


The  absence  of  liysteresis  is  indicative  of  superparamag¬ 
netism.  Instead  of  a  continuous  thin  film  of  Fe,  the  Fe  forms 
islands  on  the  surface  of  MgO.  In  a  superparamagnetic  ma¬ 
terial,  in  the  absence  of  anisotropy,  the  component  of  mag¬ 
netization  in  the  field  direction  follows  the  Langevin 
function* 


M 

mV 


Wl 

[imHI 

(2) 


where  refers  to  the  magnetization  of  the  superparamag¬ 
netic  particle,  comprising  a  large  number  of  atoms.  Using  the 
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FIG.  2.  Field  de|)eridcnce  of  the  magnetization  at  25  K  of  the  three  mono- 
layer  sample.  The  dashed  line  is  the  Langevin  function  fur  particles  1(X)0 
atoms  in  size. 


absolute  value  of  the  magnetization  per  Fe  atom  (obtained 
from  litting  the  neutron  reliectivity  data),  we  obtain  the  best 
fit  to  a  Langevin  function  for  islands  of  1000  atoms  in  size. 
The  calculated  magnetization  is  presented  in  the  form  of 
dashed  curves  in  Figs.  1  and  2;  in  Fig.  1  it  is  apparent  that, 
even  fur  superparamagnetic  particles,  the  temperature  varia¬ 
tion  of  the  magnetization  is  almost  linear  in  a  region  not  too 
close  to  the  Curie  temperature. 

According  to  the  Langevin  function  the  magnetization  is 
null  at  zero  field.  However  it  is  well  known*  that  below  a 
blocking  tumperuturc  field  cooling  effects  are  present,  wliich 
are  interpreted  as  due  to  anisotropy.  The  anisotropy  energy 
provides  an  energy  barrier  against  rotation  of  tiic  magnetiza¬ 
tion.  If  the  sample  is  cooled  in  a  magnetic  field,  and  the  the 
magnetic  field  is  turned  off,  the  magnetization  relaxes  expo¬ 
nentially  with  a  time  constant  that  is  large  well  below  the 
blocking  temperature,  A  naive  calculation  starting  from  the 
crystalline  anisotropy  of  Fe  gives  a  relaxation  rate  at  23  !<.  of 
—  lO  s — a  value  which  is  far  too  small.  Published  measure¬ 
ments  by  Xiao  et  al.  ’  on  granular  lilms  coiilirm  that  the  crys¬ 
talline  anisotropy  is  only  a  small  contribution  to  the  ani.sot- 
ropy  energy  barrier  in  superparamagnetic  systems.  We  know 
that  other  anisotropies  are  preseni  in  our  systeni.  Lor  instance 
shape  anisotropy.  Tlic  iron  clusters  arc  in  reality  thin  Hat 
islands;  if  they  were  not  so,  their  magnetic  moment  would 
not  have  contributed  appreciably  to  the  maj’iietic  reflectivity. 
As  corroborating  evidence,  the  magnetization  of  the  eight 
monolayer  Fe  coverage  .seems  to  he  that  expected  of  a  con¬ 
tinuous  film.  What  is  not  known  is  the  detailed  nature  of 
these  islands,  and  for  that  reason  it  is  not  possible  at  present 
to  do  further  modeling:  the  notion  itself  of  superparamag¬ 
netism  is  c|ualitative  (because  no  interaction  is  assumed  be¬ 
tween  tlie  islands)  and  based  on  a  a  limited  amount  of  obser¬ 
vations.  However,  transmission  eleclroii  microscopy 
charucterizatinn  may  allow  us  to  make  a  mure  quantitative 
analysis. 
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The  present  study  shows  that  films  of  Fe  on  MgO  below 
a  certain  thickness  do  not  have  long  range  ferromagnetic 
ordering,  such  as  has  been  observed  for  ultrathin  Fe  films  on 
Cu,“  Ag,"^  and  Au.’“  The  magnetic  response  can  be  explained 
in  terms  of  superparamagnetism,  which  leads  to  the  conclu¬ 
sion  that,  below  a  certain  thickness,  Fe  on  MgO  aggregates 
in  islands.  This  conclusion  had  been  tentatively  reached  al¬ 
ready  by  Liu  et  al.^  on  the  basis  of  some  magneto-optic  mea¬ 
surements:  below  a  thickness  of  four  monolayers  Fe  films  on 
MgO  showed  no  Kerr  effect  signal.  The  lattice  mismatch 
between  MgO  and  Fe  is  only  4%;  however,  the  difference  in 
the  surface  energies  (4010  nJ/mm^  for  Fe  vs  1200  nJ/mm^ 
for  MgO)  is  large,  which  may  account  for  the  fact  that  at 
small  thicknesses  the  Fe  does  not  wet  the  MgO  surface.  Fi¬ 
nally,  the  present  measurements  indicate  that  the  magnetic 
moment  of  iron  in  these  samples  is  not  enhanced  compared 
to  the  bulk  value  which  is  consistent  with  our  conclusion  that 
we  have  aggregates  of  particles  in  these  samples. 
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Roughness  dependent  magnetic  hysteresis  of  a  few  monolayer  thick  Fe 
films  on  Au(001) 

Y.-L,  He®*  and  Q.-C.  Wang 

Department  of  nysics,  Rensselaer  Polytechnic  Institute,  Troy,  New  York  12180-3590 

We  !uivc  studied  quantitatively  the  surface  and  interface  roughness  of  Fe  films  in  a  few  monolayer 
regime  on  an  Au(()()l)  surface  using  the  high-resolution  low-energy  electron  diffraction  technique. 

The  hysteresis  loops  of  those  films  were  also  measured  in  situ  by  the  surface  magneto-optical  kerr 
effect  technique.  A  correlation  between  the  shape  of  hysteresis  loops  and  the  roughness  of  films  was 
observed.  The  hysteresis  loops  are  consistently  squarelike  for  films  with  a  two-dimensional  (2D) 
smooth  structure.  I'Oi  films  with  isolated  three-dimensional  (3D)  islands  structure,  the  hysteresis 
loops  are  typically  stripelike.  For  films  with  a  combination  of  2D/3D  structure,  the  loop  shape  is 
squarelike  for  longitudinal  loops  and  stripelike  for  polar  loops. 


I.  INTRODUCTION 

The  study  of  the  relationship  hclwcen  ultrathin  film  mor¬ 
phology  and  magnetic  properties  on  the  atomic  scale  is  a 
challenging  subject.  The  magnetism  is  iui  electronically 
driven  phenomenon,  it  depends  not  only  on  the  arrangements 
of  electrons  in  an  atom  hut  also  on  the  structural  arrangement 
of  atoms  in  an  ultrathin  film.  Advances  in  .sample  preparation 
techniques  and  availability  ol  atomic  .scale  characterization 
techniques  have  made  it  possible  to  prepare  ultrathin  films  in 
a  variety  of  structures.'  If  the  magnetic  property  of  films  with 
known  structure  is  measured,  then  the  possibility  of  obtain¬ 
ing  niagtietic  ultrathin  films  with  desired  characteristics  in¬ 
creases. 

Previous  experimetital  studies  ott  magnetic  properties  of 
ultrathin  F'e  films  grown  on  an  AutOOl )  surface  under  various 
growth  conditions  have  beett  reported.  For  example,  Liu  and 
Bader"  have  observed  pcrpetulicular  magnetic  anisotropy  in 
the  F'e/Au(()()l )  films  grown  at  100  K  with  thickness  less 
than  2.8  monolayer  (ML).  In  cchrast,  Fe/Au(001)  films 
grown  at  room  tcmiieratnre  have  been  shown  to  exhibit  in¬ 
plane  easy  axes  in  the  monolaver  regime. However,  quan¬ 
titative  information  on  die  roughness  and  structure  of  the 
as-grown  films  and  then  cfltxts  on  magnetic  properties  are 
still  lacking.  In  this  article,  we  show  there  exists  a  strong 
dependence  of  magnetic  hysteresis  loops  on  the  roughness  of 
ultrathin  Fe/Au(0()l)  films  in  a  few  ML  regime.  There  are 
three  kinds  of  film  roughness,  two-dimensional  (2D)  smooth 
and  continuous,  three-dimensional  (3D)  isolated  islands,  and 
a  mixture  of  2n/3D..  that  can  be  prepared  at  room  tempera¬ 
ture  by  changing  the  deposition  rate. 

II.  EXPERIMENT 

All  the  cxiieriments  were  performed  in  an  ultrahigh 
vacuum  chamber  with  a  base  pressure  of  1 X 10"'“  Torr.  The 
chamber  was  equipped  with  surface  magneto-optic  kerr  ef¬ 
fect  (SMOKE),  high-rt::olution  low-energy  electron 
diffraction’  (HRLEED),  and  /.uger  electron  spectroscopy 
(AES)  techniques.  The  details  of  our  SMOKE  setup  have 
been  presented  elsewhere.'^’  The  magnetic  field  can  be  aligned 
either  perpendicular  or  parallel  to  the  sample  surface  by  ro- 
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fating  the  electromagnet  90°  in  situ.  This  allows  the  measure¬ 
ment  of  longitudinal  and  polar  Kerr  loops  using  the  same 
electromagnet. 

The  perfection  of  the  Au(OOl)  substrate  was  character¬ 
ized  by  angular  profile  measurements  of  diffraction  beams 
from  the  surface.  On  a  well-annealed  surface,  the  size  of 
ordered  regions  ranges  from  ~4()0  to  ~600  A.  Ultrathin  Fe 
films  were  prepared  by  thermal  evaporation  of  Fe  atoms 
from  an  Fe  foil  heated  to  ~1200°C  by  electron  bombard¬ 
ment.  The  growth  rate  and  roughness  of  films  were  deter¬ 
mined  by  analyzing  the  changes  of  angular  profiles  of  the 
((X))  diffraction  beam  measured  from  the  Fe  fiIms/Au(001), 

III.  RESULTS  AND  DISCUSSION 
A.  Film  growth  and  morphology 

To  monitor  the  growth  morphology  using  HRLEED,  we 
measure  the  change  of  angular  profiles  near  an  out-of-phase 
diffraction  condition  of  film-substrate  system  during  deposi¬ 
tion.  This  is  because  the  destructive  interference  of  electrons 
is  most  sensitive  to  a  surface  or  a  film  containing  steps.^  For 
example,  if  electrons  scattered  from  adjacent  terraces  sepa¬ 
rated  by  a  step  of  height  d  are  out  of  phase,  i.c.,  the  electron 
path  length  is  a  half-integer  number  of  the  electron  wave¬ 
length  X,  then  the  diffraction  intensity  at  the  Bragg  position 
decreases.  The  angular  profile  will  broaden.  This  destructive 
interference  condition  is  d  cos  0=KI2,  where  the  0  is  the 
angle  of  incidence  and  angle  of  diffraction  for  the  specular 
diffraction  beam  and  \=[  150.4/E  (eV)]'*^.  Reference  8  lists 
calculated  and  measured  energies  for  the  out-of-phase  condi¬ 
tion  for  the  clean  Au  and  Fe-Au  systems. 

The  Fe  films  of  a  few  ML  thickness  are  prepared  by  the 
experience  gained  from  the  submonolayer  growth."  Basi¬ 
cally,  the  line  shape  of  angular  profiles  broadens  from  that  of 
the  clean  surface  profile  and  then  narrows  with  accumulated 
deposition  time.  At  110  s,  the  angular  profile  becomes  nearly 
the  same  as  that  of  the  initial  time.  From  the  diffraction  point 
of  view,  the  Fe/Au(()01)  surface  is  virtually  identical  to  the 
clean  Au  surface.  We  thus  assign  the  Fc  coverage  as  -1  ML 
at  110  .s,  implying  the  growth  rate  is  —0.55  ML/min.  The 
growth  rate  can  be  doubled  by  increasing  the  source  tem¬ 
perature  by  20  K.  In  this  range  of  deposition  rate,  the  growth 
mode  is  c.ssentially  layer-by-layer  as  evidenced  by  the  liill- 
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FIG.  1.  Angular  profiles  of  the  (00)  beam  measured  from  Fe/Au(001>  film.s: 
(a)  and  (b)  2D  with  -~2.0  ML  coverage;  (c)  and  (d)  3D  film  with  -~2.1  MLE 
coverage.  The  energies  of  27.3  sV  (a)  [28  cV  for  (c)]  and  44  eV  (b)  [same 
for  (d)]  are  near  the  out-of-phase  conditions  for  Au-Fc  and  Fc-Fe  steps, 
respectively.  The  /f]|  is  the  momentum  transfer  parallel  to  the  surface  and  is 
in  units  of  Brillouin  zone  [BZ=27r/(2.88  A)]. 
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width-at-haL  maximum  (FWHM)  oscillation  and  a  smooth 
continuous  film,  denoted  as  2D  film,  persists  up  to  ~3  ML.  It 
then  crosses  over  to  a  3D  island  growth  mode.  The  angular 
profiles  (raw  data)  near  the  out-of-phase  conditions  of  Fe-Au 
(27.5  eV)  and  Fe-Fe  (44  eV)  from  a  2D  film  of  ~2  ML  are 
shown  in  Figs.  1(a)  and  1(b).  Both  profiles  do  not  broaden 
significantly  compared  to  that  of  the  clean  Au  surface  and 
indicate  a  relatively  smooth  and  continuous  film  with  low 
density  of  steps  as  sketched  in  Fig.  2(c). 

If  the  growth  rate  was  reduced  below  '-0.2  ML/min,  3D 
island  growth  occurs.  There  was  no  oscillatory  behavior  ob¬ 
served  in  the  line  shape  of  angular  profiles  with  accumulated 
time  as  that  observed  in  2D  layer-by-layer  growth.  Instead, 
the  FWHM  at  the  out-of-phase  condition  monotonically  in¬ 
creases  with  time  (not  shown  here).  This  is  a  characteristic  of 
3D  growth.  The  rate  dependence  of  growth  mode  is  due  to 


(a) 


FIG.  2.  Schematics  of  three  ultrathin  Fe/Au(001)  films:  (a)  —2.1  MLE.  .3D 
isolated  islands;  (b)  —3.7  MLE,  3D  continuous  islands;  and  (r)  —2.0  ML, 
2D  continuous  and  smooth.  The  shaded  area  denotes  the  substrate  (with  a 
step),  and  the  unshaded  area  denotes  the  films. 


FIG.  3.  Longitudinal  and  polar  hysteresis  loops  measured  from  Fc  films 
with  various  roughness  as  sketched  in  Fig.  2:  (a)  and  (d)  for  3D  isolated 
islands,  —2.1  MLE;  (b)  and  (e)  for  3D  islands  on  2D  smooth  film,  —3.7 
MLE;  and  (c)  and  (f)  for  2D  smooth  film,  —2.0  ML.  Note  the  arbitrary  units 
in  the  Kerr  intensity. 

the  growth  kinetics  and  has  been  discussed  elsewhere.’  Fig¬ 
ures  1(c)  and  1(d)  show  the  profiles  measured  near  the  out- 
of-phase  conditions  of  Fe-Au  (28  eV)  and  Fe-Fe  (44  cV) 
from  a  film  with  ~2.1  ML  equivalent  (MLE)  coverage. 
Comparing  the  profiles  of  Figs.  1(c)  and  1(d)  with  that  of 
Figs.  1(a)  and  1(b),  the  profiles  of  Figs.  1(c)  and  1(d)  are 
considerably  broader.  A  complete  energy-dependent  FWHM 
measurement  shows  maximum  broadening  peaks  at  —28  and 
—43  eV.’’"*  This  result  is  consistent  with  the  calculated  de¬ 
structive  interference  energy.**  The  coexistence  of  two  types 
of  steps  (Fe-Au  and  Fe-Fe)  supports  that  the  film  was  grown 
in  a  3D  mode.  The  amount  of  broadening  is  inversely  pro¬ 
portional  to  the  average  terrace  width, ^  From  the  FWHM 
shown  in  Figs.  1(c)  and  1(d),  we  estimate  that  the  average 
terrace  of  isolated  islands  is  —60  A.  Also,  the  profile  shape 
measured  at  the  Fe-Fe  out-of-phase  is  consistent  with  that 
from  a  multilayer  thick  film.  A  film  with  -2.1  MLE  cover¬ 
age  consisting  of  3D  islands  isolated  by  nonmagnetic  Au 
substrate  is  sketched  in  Fig.  2(a).  The  lateral  size  of  the  is¬ 
lands  near  the  interface  is  smaller  than  the  terrace  of  Au 
substrate  (shaded  area  of  —400-600  A).  With  sufficient 
amount  of  Fe  deposits,  e.g.,  —3.7  MLE,  the  substrate  is  en¬ 
tirely  covered  by  the  film  as  sketched  in  Fig,  2(b). 

B.  Magnetic  hysteresis  loops 

Figure  3  shows  hysteresis  loops  measured  from  two 
kinds  of  3D  films  (-2.1  and  —3.7  MLE)  and  a  2D  smooth 
film  of  —2  MI.,,  The  polar  loops  measured  from  both  3D 
films  are  typically  slripelike  as  shown  in  Figs.  3(d)  and  3(e). 
However,  the  shape  of  longitudinal  loops  for  the  3D  films 
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depends  on  the  film  coverage.  The  longitudinal  loop  mea¬ 
sured  from  —2.1  MLE  film  is  stripelike  as  shown  in  Fig.  3(a) 
but  is  square  like  for  —3.7  MLE  film.  In  contrast  there  is  no 
coverage-dependent  loop  shape  for  2D  films.  The  loops  are 
squarelike  in  both  directions  as  shown  in  Figs.  3(c)  and  3(f). 

Various  shapes  of  hysteresis  loops  can  be  related  to  vari¬ 
ous  film  morphologies  as  follows.  For  a  continuous  and 
smooth  film,  the  squarelike  hysteresis  loop  shown  in  Fig. 
3(c)  is  consistent  with  that  of  the  dominant  magnetization 
reversal  process  in  the  wall  displacement  and  the  easy  axis  is 
oriented  in  the  surface  plane.  Due  to  the  cubic  symmetry 
observed  in  Fe  film,  the  easy  axis  can  also  be  oriented  along 
the  surface  normal.  Therefore,  the  polar  hysteresis  loop  is 
also  squarelike.  See  Fig.  3(f). 

The  stripelike  shape  of  the  hysteresis  loops  shown  in 
Figs.  3(a)  and  3(d)  is  consistent  with  the  loop  shape  mea¬ 
sured  from  .single  domains  with  various  shapes  and  sizes. 
Note  that  from  the  1X1  LEED  pattern  we  learn  that  each  Fe 
island  has  an  epitaxial  relation  with  respect  to  the  Au(OOl) 
substrate,  i.e.,  bulk  bec  Fe  lattice  rotates  45“  with  respect  to 
the  fee  Au  lattice.  This  rotation  minimizes  the  lattice  mis¬ 
match  to  less  than  0.5%.  The  magnetization  process  involves 
rotation  of  spins  in  each  single  domain  which  requires  larger 
applied  field  to  reverse  the  spins  and  saturate  the  domains  as 
compared  with  just  domain  wall  movement.  Each  isolated 
ferromagnetic  Fe  island  on  the  Au  substrate  may  have  its 
own  demagnetization  factor.  The  demagnetization  factor  de¬ 
pends  on  the  structural  shape  and  size  of  the  Fe  island.  From 
the  profile  measurement  we  know  the  3D  film  has  a  distri¬ 
bution  of  island  siz.  ,nd  height,  therefore  the  demagnetizing 
field  which  is  opposite  to  the  applied  field  has  various  mag¬ 
nitude.  When  an  external  magnetic  field  is  applied  on  the 
positive  direction  in  either  longitudinal  or  polar  configura¬ 
tion,  the  domains  magnetized  in  the  opposite  direction  will 
be  eliminated  first.  A  further  increase  of  the  external  field 
would  rotate  all  domains  into  a  saturation  state  at  various 
external  field  strength. 

The  distinct  shapes  of  hysteresis  loops  shown  in  Figs. 
3(b)  and  3(e)  obtained  in  longitudinal  and  polar  configura¬ 
tions  result  from  a  nearly  in-plane  magnetic  anisotropy.  The 
magnetic  remanence  is  nearly  the  same  as  the  saturation 
magnetization  in  the  longitudinal  direction  which  indicates 
that  the  easy  axis  is  in  the  surface  plane.  In  a  polar  configu¬ 
ration,  the  external  field  is  perpendicular  to  the  in-plane  easy 
axis,  which  often  leads  to  nearly  linear  hysteresis  loop.  How¬ 
ever,  for  the  3D/2D  film  [Fig.  2(b)],  there  exist  some  i.solated 
Fe  islands  which  behave  like  the  case  of  3D  islands  sketched 
in  Fig.  2(a)  and  contribute  to  the  stripelike,  or  le.ss  linear  loop 
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shape.  The  conclusion  of  in-plane  easy  axis  from  our  data  is 
consistent  with  results  from  other  experimental  studies,^’'*  al¬ 
though  the  details  of  film  morphologies  were  not  presented. 

Our  result  of  anisotropy  is  not  inconsistent  with  the  pre¬ 
diction  of  perpendicular  magnetic  anisotropy  for  a  free 
standing  Fe  ML."  At  1  ML,  the  easy  axis  is  perpendicular  to 
the  surface,  With  increasing  coverage  (e.g.,  2  ML),  however, 
the  demagnetization  field  tends  to  bring  the  easy  axis  to  the 
surface  plane.  As  a  result,  the  hysteresis  behavior  in  both 
polar  and  longitudinal  configurations  is  similar  to  that  ob¬ 
served  in  2D  flat  films.  That  the  easy  axis  is  along  the  surface 
plane  is  also  consistent  with  the  smaller  value  of  coercive 
field  measured  in  the  longitudinal  direction  compared  with 
that  in  the  polar  direction.  For  3D  island  films,  the  local 
variation  of  the  demagn  ization  complicates  the  hysteresis 
behavior. 

IV.  CONCLUSIONS 

Our  study  of  both  film  morphology  and  hysteresis  loop 
indicates  that  the  shape  of  a  loop  is  closely  related  to  the 
roughness  of  a  film.  For  a  smooth  film,  one  is  most  likely  to 
observe  squarelike  loops  [Figs.  3(c)  and  3(f)].  For  an  isolated 
3D  islands  film,  one  is  likely  to  observe  stripelike  loops 
[Figs.  3(a)  and  3(d)].  For  films  with  continuous  islands,  the 
loops  in  the  longitudinal  configuration  are  squarelike.  How¬ 
ever,  the  loops  in  the  polar  configuration  remain  stripelike. 
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Fluctuation  effects  in  ultrathin  films 

S.  T.  Chui 
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We  discuss  finite  temperature  fluctuation  of  the  domain  walls  and  the  magnetization  M  in  ultrathin 
magnetic  films  where  spins  interact  with  short  range  exchange  (7),  anisotropy  (X),  and  long  range 
dipolar  (g)  couplings.  Phase  boundaries  for  a  triangular  lattice  are  obtained  from  Monte  Carlo 
simulations  as  a  function  of  7,  g,  and  K.  The  transition  temperature  for  the  disappearance  of  the  z 
magnetization  as  a  function  of  the  effective  anisotropy  field  — g/0.1208  is  essentially  unchanged 
as  g  becomes  zero.  This  suggests  a  new  physical  picture  that  the  change  in  the  direction  of  M  is 
closely  connected  with  the  Ising  transition  for  g  =0.  Mean  field  calculation  suggests  three  transitions 
where  only  is  finite  at  low  temperature.  As  the  temperature  is  increased  (1)  Af,.  becomes 

nonzero,  (2)  becomes  zero  and  eventually,  (3)  becomes  zero.  To  investigate  fluctuation  of 

domain  walls  their  elastic  energy  are  calculated.  For  Bloch  walls  perpendicular  to  the  x  axis 
separating  spins  along  the  z  axis  this  energy  is  negative  for  a  small  enough  wave  vector.  The 
competition  of  the  stabilizing  long  range  dipolar  interaction  and  low  dimensional  fluctuation 
suggests  the  possibility  of  a  finite  temperature  roughening  of  an  array  of  one-dimensional  Neel  walls 
in  the  film. 


I.  MAGNETIZATION 

In  the  ultrathin  magnetic  films,  new  physics  occurs  be¬ 
cause  of  the  competition  between  the  stabilizing  long  range 
dipolar  interaction  and  the  low  dimensionality  fluctuation 
effects.*  An  example  of  this  competition  is  provided  for  by 
the  question  of  the  existence  of  long  range  order.  For  two- 
dimensional  (2D)  systems,  the  fluctuation  of  the  magnetiza¬ 
tion  is  of  the  order  of  fd^qkTIw^.  When  the  spins  interact 
only  with  nearest  neighbor  exchange,  the  fluctuadon 

is  infinite  and  there  is  no  long  range  order.'  When  the  long 
range  dipolar  interaction  is  included,  a^^q  for  some  spin 
arrangements.  The  fluctuation  becomes  finite  and  long  range 
order  is  restored.^’^ 

The  interaction  energy  between  the  spins  is  H=0.5 

where  V=  V, 

is  the  sum  of  the  dipolar  energy 
=  the  exchange  energy 

Vg= -J  S{R  =  R' +d)Sjj;  and  the  anisotropy  energy 
V„= -2KS(R  =  R')Si^Sj2,  Here  d  denotes  the  nearest 
neighbors.  For  the  experimental  systems,  7  is  much  larger 
than  g  and  K.  However,  without  g  and  K  there  is  no  long- 
range  order  at  any  finite  temperatures.  We  have  studied  the 
phase  diagram  (Fig.  1)  as  a  function  of  the  parameters  7,  K, 
and  g  for  a  triangular  lattice  with  Monte  Carlo  simulations 
on  a  60X60  lattice  for  1.6X10*'  MC  steps.  The  transition 
temperature  is  determined  from  the  peak  position  of  the  mag¬ 
netic  susceptibility  with  a  histogram  technique."*  We  found 
that  for  small  K-g,  the  transition  temperature  for  the  van¬ 
ishing  of  can  be  well  approximated  by  J/T^=A  +  B  ln(A/ 
7)  for  constants  A  and  B.  Here  A  is  the  effective  spin-wave 
gap  energy  given  by  A=Ar  — g/0.12.  In  the  absence  of  the 
dipolar  interaction  (g=0),  the  magnetization  disappears  in 
the  high  temperature  phase  above  T^.  T,.  =  0  for  7f=0  be¬ 
cause  of  two-dimensional  fluctuations.  For  g^Q,  there  is  an 
intermediate  phase  where  the  magnetization  changes  from 
perpendicular  to  in-plane  above  T^,  as  is  fir.st  observed 
experimentally.^"*  The  constants  A  and  B  are  unchanged  to 


within  the  accuracy  of  the  present  calculation  («<2%)  as  g 
becomes  nonzero.  This  suggests  a  new  physical  picture,  dif¬ 
ferent  from  that  of  previous  considerations,'*""  that  the  driv¬ 
ing  force  behind  the  change  in  the  direction  of  the  magneti¬ 
zation  is  the  same  as  that  causing  the  Ising  transition  for  g=0 
when  the  z  magnetization  disappears  at  a  high  enough  tem¬ 
perature.  After  the  z  magnetization  vanishes,  the  in-plane 
magnetization  can  still  be  stable  in  two-dimensional  (2D) 
over  a  temperature  range  if  the  dipolar  coupling  is  finite  be¬ 
cause  of  its  long  range  nature.  The  temperature  at  which  the 
X  magnetize.'.'  u  disappears  depends  mostly  on  only  g  and 
very  little  on  K. 

Allenspach  and  Bishof*  observed  that  there  are  regions 
in  temperature  so  that  the  in  plane  and  the  z-axis  magnetiza¬ 
tion  are  both  nonzero.  We  think  that  there  are  actually  two 
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FIG.  1.  Inverse  transition  temperatures  for  g  =  0.12  and  different  values  of 
K.  The  different  pha.scs  are  as  labelled.  Lines  are  drawn  connecting  the 
points  to  guide  the  eye.  The  dotted  line  on  the  lower  left  corner  is  the 
theoretical  results  of  Peseia  and  Prokrovsky;  the  horizontal  line  at  the  bot¬ 
tom  is  the  asymptotic  limit  corresponding  to  the  transition  of  the  2D  trian¬ 
gular  lattice. 
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transitions  around  ;  one  associated  with  the  onset  of  the 
in-plane  magnetization  and  the  other  one  associated  with  the 
disappearance  of  the  z-axis  magnetization.  The  occurrence  of 
a  finite  in  plane  magnetization  depends  on  two  issues.  That 
the  magnetization  is  not  completely  aligned  along  the  z  axis 
and  that  the  fluctuation  in  the  azimuthal  direction  is  not  in¬ 
finite.  These  two  transitions  can  be  understood  in  more  detail 
from  a  mean-field  argument.  Specifically,  we  assume  the 
presence  of  two  order  parameters  and  and  ask  if  these 
magnetizations  can  be  self-consistently  sustained.  We  get 

M,=  j'  exp(-/?£,)/,(y3£,)/Z'; 

M,=  j'  dp  p  exp(-/J£,)/„(;3£:,)/2'; 

Z'-fdp  expi-/3EM/3E,), 

E,=  -Kp^-6JpM,-gpMJ0.75si. 

E,  =  (l-pY-(6J  +  Q.5gc)M,, 

l3=^\lkT,  When  is  large,  the  spins  are  favored  to  align 
along  the  z  axis  with  p  close  to  1.  A  solution  for  does  not 
exist.  When  is  small  but  not  zero,  a  solution  for  A/^  is 
possible.  The  requirement  that  be  small  restricts  this  on¬ 
set  of  in-plane  magnetization  to  close  to  .  In  the  limit  of 
small  Mg ,  the  equation  for  M^  is  similar  to  that  in  the  2D 
Ising  model.  Linearizing  the  equation  for  Mg  we  obtain  the 
transition  temperature  Tj  for  its  onset  as 

7'2-(6J  +  0.5gc)  J  dp  exp(-/3£,)(l-/u2)/2Z", 

where  Z"  =  fdpexp{-/3Eg).  A  solution  is  possible  even 
when  Mg  is  nonzero.  This  implies  that  the  onset  of  in-plane 
magnetization  is  distinct  from  the  disappearance  of  the  z  axis 
magnetization.  Detail  numerical  solutions  of  the  mean  field 
equations  confirm  the  above  argument. 

Pescia  and  Pokrovsky**  (PP)  propo.sed  that  the  spin- 
rotation  transition  temperature  is  given  by 
Tg=K~^{K— glgi)l2vJI\n{3JIK).  Their  magnitude  and 
functional  dependence  are  very  different  from  the  Monte 
Carlo  results.  While  no  details  of  their  calculation  is  avail¬ 
able,  we  think  the  difference  between  their  calculation  and 
the  present  picture  come  from  different  assumptions  of  the 
fixed  point  Hamiltonian.  More  precisely,  one  can  write  the 
Hamiltonian  in  increasing  power  of  q  as 

H  =  l,-A\Sg{q)[^  +  l:j^g,yJ,q^\S,\^i-J2q\Sg(,q)\^ 

+J7Xi,j=x,y‘li<li^i(q)Sj{-q)lq 

(Refs.  12  and  13)  and  follow  the  standard  procedure'"  '^  to 
derive  renormalization  group  equations  for  the  couplings  A, 
Jj  to  first  order  in  A/Jj,  \ .  The  bare  dipolar  coupling 
contributes  to  the  initial  values  of  A,  and 721  which  pos¬ 
sess  different  scaling  trajectories  {n  =  3): 

t/A/7/  =  [2-(rt-l)(7’/27r7,)JA, 

dJi/dl=  -  {n-2)TI2'rr-TJ2l{32TTj , ), 


dJ^ldl  =  [  1  -  ( n  -  1 )  r// ,  2  Tryz/T*. 

c/yj/r// =  [  1  -  ( n  -  1 )  r/7 1 2  tt]  7  3/ r. 

Thus  it  is  not  po.ssible  to  have  a  single  scaling  equation  for 
the  dipolar  coupling  constant,  as  PP  has  assumed.  Also,  the 
functional  form  for  the  scaling  equation  for  A  does  not  de¬ 
pend  on  its  initial  value  and  thus,  to  first  order  in  the  small 
parameters  g/J  and  K/J,  remain  the  same  whether  the  dipo¬ 
lar  interaction  is  present  or  not;  different  from  the  conclu¬ 
sions  of  PP. 

IL  DOMAIN  WALLS 

Low-dimensional  finite  temperature  fluctuation  also  af¬ 
fects  domain  walls.  These  effects  are  important  in  under¬ 
standing  domain  formation,  hysteresis  and  relaxation  phe¬ 
nomena  in  the  films.  Whereas  in  three  dimensional 
situations,  domain  walls  are  flat,  recent  experimental 
results**’^*'*  indicate  that  walls  in  ultra-thin  films  are  not  flat. 

A  magnetic  domain  wall  is  an  interface  between  a 
spin-up  region  and  a  spin-down  region.  The  stati.stica!  me¬ 
chanics  of  interfaces  have  been  actively  studied  over  the  last 
ten  years.  The  movement  of  an  interface  usually  proceeds  not 
with  the  whole  interface  marching  forward  in  unison  but 
with  part  of  the  interface  moving  forward  once  at  a  time. 
This  involves  distorting  the  interface  and  thus  the  elastic 
energy  and  the  roughness  of  the  interface  is  an  important 
consideration.  The  mobility  of  the  interface  in  the  presence 
of  external  pinning  potentials  is  often  discussed  in  terms  of  a 
roughening  transition  where  the  interfaces  become  rough  and 
mobile  if  the  temperature  is  higher  than  the  roughening  tem¬ 
perature.  2D  interface  in  3D  systems  roughens  at  a  finite 
temperature.'**  ID  interfaces  in  2D  systems  are  always  rough 
at  any  finite  temperature.  After  the  interface  roughens,  the 
free  energy  of  steps  becomes  zero;  the  interface  becomes 
mobile  and  the  nature  of  the  growth  of  domains  becomes 
different.  These  studies  assume  that  the  interaction  potential 
is  short  ranged. 

The  finite  temperature  statistical  mechanics  and  dynam¬ 
ics  of  domain  walls  are  often  discussed  in  terms  of  a  phe¬ 
nomenological  model  consisting  of  the  elastic  energy  to 
deform  the  wall  and  a  pinning  potential  that  is  due  to  the 
intrinsic  periodic  structure  of  the  crystal  lattice.  For  a  defor¬ 
mation  of  wave  vector  q  described  by  the  displacement  Sr^ , 
the  elastic  energy  is  often  assumed  to  be  proportional  to  the 
strain  squared,  i.e.,  Eg=A^^q^\Sr,i\^ .  For  magnetic  domain 
walls  in  bulk  materials,  the  physics  is  different.  A  Neel  wall 
of  width  w  located  at  position  c  is  characterized  by  specify¬ 
ing  the  spin  orientations  at  position  r  by  the  angles  0=7:12, 
<j>=7r  tanh[(x-c)/w]/2.  The  elastic  energy  is  given  by  the 
domain  wall  energy  change  as  c  is  changed  by 
5c  =  C()lcos(<:.r)].  In  calculating  this  change,  one  ends  up 
with  the  derivative  of  </>,  which  behaves  like  a  S  function  in 
the  limit  that  the  wave  vector  is  less  than  the  inverse  domain 
wall  width.  We  get  A\,  =  0.52'„,V^,yw  -  R')Sl(Sc 
-  Sc'y.  The  prime  on  the  summation  indicates  that  we  sum 
over  those  R,R'  only  at  the  7—1  dimensional  undistorted 
wall  position.  V  is  proportional  to  the  2nd  derivative  of  the 
\/r  Coulomb  potential  and  is  identical  in  form  to  the  dynami- 
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cal  matrix  of  the  Wigner  crystal  in  two  dimensions,  the  Fou¬ 
rier  transform  of  which  can  be  summed  with  the  Ewald  sum 
technique.^“ 

In  the  long  wavelength  limit  the  elastic  energy  is  not 
proportional  to  but,  because  of  the  long  range  nature  of 
the  dipolar  forces,  is  instead  proportional  to  |r/l  in  3D.  In  2D, 
for  magnetization  in  the  plane,  it  is  proportional  to  q  ln(<7) 
for  a  single  ID  wall  and  to  qld  for  arrays  of  ID  domain 
walls  separated  by  distances  d.  Bloch  walls  perpendicular  to 
the  X  axis  separating  domains  with  spins  along  the  z  axis  are 
unstable  against  distortion  in  the  long  wavelength  limit. 

Because  of  the  different  elastic  behavior  a  2D  magnetic 
domain  wall  in  3D  bulk  sy.stems  is  never  rough  at  any  tem¬ 
perature.  On  the  other  hand,  in  2D  films,  a  single  wall  in  an 
rt -layer  system  roughens  at  any  finite  temperature  even  when 
the  dipolar  interaction  is  included.  For  spins  oriented  along 
the  y-axis  separated  by  an  array  of  Neels  walls  running  per¬ 
pendicular  to  the  X  axis  a  distance  d  apart,  the  problem  can 
be  related  to  the  Knodo  problem^' via  a  Coulomb  gas 
mapping.'"'  The  walls  arc  flat  for  length  scales  less  than  d. 
There  exist  a  temperature  T /f  above  which  the  walls  become 
rough.  Tf(^&TT‘‘g^p,gn^ald  as  the  pinning  strength  ap¬ 
proaches  zero. 

In  conclusion,  we  presented  in  this  article  Monte  Carlo 
results  for  the  phase  boundaries  for  ultrathin  films  as  a  func¬ 
tion  of  the  dipolar,  z-axis  anisotropy  and  exchange  interac¬ 
tions.  Our  result  suggests  a  new  way  of  looking  at  the  tran¬ 
sition  when  the  spins  rotate  into  the  plane.  Renormalization 
group  and  mean  field  scenarios  are  discussed.  We  propose 
that  there  are  three  transitions  associated  with  the  disappear¬ 
ance  of  and  the  onset  and  disappearance  of  M,.  We 
investigated  finite  temperature  fluctuation  of  magnetic  do¬ 
main  walls.  For  Bloch  walls  perpendicular  to  the  x  axis  .sepa¬ 
rating  spins  along  the  z  axis  this  energy  is  negative  for  a 


small  enough  wave  vector.  The  competition  of  the  stabilizing 
long  range  dipolar  interaction  and  low  dimensional  fluctua¬ 
tion  suggests  the  possibility  of  a  finite  temperature  roughen¬ 
ing  of  an  array  of  one  dimensional  Neel  walls  in  the  film. 
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Magnetic  studies  of  fee  Co  fiims  grown  on  diamond  (abstract) 

J.  A.  Wolf,®>  J.  J.  Krebs,  Y.  U.  Idzerda,  and  G.  A.  Prinz 

Naval  Research  Laboratory,  Code  6345,  Washington,  DC  20375 

We  report  the  first  growth  and  characterization  of  fee  Co  epitaxial  films  (/  =  !()- 130  nm)  on 
diamond.  Growth  was  carried  out  under  UHV  conditions  in  a  commercial  MBE  machine  and 
monitored  during  growth  using  RHEED  which  showed  single  crystal  growth  oriented  with 
{100)cJ|(100)c.  X-ray  diffraction  studies  of  the  130  nm  sample  demonstrated  the  single  crystal  fee 
growth  throughout  the  entire  sample.  Separate  studies  to  determine  growth  mode  and  structure  were 
carried  out  using  angle-resolved  Auger  forward  scattering.  Vibrating  sample  and  SQUID 
magnetometry  yields  a  nagnetic  moment  of  (1.05±0.1)  lO'^  emu/cm^.  Ferromagnetic  resonance 
measurements  carried  out  at  35  GHz  yield  a  large  cubic  ani.sotropy  A!i/A/4=(480±30)Oe  and 
linewidth  of  only  AW  =  100  Oe.  Spin  waves  were  observed  in  the  thicker  samples  and  the  exchange 
constant  determined  to  be  Ac,,-! •09X10“  *’  erg/cm.  This  work  has  been  supported  by  the  Office  of 
Naval  Research. 
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A  Monte  Carlo  study  of  the  temperature  dependence  of  magnetic  order 
on  ferromagnetic  and  antiferromagnetic  surfaces:  Implications 
for  spin-polarized  photoelectron  diffraction  (abstract) 

F.  Zhang,  S.  Thevuthasan,®'  R.  T.  Scalettar,  R.  R.  P.  Singh,  and  C,  S.  Fadley”’ 

Department  of  Physics,  University  of  California,  Davis,  California  95616 

We  have  used  Ising-model  Monte  Carlo  calculations  to  study  the  magnetic  order  near  cubic 
ferromagnetic  and  antiferromagnetic  surfaces.  The  antiferromagnets  were  studied  with  and  without 
frustratea  next-ncarest-neighbor  interactions.  Intralayer  and  interlayer  spin-spin  correlation 
functions  have  been  calculated  as  a  function  of  the  relative  coupling  .strength  in  the  surface  layer.  If 
this  coupling  strength  is  more  than  a  few  times  the  bulk  value,  a  di.stinct  surface  phase  transition  is 
observed  at  temperatures  Tc.surf  or  that  can  be  significantly  above  the  corresponding  bulk 
values,  Tcbuik  or  Tbibuik-  These  calculations  suggest  that  previous  spin-polarized  photoelectron 
diffraction  measurements  on  antiferromagnetic  KMnFi(110)‘  and  MnO(OOl)^  could  in  fact  have 
been  observing  such  surface  transitions  at  ,,u,f  values  of  2.7  and  4.5  times  Tn  bnn,  respectively. 
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Magnetic  circular  dichroism  (MCD)  studies  at  K  and  L  edges  using  hard  and  soft  x  rays  are 
presented.  The  relation  of  this  universal  phenomenon  in  tlie  x-ray  absorption  near-edge  structure 
(XANEiS)  and  extended  x-ray  absorption  fine  structure  (EXAFS)  regions  to  local  magnetic 
structures  in  the  case  of  id  and  4/  elements  is  illustrated.  The  validity  of  atomic  and  band-structure 
pictures  to  describe  the  MCD  in  the  XANES  range  are  outlined  and  the  applicability  of  sum  rules 
and  two-step  vector  coupling  models  to  deduce  spin  and  orbital  moments  of  the  absorbing  atom  as 
well  as  spin-density  profiles  from  the  experimental  data  are  critically  discussed.  The  correlation  of 
the  dichroic  contribution  in  the  EXAFS  to  (he  magnetic  moments  and  spin  densities  of  the 
neighboring  atoms  are  ad<lressed  by  systematic  studies  which  provide  new  insights  into  the 
exchange  phenomena  of  the  interaction  of  spin-polarized  electrons  with  ferromagnetic  media.  The 
potential  but  also  the  limitations  of  this  new  spectroscopy  is  demonstrated. 


I.  INTRODUCTION 

X-ray  circular  magnetic  dichroism  (X-MCD)  in  core-to- 
valence  transitions  is  a  new  powerful  method  to  study  in  an 
element-  and  symmetry-selective  manner  the  magnetic  as¬ 
pects  of  local  electronic  structures  in  magnetic  media.  The 
possibility  of  extracting  local  spin  and  orbital  moments  using 
“sum  rules”  deduced  on  the  basis  of  an  atomic  approach*’^ 
or  in  the  local  spin-density  (LSD)  formalism^’'*  by  a  compari¬ 
son  of  the  magnetic  Lj-  and  /.3-dichroic  spectra  is  one  of  the 
dominant  subjects  of  interest.  To  date  a  correct  interpretation 
of  experimental  spectra  seems  to  be  restricted  to  cases  with 
either  a  localized  character  of  the  involved  final  states  as, 
e.g.,  id-Af  transitions  in  rare  earth  (RE)  systems,^’*  where 
an  atomic  picture^  is  adequate  or  to  those  with  a  delocalized 
behavior  as,  e.g.,  l4'-4p  transitions  in  id  elements  and  2a- 
6p  transitions  in  4f/5d  systems*’’  and  2p-5d  transitions  in 
5d  elements,*  where  the  band-structure  approach  has  been 
adopted  successfully.'*’  For  intermediate  cases,  however,  as 
the  L2,3  edges  in  transition  elements*’"  and  in  REs,’’**  a 
closed  theoretical  description  is  still  a  problem. 

Although  the  occurrence  of  a  dichroic  contribution  to  the 
extended  (EXAFS)  [spin-polarized  EXAFS  (SPEXAFS)]  has 
been  proven  to  be  a  universal  phenomenon,*’'*  theoretical 
calculations  of  the  experimental  spectra  are  not  available  but 
are  on  the  way.'*  However,  as  demonstrated  in  the  second 
part  of  this  article,  the  systematics  observed  in  several  sys¬ 
tems  show  that  on  the  basis  of  simple  two-step  models  inter¬ 
esting  correlations  of  the  SPEXAFS  to  the  local  magnetic 


short-range  order  can  be  found,  which  demonstrate  the  po¬ 
tential  of  this  method  to  study  magnetic  structures  on  an 
atomic  scale. 

II.  NEAR-EDGE  MCD 
A.  Theoretical  models 

Large  MCD  effects  (in  some  cases  more  than  20%)  are 
found  in  the  near-edge  region  within  20  eV  above  an  absorp¬ 
tion  threshold.  In  this  energy  range  the  absorption  cross  sec¬ 
tion  can  be  described  by  Fermi’s  golden  rule.'*  In  the  case  of 
bandlike  final  states,  the  single-particle  density-of-states 
model  describes  the  experimental  spectra  successfully.  The 
energy  dependence  of  the  ab.sorption  cross  section  is  given 
by  the  density  profile  of  the  final  states  with  selected  sym¬ 
metry  determined  by  dipole-selection  rules  times  a  nearly 
energy-independent  matrix  element.  If  the  final  states  are 
well  localized,  two-particle  interactions  have  to  be  included. 
These  can  be  calculated  explicitly  using  atomic  multiplet'*’ 
approaches.  Here  it  is  also  possible  to  include  .solid  state 
effects  by  adding  crystal  field  terms  to  the  Hamiltonian  and 
hybridization  of  ligand  character  by  an  admixture  of  extra- 
atomic  configurations  such  as  in  charge-transfer  states. 

In  both  cases,  polarization  effects  and  exchange  split¬ 
tings  can  be  taken  into  account.  Using  fully  relativistic  spin- 
polarized  Korringa-Kohn-Rostoker  (KKR)-GF  and  linear 
muffin-tin  orbital"'  band-structure  approaches  or  spin- 
polarized  versions  of  the  linear  augmented  plane  wave 
(LAPW)  method,^  the  MCD  /,  spectra  of  various  heavier 
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transition  metals  such  as  magnetic  5d  elements  and  Gd- 
metal  have  been  successfully  described  in  the  single-particle 
picture,  while  on  the  other  hand  the  experimental  M4  5-MCD 
spectra  in  RE  systems  are  excellently  reproduced  by  atomic 
calculations,'* 

On  the  basis  of  the  atomic  description  sum  rules  have 
been  developed  recently,'’^  which  relate  the  difference  and 
the  sum  of  the  dichroic  signals  [fi')  for  reversed  photon 
polarization  /z,, :  =  -  /u~)/2  for  the  two  spin-orbit  initial 

states  directly  to  the  local  spin  and  orbital  moments  of  the 
partially  filled  final  valence  shell. 

Based  on  a  simple  vector-coupling  version  of  the  band- 
structure  approach,  a  similar  relation  between  the  normalized 
MCD  spectra  at  the  L2  and  L3  edges  times  the  unoc¬ 
cupied  final  state  density  and  the  local  magnetic  moments 
can  be  deduced.^’^  Based  on  the  Fano  effect**  the  sensitivity 
of  the  dichroic  signal  to  the  spin  and  orbital  moment  origi¬ 
nates  from  finite  spin  {a^)  and  orbital  polarization  (/^)  of  the 
outgoing  photoelectron  in  the  propagation  direction  2  of  the 
circularly  polarized  photon.  The  photoelectron  emitted  from 
an  unpolarized  core  state  is  thus  considered  as  a  polarized 
probe  for  the  spin  and  orbital  moment  of  the  final  states.  The 
polarization  values  for  a  free  electron  wave  are  (/j)  =  +  3/4 
in  an  initial  p  state  and  1/2  and  -t-1/4  for  the  cor¬ 

responding  Pi  12  and  /J3/2  spin-orbit  partners. 

In  a  simple  spin-polarized  version  of  Fermi’s  golden  rule 
for  pure  spin-ferromagnetic  systems,****  the  MCD  signal  is 
directly  correlated  to  the  spin  density  Ap=p^-p~  of  the 
final  state  by  [^,.//Z()](£')  =  ((rj)[Ap/pl(£),  which  corre¬ 
sponds  to  -  Ap{E)  at  the  L2  and  p,^(_E)—  +  ^p{E) 

at  the  I3  edges  for 

Within  the  vector-coupling  model  the  relation  between 
the  normalized  MCD  spectra  and  the  spin  and  orbital 
moments  is  deduced  to 

{[tiJp,],^{E)-[pLjp„\^{E)}p{E)dE, 

(1) 

{[/ic/Mo]/.3(^^)  +  2[/4f//4,|]/,j(£)}p(£:)d£:. 

(2) 

Under  the  condition  /i„(L3)  =  2  Eiqs.  (1)  and  (2) 

are  equivalent  to  the  sum  rules,  which  are  more  appropriate 
in  case  of  (nearly)  isolated  absorption  profiles  (white  lines 
=WL)  as,  e.g,,  the  Af4  5  edges  in  RE,  while  Eqs.  (1)  and  (2) 
can  be  more  easily  applied  in  the  case  of  more  steplike  ab¬ 
sorption  edges,  e.g.,  theL2  3  edges  in  heavier  elements,  with¬ 
out  or  with  weakly  indicated  WL  structure  as  in  some  RE 
and  Ft  and  Au  systems. 

For  K  edges  (/^)  amounts  -1  and  (cr^)  has  the  very 
small  value  of  —10  Thus  only  weak  MCD  effects  of  less 
than  1%  are  expected  for  outer,  bandlike  final  states  with 
nearly  quenched  orbital  moments,  as,  e.g.,  the  (4)p  states  in 
3d  elements  or  {6)p  in  4fl5d  systems  and  no  simple  rela¬ 
tion  of  the  MCD  profile  and  the  local  p  moment  exists, 

B.  Fe-metal  layers 

To  demonstrate  the  reliability  of  the  sum  rules  Eqs.  (1) 
and  (2),  they  are  applied  to  ^2,3  MCD  spectra  of  Fe-metal 

6454  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


I'lU’rfiy  (c.’V) 

FIG.  1.  Expcrimcntul  ab.sorplion  mid  dichroic  profiles  (a)  iil  Ihe  Fe  t,,, 
cdgc.s  of  Fc  metal  layers  with  thicknesses  of  9.25  A  (dashed)  and  24  A 
(solid)  in  compari.'on  with  theoretical  profiles  from  hand-structure  calcula¬ 
tions  (b).  I'he  expcrimcntul  spectra  correspond  to  raw  and  unsmoothed  data 
with  subtracted  linear  background. 


layers  (cf.  Fig.  1).  The  exact  thicknesses  of  the  9.25  A  (A) 
and  24  A  (B)  Fe  layers  (deposited  on  300  A  Au  on  a  glass 
substrate  and  protected  by  a  30  A  A1  coverlayer)  and  the 
magnetic  moments  per  atom  of  2.07(3)  pn  for  the  thin  (A) 
and  2.14(3)  Pn  for  the  thicker  sample  (B)  were  determined 
via  XFA  and  super  conducting  quantum  interference  device 
(SQUID)  measurements,  respectively.^”  The  p^.  profiles  are 
shown  in  Fig.  1(a)  in  addition  to  the  spin-averaged  p^  profile 
lor  the  9.25  A  (dashed  line)  and  the  24  A  Fc  layers  (solid 
line).  Corresponding  theoretical  spectra  from  fully  relativis¬ 
tic  spin  polarized  KKR  calculation  for  iron  metal  arc  pre¬ 
sented  in  Fig.  1(b).'”  The  experimental  data  measured  by 
total-yield  detection  in  an  applied  external  field  of  0.2  T  were 
taken  at  the  DRAGON  beamline  (NSLS), 

Figure  1(a)  shows,  that  the  dichroic  L2  signal  is  signifi¬ 
cantly  reduced  relative  to  the  signal  causing  a  strong  de¬ 
viation  from  the  ratio  p,.{L2)/ pd^j)  -  -  ^  expected  for 
pure  spin  moments.  This  indicates  the  existence  of  an  orbital 
moment  coupled  parallel  to  the  spin  moment  [Eq.  (4)].  Ap¬ 
plying  the  sum  rules  one  deduces  a  spin  and  orbital  moment 
of 2, 19/X2,  {1.7-9 Pb)  and  0.25/Zfl  {O.llpg)  for 
samples  A  (B)  taking  into  account  «  =  4  holes  in  the  3d 
level.  The  errors  of  these  numbers  due  to  the  uncertainties  of 
estimating  the  wliite  line  areas  amounts  to  20%.  Very  similar, 
somewhat  smaller  values  of  m,v— 2.02/iB  (2.08/2^)  and 
mi~0.20pB  {G.lSpi})  (uncertainty  about  5%)  are  found 
by  applying  Eqs.  (3)  and  (4)  using  theoretical  density  of 
.  ates  profiles  with  an  integrated  value  of  J'p(£)  =  3.1, 
These  results  are  in  excellent  agreement  with  the  results  of 
the  macroscopic  measurements  and  confirm  the  expected  in¬ 
crease  of  nil  with  decreasing  layer  thickness. 

Only  the  absolute  values  of  m ;  are  larger  than  expected 
from  theory  and  other  measurements.^’  The  spin  polarized 
KKR  calculation  of  the  p^l  and  p^.  spectra  seems  to  underes¬ 
timate  the  values  of  p^  and  /u,)  at  the  A  2  edges,  which  could 
be  an  indication  for  the  breakdown  of  the  single-particle  ap¬ 
proach,  as  has  been  found  for  the  £2,3  MCD  in  the  lighter  3d 
transition  metals, 
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FIO.  2.  Top;  experimental  dieliroic  nlisorplioii  of  CrOj  ui  the  and  Li 
edges  of  chromium,  measured  at  the  5X700/3  (BESSY)  (O)  and  DRAGON 
bcamlincs  (NSLS)  (+)  with  energy  rcsoiutions  of  about  9(K)  and  ;)(K)  meV, 
respectively.  From  the  raw  data  only  a  constant  offset  has  been  subtracted. 
Bottom:  theoretical  dlchroic  absorption  at  the  l.y  and  /.j  edge  of  CrOj, 
given  by  LMTO  calcuiation  ( — )  and  the  spin  density  of  the  3</  band  alwive 
the  Fermi  level,  given  by  I APW  hand-structure  calculations.  The  edge  is 
rescaled  by  (- 1)  due  to  the  negative  phutoclectron  polarization.  11ie  vertical 
lines  (■  ‘  -)  murk  the  energy  of  the  and  f. )  edges,  which  are  identical  to  the 
Fermi  levels  of  the  plotted  spin  densities. 


C.  Cr  Li, 3  MOD  spectra 

Going  to  lower  Z  within  the  3d  series  due  to  tlic  de¬ 
crease  of  the  2p  spin-orbit  splitting  below  10  eV  it  is  diffi¬ 
cult  to  separate  the  corresponding  Z-2  and  parts  in  the 
spectra  as  seen  in  case  of  the  Cr  MCD  in  the  half-metallic 
ferromagnet  Cr02  presented  tn  Fig.  2.  The  dichroic  profile  is 
much  mure  complex  than  in  the  heavier  transition  metals  and 
even  changes  sign  within  the  contribution.  A  comparison 
with  the  calculation  of  the  dichroic  effects  for  transition 
metal  ions  in  the  atomic  approach^^  suggests  that  these  mod¬ 
els  arc  more  appropriate  to  reproduce  the  experimental  find¬ 
ings  and  thus  we  have  used  a  ligand  field  multiplct  model 
(LFM),  which  includes  the  influence  of  the  cubic  crystal  field 
on  the  local  wave  functions.^’  Setting  the  spin-orbit  splitting 
to  zero  gives  a  reasonably  good  agreement  between  theory 
indicating  the  validity  of  the  theoretical  concept  for  the  de¬ 
scription  of  the  MCD  effects.  The  vanishing  influence  of  an 
orbital  momentum  and  correlated  spin-orbit  effects  can  ai.so 
be  verified  by  the  application  of  the  sum  rules,  which  gives 
an  upper  limit  of  of  less  than  10“^/Ub.  It  can  also  be 
seen  from  the  MCD  spectra  that  it  is  difficult  to  deduce  the 
corresponding  spin  moment  in  case  of  too  close,  i.e.,  not  well 
resolved,  ^2,3  absorption  edges.  That  the  LSD  approach  and 
the  model  Eqs.  (1)  and  (2)  are  ba.sed  on  fails  can  be  demon¬ 
strated  by  a  comparison  of  the  local  unoccupied  spin  density 
of  states  Ap  shifted  to  the  absorption  edge  with  the  /x,.  pro¬ 
file,  which  show  only  rather  poor  similarities. 

D.  Li, 3  MCD  In  Gd-metal  and  Eu3FeBOi2 

Dichroic  L 2,3  effects  of  several  percent  in  REs  have  been 
found  in  all  systems  investigated  up  to  now.  Theoretical  de¬ 
scriptions,  however,  have  concentrated  on  Gd,  as  the  fully 
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FIG.  3.  (a)  Experimental  bj  (dashed)  and  /.,  (solid)  absorption  (/x,,)  (lop) 
and  corresponding  diebtoie  prolilus  (/i,.)  (bottom)  of  Gd-ntetnl  in  cunipari- 
son  will)  (henrelical  unpolarized  (dush-dolted)  (top)  and  Pj  (dash-dotted), 
(dot-.)  polarized  profiles  (hollom).  The  first  infleclion  point  of  the  absorption 
onset  is  clio.scn  as  the  origin  of  the  energy  seale.  The  experimental  absorp- 
lion  step  is  lltted  try  an  aretan  function  (width  4  cV).  (b)  Theoretical  total  d 
spin-density  protilcs  (/)=p'+p  )  (top)  an.l  corre.sponding  difference  (h) 
(4/)-/)*-/)  )  broadened  by  core  hole  lifetime  and  experimental  resolution 
and  reseated  tiy  -0.5  and  •t'.25  at  tlie  /.j  ,  edges,  respectively.  The  daslt- 
doUed  line  represents  tlie  llicoretical  MCD  profile. 


rclutivistic  bund-structurc  approach  by  Ebert"’  and  the  calcu¬ 
lations  carried  out  by  Carra  ct  a/.'^  which  were  also  extrapo¬ 
lated  to  heavier  RE  metals. 

However  the  description  of  ihe  REs  with  nonzero  4/ 
angular  momentum  i.s  still  an  open  problem.  In  particular  the 
structures  at  the  Ly  edges  at  negative  energies,  characterustic 
for  all  syslems  except  Gd,  have  been  proven  to  exhibit  an 
atomic  character. 

Although  the  ratios  of  the  normalized  Gd  L2,y  MCD 
profiles  (both  peak  values  and  integrated  ureas)  as  seen  in 
Pig.  3  arc  close  to  -2,  i.e.,  the  ratio  of  the  spin-polarization 
factors,  applying  the  sum  rules  Eqs.  (1)  and  (2)  leads  to  u 
spin  moment  of  -{).24p.„  having  the  opposite  sign  com¬ 
pared  to  the  theoretical  calculations,  which  predict 
/i,v=  +  0.47yiXfl  for  the  spin  and  /U;  =  -().C)4/Z/j  for  the  or¬ 
bital  d  moment,^'^  The  sum  rules  yield  for  the  orbital  moment 
a  value  of  -().0()4/ti;,  which  is  a  factor  of  10  too  small 
compared  with  the  theoretical  prediction.  Similar  results  arc 
obtained  even  in  the  naive  vector-coupling  model 
(/i.,v= -0. 19/X/)  and  /ii/  =  -~0.002/u„). 

A  direct  comparison  of  the  unbroadened  theoretical  Gd 
MCD  profiles  with  unbroadened  spin  densities  (Fig.  4)  ex¬ 
plains  the  breakdown  of  the  validity  of  the  basic  assumptions 
Eqs.  (l)-(2)  are  based  on.  Though  the  fine  structures  of  the 
profiles  coincide  roughly,  indicating  a  direct  correlation  be¬ 
tween  and  Ap/p,  the  value  of  (cr^)  obviously  becomes 

strongly  energy  dependent,  amounting,  e.g.,  to  a  value  twice 
as  high  at  the  Fermi  energy.  Hence  the  small  positive  spin 
density  leads  to  a  strong  line  in  the  Lyj  MCD  spectrum  at 
£/.  and  a  negative  spin  moment. 

The  physical  origin  is  a  strong  energy  and  spin  depen¬ 
dence  of  the  matrix  element,  since  close  to  £,.■  the  overlap  of 
initial  and  final  spin-up  wave  functions  is  mucli  larger  for  the 
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FIG.  4.  Unbrnadcncd  theoretical  Ap/p  profiles  (dashed)  and  unbroadened 
theoretical  profiles  (solid)  at  the  L2  (left)  and  (right)  edges  in 

Qd-metal.  The  ratio  (Ap/p)/(/Xt//io)  is  not  constant  with  energy. 

corresponding  states  of  minority  character,  a  fact,  which  has 
to  be  neglected  in  the  models.  But  the  MCD  calculations 
(shown  in  Fig.  3)  using  the  single  particle  band-structure 
approach  reproduces  this  behavior  exactly. 

Applying  the  sum  rules  in  the  case  of  Eu  7^2,3  MCD 
spectra  (Fig.  5)  in  Eu3Fe50i2  yields  a  spin  moment  of 
-0.02 fig  and  an  orbital  moment  of  -l-0.005/i,fl .  The  mo¬ 
ments  obtained  in  the  naive  vector-coupling  model  amount  to 
-0.03/i,fl  for  the  spin  and  +0.007/1^  for  the  orbital  con¬ 
tribution.  However,  similar  to  Gd,  these  values  lead  to  the 
wrong  sign  for  the  spin,  which  can  again  be  drawn  back  to 
matrix-element  effects.  On  the  other  hand,  the  expected  op¬ 
posite  signs  of  fig  and  fig,  induced  in  the  5d  state  by  the 
intra-atomic  4/-5J  coupling  in  lighter  REs,  seems  to  be  di¬ 
rectly  manifested  in  the  collapse  of  the  L3  MCD  to  the  credit 
of  a  strong  L2  dichroic  signal. 

III.  MAGNETIC  EXAFS 
A.  Theoretical  aspects 

A  phenomenological  description  of  the  measured  effects 
is  presented  based  on  the  simple  vector-coupling  “  two-step” 
model,  which  has  successfully  been  used  to  describe  the 
near-edge  MCD  in  the  “spin-only”  limit.  In  the  first  step,  we 
assume  that  a  free  electron  wave  is  going  out  with  a  .spin 


10  0  10  10  0  iO 


energy  (eV) 

FIG.  5.  (a)  Experimental  (a),  Lj  (b)  absorption  (yu,,)  (top)  and  dichroic 
profiles  (/a.,.)  (bottom)  of  Eu  in  EU3FC5O12.  The  absorption  step  is  fitted  by 
an  arctan  function  (width  4  eV). 
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projection  in  photon-beam  direction.  If  the  magnetic 
moment  of  the  neighboring  atom,  i.e.,  the  spin  of  its  majori¬ 
tylike  electrons,  is  also  polarized  in  z  direction,  an  exchange 
contribution  to  the  Coulomb  scattering  potential  is  present  in 
the  scattering  processes  of  the  outgoing  photoelectron.  This 
should  result  in  a  magnetic  contribution  to  the  backscattering 
amplitude,  which  changes  its  sign  with  reversing  the  relative 
orientation  of  the  photoelectron  spins  and  the  spins  of  the 
magnetic  neighbors  in  the  absorption  process.  In  the  conven¬ 
tional  EXAFS  formula  the  effect  of  exchange  interaction  in 
the  scattering  process  is  described  by  an  additive  exchange 
contribution  (with  index  c)  to  the  Coulomb-interaction  pa¬ 
rameters,  i.e.,  the  backscattering  amplitude  F-Fo±Fc,  the 
phase  shift  (f>=  (f>Q±(f)^  and  the  mean  free  path  'K  =  \q±\^. 
The  strengths  of  the  exchange  contribution  are  within  this 
simple  model  expected  to  scale  directly  with  the  spin- 
polarization  parameter,  i.e.,  {a^—F^,  0c  > 

Thus  the  conventional  EXAFS  (;to)**'  as  function  of  the 
photoelectron  de-Broglie  wave-number  k,  which  are  de¬ 
scribed  by  a  summation  over  the  coordination  shells  located 
at  distances  rj  with  Nj  neighboring  atoms  and  including  the 
Debye- Waller  factor  Dj  and  “shake-off/on”  processes  at  the 
central  atom  i  (5,),  is  transferred  into  a  spin-polarized  ex¬ 
pression  =  by 

Xc(l^)=^^  NjSi{k)Dj{k)  sin(2^rj. 

+  fPijo)  +  ‘PijcPjo  cos{2krj+ipijJ 

2r  I-  \ 

+  -^Fi,sm{2krj+Vt„)j.  (5) 

B.  Experimental  results 
1.  La, 3  SPEXAFS 

SPEXAFS  studies  in  the  hard  x-ray  range  have  been 
performed  in  the  transmission  mode  at  HASYLAB  (Ham¬ 
burg)  in  various  magnetic  systems  at  the  L  edges  in  REs  and 
5d  elements  and  at  the  K  edges  of  3d  systems.** 

For  an  analysis  of  the  EXAFS  and  accordingly  of  the 
SPEXAFS  to  deduce  structural  information  as,  e.g.,  the  dis¬ 
tances  Tj  of  next  atoms  and  the  coordination  numbers  N j  a 
sufficiently  extended  range  of  the  X[)ic  spectra  is  Fourier 
transformed.  Thus,  this  method  is  often  not  well  practicable 
for  energetically  close  following  £2,3  edges  in  3d  elements. 
This  holds  especially  for  the  SPEXAFS  analysis,  since  ac¬ 
cording  to  the  simple  picture  the  magnetic  oscillation  at  the 
L2  and  Z-3  edges  should  show  identical  structures  but  with 
opposite  sign,  which  is  found  in  all  systems  studied  up  to 
now  as  demonstrated  in  Fig.  6  at  the  Eu  13,3  edges  in  the 
ferromagnetic  Eu  iron  garnet  (Eu3Fe50,2). 

If  one  takes  into  account  a  ratio  of  the  amplitudes  of  -2, 
the  Xc  profiles  at  the  L2  and  7,3  edges  arc  identical.  The 
corresponding  near-edges  MCD  signals  (Fig.  5),  behave 
completely  different  due  to  their  dependence  on  the  orbital 
moment.  This  proves  that  similar  effects  of  the  orbital  polar¬ 
izations  can  be  neglected  in  the  SPEXAFS  interpretation. 
Only  an  additional  contribution  due  to  the  small  near-edge 
MCD  at  the  iron  K  edge  causes  some  deviation  at  the  L3 
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FIG.  6.  Top;  the  absorption  of  EujFcjOij  between  6/00  and  7680  eV  (left) 
and  between  7480  and  8120  cV  (right),  displaying  the  Fc  K  and  the  Eu  L,, 
L2,  and  Li  edges.  Center;  the  SPEXAFS  at  the  Eu  (left)  and  edge 
(right)  follow  the  same  profile  with  a  ratio  of  (-2).  Bottom;  the  Fourier 
transform  of  the  spin-averaged  EXAFS  (■••)  and  SPEXAFS  ( — )  of  the  Eu 
L3  (left)  and  L2  edge  (right), 


edge  {k  =  6  k~  *).  Since  in  the  simple  picture  the  correspond¬ 
ing  /f-edge  SPEXAFS  are  more  tlian  one  order  of  magnitude 
smaller,  they  are  nearly  invisible  in  theL3  SPEXAFS. 

The  Fourier  transform  (FT)  of  the  polarization  averaged 
EXAFS  spectrum  /(xo)  (dashed  line)  and  the  corresponding 
SPEXAFS  FT  (solid  line)  f(Xc)  significantly  different. 
The  FF  of  the  L  j  EXAFS  show  very  broad  features  due  to 
the  small  transformation  range  limited  by  the  Fe  K  edge.  The 
prominent  maximum  in  fiXa)  resulting  from  the  strong 
backscattering  at  the  next  oxygen  neighbors  has  vani.shed  in 
the  SPEXAFS  to  the  credit  of  an  increase  of  the  peaks  at 
higher  r  values,  which  mark  the  positions  of  the  nexi  and 
over  next  iron  Fe  neighbors.  They  are  small  or  almost  invis¬ 
ible  in  the  EXAFS  FT.  The  fiXe)  Ih®  ^2  ^3  edges  are 

very  similar  demonstrating  that  the  occurrence  of  the  Fe  K 
edge  does  not  limit  the  k  range  in  the  magnetic  spectra. 

These  studies  show,  that  (nearly)  nonm?y,netic  neighbors 
as  the  oxygen  components  on  magnetic  oxides  do  not  con¬ 
tribute  to  the  SPEXAFS  and  a  clear  distinction  between  mag¬ 
netic  and  nonmagnetic  neighborhood  is  possible.  From  the 
systematics  observed  by  studies  in  various  systems,'*’''^  we 
have  observed  that  the  relative  strength  of  the  SPEXAFS 
rescaled  by  the  photoelectron  spin  polarization 

[Arc/A'o]/<o'z)  =  [/(.Yc)//(A(o)]<w-z)  = 

(6) 

is  directly  proportional  to  the  magnetic  spin  moment  of  the 
neighboring  atoms.  Thus,  we  expect,  that  the  SPEXAFS 
spectroscopy  gives  even  quantitatively  new  element-specific 
insights  into  the  magnetic  short-range  order. 


2.  K-edge  SPEXAFS 

The  highly  precise  measurements,  which  are  possible  in 
the  transmission  mode,  allow  us  also  to  address  2d  elements 
by  X-edge  SPEXAFS  studies  as  demonstrated  in  case  of  Co- 
(fcc)  and  Ni-metal.  As  shown  in  Fig.  7,  the  Xc  oscillation  at 
the  K  edges  follow  roughly  the  ;^o  structure  except  an  addi¬ 
tional  contribution  at  a  k  region  of  4-5  A“'.  In  this  range 
multielectron  contributions  (2p—*2d  transition)  result  in  an 
additional  line  in  the  dichroic  K  spectra,  which  decreases 
■Strongly  by  going  from  Fe  to  Ni.*^  Following  Eq.  (6),  we 
deduce  a  value  of  (o-j)  = +  3.5(5)%  for  the  K  SPEXAFS, 
which  is  somewhat  larger  than  expected  from  the  near-edge 
MCD  effects. 

Due  to  the  small  value  of  {a- 2)  the  statistics  of  the  K 
SPEXAFS  can  be  poor.  But  a  more  detailed  analysis  by  an 
extraction  of  the  exchange  parameter  from  the  experimental 
data  allows  also  in  this  case  a  sufficiently  quantitative  analy¬ 
sis.  Hereby  the  values  F  ,  and  k are  calculated  by 
the  FEFF  code  of  Rehr''  and  the  Dj  and  5,  values  can  be 
deduced  by  fitting  the  Xu  profiles.  The  F,.  profile  for  Co  and 
Ni  indicate  a  significant  different  k  dependence  of  the  mag¬ 
netic  and  Coulomb  backscattering  amplitude  F„,  which 
seems  to  be  correlated  to  the  differences  of  the  distribution  of 
spin  and  charge  density  in  the  neighboring  atom.  The  ratio  of 
the  Co  and  Ni  F^.  amplitudes  scale  directly  with  the  ratio  of 
the  magnetic  moments  per  atom.  Thus  the  described  analysis 
allows  the  determination  of  the  average  magnetic  moment 
carried  by  a  coordination  shell  with  good  accuracy  even  for 
noisy  SPEXAFS  data. 

The  amplitudes  of  F^  correspond  to  relatively  large  ex¬ 
change  contributions  of  the  elastic  scattering  cross  section  of 
more  than  20%  per  magnetic  electron.  On  the  other  hand  the 


FIG.  7.  Top;  the  EXAFS  (■•■)  and  SPEXAFS  (— ),  massured  at  the  ('n  K 
(left)  and  Ni  K  edge  (right)  of  Co  fee  and  Ni  fee  metal  Center;  the  c.ilcu- 
latcd  spin-independent  (■•■)  and  fitted  spin-dependent  part  ( — )  of  the  back- 
■scattcring  amplitude  of  the  first  neighbor  of  Co  fee  (left)  and  Ni  fee  (right). 
Bottom;  the  corresponding  calculated  spin-ir.dcpcndcnt  (■•■)  and  fitted  spin- 
dependent  ( — )  phase  shift. 
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FIG.  8.  1'lic  calculutcU  .spiti-indepcndciil  purl  /■'i,  (lop)  iind  fUtud  spiii- 
dependant  part  (botlom)  of  the  backseullcring  aniplilude  for  Co  (■■•)  and 
Cu  ( — )  of  a  Co(S)  Cu(4)  multilayer. 


exchange  contributions  to  the  phase  shift,  as  seen  from  Fig. 
7,  arc  much  smaller  and  the  .spin-dependent  mean-free  path 
of  the  order  of  less  than  is  found  to  be  negligible.  This 
demonstrates  that  the  SPEXAFS  analysis  can  also  provide 
useful  new  information  on  the  exchange  phenomena  in  the 
interaction  of  spin-polarized  electrons  directly  inside  a  solid 
and  especially  in  comparison  with  corresponding  results 
from  surface-sensitive  electron  spectroscopies. 

SPEXAFS  studies  can  be  applied  even  for  multilayered 
systems  (ML)  to  get  information  on  the  interface  strueture.s, 
as  shown  for  Co/Cu  systems.  Our  calculated  di.stribution  of 
the  magnetic  moments  of  .5Co/4Cu  ML  (Fig.  9)  indicates  a 
small  Cu  polarization  corresponding  to  an  average  spin  and 
orbital  moment  of  m_v(Cu)=().()137/u,„  and  m/ =().()()  1 /x,;, 
which  agree  well  to  our  near-edge  MCD  studies  at  the  NSLS, 
where  we  observed  for  the  first  time  an  induced  Cu  moment 
in  this  ML  of  m\(Cu)=().()  14/x,j  and  m;  <0A)02/u,/i.‘* 

In  MLs  with  strongly  different  magnetic  moments  of 
both  components  as  the  Co/Cu  systems  the  average  magnetic 
moments  of  the  neighboring  Co  and  Cu  atoms  depend  very 
sensitively  on  the  sharpness  of  the  interface.  The  ratio  be¬ 
tween  the  Co  and  Cu  SPEXAFS  amplitudes  resulting  from 
the  exchange  scattering  at  the  first  coordination  shell  should 
be  about  7.3  for  a  sharp  interface  and  reduced  to  ~  1 .9  for  a 
complete  intermixing  of  two  adjacent  atomic  layers.  Thus  a 
comparison  of  the  strengths  of  F^,  deduced  from  the  Co  and 
Cu  SPEXAFS  in  the  ML  (see  Fig.  8)  gives  quantitative  in¬ 
formation  on  the  quality  of  the  interface.  Their  ratio  of  the 
amplitudes  of  —2.0  are  significantly  smaller  than  the  value 
of  7,3  estimated  for  an  ideal  structure  and  can  be  explained 
by  an  intermixing  of  close  to  50%  in  the  first  Co  and  Cu  at 
the  interface. 
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Discussion  of  the  magnetic  dichroism  in  the  x-ray  resonance  scattering 
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The  cross  section  for  the  x-ray  resonance  scattering  is  evaluated  at  tlic  K  edge  for  a  transition  metal 
like  Ni.  The  Green  function  is  calculated  analytically  from  a  model  system.  The  differences  in  the 
spectra  measured  with  different  polarization  can  be  explained  from  these  results.  The  examples 
show  that  the  shape  of  magnetic  dichroism  is  very  sensitive  to  the  spin  polarized  /;  part  of  the  Green 
function. 


I.  INTRODUCTION 

The  x-ray-resonance  scattering  or  tire  anomalous  .scatter¬ 
ing  involves  the  variation  of  the  intensity  of  ti  Bragg  peak  if 
the  photon  energy  crosses  an  edge.  Magnetic  dichroism  can 
be  observed  considering  magnetic  systems  and  u.sing  polar¬ 
ized  x-ray  sources.  Recently  magnetic  dichroism  at  the  K 
and  L  edge  was  analyzed  theoretically  for  ferromagnetie 
transition  metals  where  the  main  source  of  dichroism  is  the 
spin  polarization  of  the  valence  eleetrons.'  The  cross  section 

r/rr/r/Xr |.S'(K)l*|M{q'e';qc)p  (1) 

cun  be  calculated  by  second  order  perturbation  theory.'"' 
The  order  of  magnitude  is  given  by  the  square  of  the  classi¬ 
cal  electron  radius  /  {). 

The  matrix  clement  M  [Eq.  (3(1)  of  Kef.  1  with  terms  1  to 
VII]  depends  on  the  photon  wave  vectors  q,  q'  and  on  the 
polarizations  e,  e'  of  the  incoming  and  outgoing  photon, 
re,spcctivcly.  It  contains  terms  which  de, scribe  the  Thomson 
scattering  (I),  the  magnetic  scattering  (II),  and  the  resonance 
.scattering  (IIl-VIl).  The  terms  VI  and  VII  are  neglected  in 
the  following  di.scussion.  The  resonance  terms  depend  on  the 
structure  of  the  unoccupied  electron  energy  bands.  It  can  be 
expressed  by  the  Green  function. 

Experimental  results  for  nickel  were  presented  by  Nami- 
kawa  ei  al,^  and  Schiitz  ct  al.^'  Namikawa  ct  at.  observed 
magnetic  dichroism  for  the  (220)  reflex  with  lineiir  polarized 
light.  The  polarization  was  chosen  in  the  scattering  plane  and 
the  magnetization  perpendicular  to  the  scattering  plane. 
Schiitz  el  at.  olxserved  magnetic  dichroism  tor  the  (222)  re¬ 
flex  with  circular  polarized  light.  The  magnetization  was  in 
the  scattering  plane.  The  results  of  both  expcrimeiiis  differ 
from  each  other,  and  it  is  one  aim  of  the  paper  to  discuss  the 
magnetic  dichroism  for  different  experimentiil  conditions. 

II.  MODEL  OF  THE  BAND  STRUCTURE 

In  Eq.  (30)  of  Ref.  1  the  electron  states  of  the  unoccu¬ 
pied  part  of  the  electron  energy  bands  are  included  in  the 
Green  function.  The  Green  function  is  expanded  into  lattice 
harmonics,  angular  momentum  parts  in  our  example.  The 
total  Green  function  G  =  6'|  -t-G  [  and  the  spin  polarized  part 
G,.  =  G|-G|  appear  separately.  Different  parts  erf  the  Green 
function  appear  in  the  expressions  III-VII.  They  are  multi¬ 
plied  with  factors  containing  the  photon  wave  vectors  and 
the  polarizations.  To  discuss  the  influence  of  the  different 
factors  we  use  a  simplified  picture  of  the  band  structure  with 
degenerate  parabolic  energy  bands  characterizeil  by  the  pr>- 
sition  of  the  bottom  E'*/,,  and  the  width  W,,,  of  the  bands  for 


the  different  angular  momentum  parts  (/  =  .v,p,r/)  and  spin 
((r=t,l).  These  values  arc  taken  from  the  band  structure  of 
nickel  in  the  numerical  discussion  of  the  following  chapters. 
In  this  model  the  Green  function  of  the  unoccupied  states  can 
be  calculated  analytically 


G(£) 


3 

W 


l-.v,.+  ^ln( 


(  1  -0)(.V,;+fr)\ 

(a-/.  -  rr)(  I  -ha)/ 


(2) 


with 

xp/,=(H,:-t::lj/w,„=i,f/^/(2t+n, 

«?„=(/•-/■;';„)/ w,.,.  (3) 

ii/,f  is  the  number  of  /  electrons  with  spin  <r.  The  behavior  of 
this  function  is  shown  in  Figs.  1  and  2  for  the  p  and  d  part, 
respectively.  In  our  example  the  unoccupied  part  of  the  p\ 
band  lies  in  the  range  from  the  Fermi  energy  (£,.  =())  up  to 
17.4  eV.  Thus,  in  Fig.  1  D\{E)  is  restricted  to  this  range.  The 
real  part  of  the  Green  function  G  i  has  long  tails  below  the 
Feriiii  energy.  It  changes  the  sign  within  the  unoccupied  re¬ 
gion.  Figure  2  sht)ws  the  d  part  of  the  Green  function.  In  our 
example  the  top  of  the  majority  band  lies  at  0.11  eV  and  the 
top  of  the  minority  band  at  0.4.3,  respectively.  The  spin  den¬ 
sity  lm{-Gj/7r)  is  positive  in  the  range  from  the  Fermi 
energy  up  to  tlie  top  of  the  majority  d  band  and  then  it 


I.  The  /)  part  of  the  {jreea  liinetioii  (/'.  imiltiplieil  with  l/rr. 
tint  (i7  rr)  i.s  the  density  of  stales  /)(/■.').  I'he  daslied  lines  indicate  the 
t-erini  ciiet);y  Itl  and  the  lop  (d  the  p  hand,  lespeelively. 
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becomes  negative  up  to  the  top  of  tlie  minority  d  band.  Again 
the  real  part  of  the  Green  function  has  a  long  tail  below  the 
Fermi  energy. 

III.  LINEAR  POLARIZED  LIGHT 

The  polarization  is  given  by 

€=Ui  sin  i/^+Ua  cos  (p  e‘^,  (4) 


where  Uj  is  chosen  to  be  in  the  scattering  plane  (say  yz 
plane)  and  U2  perpendicular  to  it.  ^=0  describes  linear  polar¬ 
ized  light,  ^=±77/2  and  tf/=TTl4  circular  polarized  light.  At 
first  we  choose  ^-0  and  which  corresponds  to  the 

experimental  conditions  of  Namikawa  et  al.^  We  consider  the 
two  opposite  (±Jc)  directions  of  the  magnetization  and  we 
get 
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(5) 


for  the  difference  of  the  intensities.  R  and  N  are  radial  inte¬ 
grals  us  listed  in  Table  111  of  Ref.  1.  The  leading  terms  cor¬ 
respond  to  Eqs.  (2)  and  (4)  of  Ref.  5.  The  notation  follows 
Ref.  1, 

Values  for  the  charge  formfactor  n(K)  and  for  the  mag¬ 
netic  formfactor  n  ,(K)  can  be  taken  from  Zukowski  et  al^ 
They  are  measured  for  the  Bragg  angle  20=90“  which  cor¬ 
responds  to  Aa)=8.62  keV  for  the  (222)  reflex.  The  K  edge 
energy  is  8333  eV.  We  have  20=94°  for  the  (222)  reflex  and 
20=73°  for  the  (220)  reflex.  This  is  an  important  point,  too. 
For  the  (222)  reflex  the  charge  form  factor  contributes  with  a 
small  weight  cos  20=— 0.07  whereas  for  the  (220)  reflex 
this  weight  is  larger  (0.28)  and  of  opposite  sign. 

It  should  be  noticed  that  the  terms  in  Eq.  (5)  contain  the 


FIG.  2,  The  d  part  of  the  total  Green  function  (1  and  of  the  spin-polarized 
Green  function  (7,  multiplied  with  -  l/ir.  The  dashed  lines  indicate  the 
Fermi  energy  (£',,  =()),  the  top  of  the  majority  d  band,  and  the  lop  of  the 
minority  d  band,  respectively. 


factor  D(E).  Therefore  the  spectrum  of  Namikawa  et  al.  is 
restricted  to  the  energy  region  of  the  unoccupied  states.  Fur¬ 
thermore  there  is  no  contribution  to  the  dichroism  from  pure 
magnetic  scattering.  Figure  3  shows  the  results.  The  dichro¬ 
ism  in  the  x-ray  resonance  spectrum  i.s  determined  by  the 
behavior  of  the  p  part  of  the  Green  function.  We  find  nega¬ 
tive  values  near  the  edge  and  positive  values  up  to  the  top  of 
the  band.  The  shape  of  the  curve  is  determined  by  the  shape 
of  density  of  states  of  the  model.  The  spin  polarization  of  the 
p  band  determines  for  the  negative  values  near  the  edge.  As 
known  from  Compton  profiles*'^  there  is  a  negative  spin  po- 


FIG.  .1.  Dichroism  A//(/+  +/  )  for  the  scultering  of  linear  polarized  x  rays 
near  to  the  K  edge.  The  spectrum  is  restricted  to  the  energy  range  of  the 
unoccupied  part  of  p  band.  The  numbers  indicate  the  assumed  value  for  the 
contribution  of  the  p  electrons  to  the  magnetic  moment  per  atom.  The  values 
arc  scaled  by  a  factor  10''. 
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larization  of  the  p  band  in  Ni  with  a  contribution  of 
0.2/ig .  Figure  3  shows  results  for  different  values  of  the 
spin  polarization.  If  we  neglect  this  spin  polarization  at  all 
then  v/e  do  not  get  negative  values  near  the  edge.  Thus,  to 
discuss  measured  spectra  it  is  important  to  calculate  the  spin 
polarization  of  the  p  band  in  detail. 

The  calculated  values  are  smaller  than  the  experimental 
one  for  Ni.^’^  This  is  due  to  the  sirr.ple  model  of  the  band 


structure.  In  the  real  band  structure  of  Ni  the  spin  polariza¬ 
tion  of  the  p  band  is  larger  near  the  Fermi  energy  whereas  in 
the  model  it  is  uniform  over  the  whole  band. 

IV.  CIRCULAR  POLARIZED  LIGHT 

Now  we  consider  the  polarization  (4)  which  corresponds 
to  the  experiment  of  Schiitz  et  at/'  instead  of  Eq.  (5)  we  get 
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which  has  a  quite  uifferent  structure  than  Eq.  (5).  A;  rirst  we 
find  an  essential  contribution  from  the  magnetic 
scattering — a  term  proportional  to  /j(KTnj(K).  Furthermore 
the  contributions  from  the  resonance  scattering  contain  the 
real  pe  t  ol  the  'In’en  function.  As  shown  in  Fig.  1  it  has  a 
'ong  ^’il  I’dow  th:?:  edge.  This  behavior  explains  the  obser- 
/afic"  of  Schi'itz  et  ul.  who  found  essential  contributions  be- 
I'vv  the  edge  in  contrast  to  Nam'kawa  et  al. 

Figure  3  shows  the  dichroism  for  our  example.  The  con- 


FIG.  4.  DicSroirin  Lll(l.,  +/  )  f'"-''  the  scattering  of  circular  pola'izcd  x 
rays  near  lo  tiie  K  edge,  'flic  contribution  of  the  pure  magnetic  scattering 
> as  subtracted.  The  dashed  lines  indicate  the  Fcrnii  energy  (/•.f-O)  and  th;. 
top  of  the  ;■  baud  icspectiee'y.  Th.  .lalucs  arc  .scaled  by  a  factor  10''. 


stant  contribution  from  the  pure  magnetic  scattering  was  sub¬ 
tracted  and  only  the  resonance  contribution  is  shown.  In  con¬ 
trast  lo  Fig.  4  we  find  a  finite  intensity  be.jw  the  Ft*  mi 
energy,  thus  below  the  edge.  Furthermore  the  range  of  n.  ga- 
tive  values  is  much  broader  a. id  the  shape  is  similar  to  the 
behavior  of  the  real  part  of  the  Green  function  in  Fig.  1, 

V.  CONCLUSIONS 

We  have  calculated  the  magnetic  dichroism  in  the  x-ray 
resonance  scattering  in  a  model  for  the  band  structure,  which 
can  be  evaluated  analytically.  The  formo'as  and  the  numeri- 
cal  evaluation  show  what  features  of  the  band  structure  de¬ 
termine  the  characteristic  peaks  found  in  the  experimental 
spectra.  Clearly,  the  Green  function  has  to  be  determined  by 
a  full  band  structure  calculation  to  get  consistence  in  respect 
to  peak  posilion  and  the  order  of  magnitude  with  the  experi¬ 
mental  spectra  in  detail.  Especially  measurements  with  linear 
polarized  light  seems  to  more  suitable,  because  the  influence 
of  the  pure  magnetic  scattering  is  suppressed.  In  this  case  the 
spectrum  .sensitively  depends  on  the  spin-polarized  part  of 
the  Green  function. 
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Uncertainties  in  the  application  of  the  {Lfi/{S.)  sum  rule  to  experimental  spectra  of  V,  Cr,  Mn,  Fe, 

Co,  and  Ni  are  discussed.  An  important  contribution  to  these  uncertainties  is  the  po  isible  presence 
of  dichroism  due  to  diffuse  magnetic  moments,  which  are  knc.vn  to  cxi.st  in  Fe,  Co,  and  Ni. 


X-ray  magnetic  circular  dichroism  (XMCD)  is  the  dif¬ 
ference  in  the  absorption  cross  section  for  photons  with  spin 
parallel  and  antiparal.el  to  the  sample  magnetization.  The 
L2„i  absorption  edges  of  the  magnetically  interesting  3d  tran¬ 
sition  metals  have  ’•cadily  measurable  dichroism  signals, 
making  >'MCD  an  excellent  technique  for  the  study  of  mag¬ 
netism  in  ultrathin  films  and  multilayers.  Theoretical  under¬ 
standing  of  XMCD  can  be  traced  co  work  by  Erskine  and 
Stern'  who  predicted  that  the  XMCD  T3/L2  intensity  ratio  is 
equal  to  —1  for  a  simple  atomiclike  model.  Early  measure¬ 
ments  on  Ni  by  Chen  el  al}  found  values  substantially  dif¬ 
ferent  than  -1.  Later,  Smith  et  al.^  showed  that  agreement 
with  experiment  could  be  improved  by  including  the  i/-band 
spin-orbit  interaction  in  the  calculation.  More  recently,  Thole 
et  al.*  and  Carra  et  al.^  have  derived  sum  rules  which  relate 
the  ground  state  expectation  values  {L,)  and  (5^)  to  the  di¬ 
chroism  spectra  of  atoms.  The  derivation  of  these  sum  rules 
assumes  excitations  into  d  levels  only  and  their  application 
to  solids  is  still  controversial.'’  In  this  article  we  examine  the 
details  of  the  V,  Cr,  Mn,  Fe,  Co,  and  Ni  XMCD  spectra. 
We  point  out  a  number  of  trends  in  the  spectra,  some  of 
which  affect  the  application  of  the  sum  rules.  We  also  discuss 
dichroism  due  to  diffuse  magnetic  moments  and  its  effect  on 
the  application  of  the  dichroism  sum  rules. 

The  experiments  were  performed  on  the  HIM  toroidal 
grating  monochromator  at  the  Synchrotron  Radiation  Center 
of  the  University  of  Wisconsin.’  The  samples  were  magne¬ 
tized  in  situ  by  a  2  kG  electromagnet.  Absorption  spectra, 
(jiheo),  were  obtained  by  measuring  the  total  electron  yield, 
Yitico),  by  moni'oring  the  sample  drain  current.  All  XMCD 
measurements  were  made  on  the  remanent  magnetization  by 
reversing  the  sample  magnetization  and  using  a  fixed  inci¬ 
dent  polarization.  We  have  completed  several  extensive  tests 
of  this  technique"  and  have  identified  experimental  condi¬ 
tions  where  the  approxirnation  i  ;iio)'^hco<r(hw)  is  valid. 

In  Fig.  1  we  shov'  the  XMCD  spectra  of  V,  Cr,  Mn,  Fe, 
Co,  and  ffi.  Samp'  used  were  a  V-Fe  multilayer,  a  sub¬ 
monolayer  film  of  Cr  on  Fe,  a  submonolayer  film  of  Mn  on 
Co,  and  Fe,  Co,  and  Ni  thin  films  grown  on  Cu((H)l),  respec¬ 
tively.  The  energy  of  the  maximum  peak  intensity  in  the 
linear  absorp  .tn  spectra  is  defined  as  the  zero  of  the  energy 
scale.  We  make  the  following  observations  of  the  results  in 
Fig.  1.  The  separation  between  the  L3  and  Lt  peaks  de¬ 


creases  in  going  from  Ni  to  V.  For  V  and  Cr  the  L3  and  L2 
features  are  not  clearly  separated.  The  L ,  peaks  arc  predomi¬ 
nantly  of  negative  intensity  and  the  L2  peaks  of  positive 
intensity.  The  vanadium  Z,  2  Ihe  only  exception  to  this. 
Ni  and  Co  have  negative  shoulders,  B,  on  the  high  energy 
side  of  the  peak.  For  Ni,  the  main  peak  and  shoulder  are 
due  to  d'’  and  d^  initial  state  configurations,  respectively.*' 
We  propose  a  similar  identification  for  the  shoulder  in  the  Co 
spectra.  There  is  also  a  nearly  constant  negative  intensity 
feature  between  the  shoulders  B  and  the  L2  peaks  in  the  Ni 
and  Co  .spectra,  gray  arrows.  The  Fe  Z.3  peak  is  nearly  sym¬ 
metrical,  having  a  small  positive  intensity  shoulder.  The  Mn, 


0  10  20  30 

Photon  Energy  (eV) 


FIG.  I.  V.  C'r.  Mn,  l-V',  C'n,  and  Ni  XMCD  spectra  shown  normalized  to 
con.slani  ,  peak  height.  The  shoulders  labeled  B  are  due  to  multiple  initial 
•State  coiiliguratioiis.  We  identify  the  constant  negative  intensity  features  be¬ 
tween  H  and  I.,  in  the  Ni  and  Co  .spectra,  gray  arrows,  as  due  to  dilfu.se- 
niagnetic  moments. 
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TABLE  I.  Diffuse  moment,  and  ratio  of  diffuse  moment  to  total  mo¬ 
ment,  (%),  for  Ni,  Co,  and  Ec  determined  by  calculation.  Ref.  13,  and 
by  neutron  diffraction  (ND),  Ref.  12.  Values  arc  given  in  /ifl/atom. 


Ni 

Co 

Fc 

Theory 

ND 

Theory 

ND 

Theory 

ND 

Mdiff 

-0.0'' 

-7% 

-0.105 

-17% 

-0.07 

-4% 

-0.28 

-16% 

-0.04 

-2% 

-0.21 
- 10% 

Cr,  and  V  Ly  peaks  have  more  pronounced  positive  intensity 
shoulders.  These  shoulders  are  present  in  atomic  calculations 
for  Mn,  d^,  Cr  d'*,  and  V  d^.'^The  asymmetry  introduced  by 
these  shoulders  shifts  the  peak  maximum  in  the  Z,3  XMCD 
signal  to  —0.2,  —0.6,  and  —0.8  eV  relative  to  the  maximum 
in  the  linear  absorption  spectra  for  Mn,  Cr,  and  V,  respec¬ 
tively. 

We  now  discuss  the  application  of  the  sum 

rule  to  our  experimeiital  results.  From  Carra  et  al.,^ 

(L,)  JRj^+1 

(5,)  3Rm~2' 

where  Rnf= I{L:j)II(L2),  the  ratio  of  the  integrated  dichro- 
ism  intensities.  The  only  uncertainties  involved  in  applying 
this  sum  rule  are  in  the  experimental  separation  of  liLj)  and 
/(/,2)  and  in  the  identification  of  dichroism  intensities  due  to 
non~3d  orbitals.  We  immediately  see  difficulties  in  applying 
this  sum  rule  to  the  Cr  and  V  data  since  the  1 3  and  L  2  peaks 
are  not  clearly  separated.  In  the  Ni  and  Co  spectra  the  con¬ 
stant  negative  intensity  feature  between  the  shoulder  B  and 
the  L  2  peak  must  be  identified.  These  features  are  present  in 
other  published  spectra  but  have  not  been  previously 
interpreted,^'"  It  is  important  to  know  whether  or  not  this 
intensity  is  due  to  excitations  into  3d  orbitals.  If  it  is  not, 
then  its  intensity  should  not  be  Included  in  the  value  for  Ruf . 
If  this  is  the  case,  accurate  models  must  be  used  to  distin¬ 
guish  the  non-3d  contributions  to  the  XMCD  spectra. 

A  possible  source  of  these  constant  negative  intensity 
features  is  from  diffuse  magnetic  moments.  Polarized  neu¬ 
tron  diffraction  studies  have  shown  that  diffuse  magnetic 
moments  are  present  in  Fe,  Co,  and  Ni.'^  This  background 
magnetism  is  assumed  to  be  caused  by  4a'  electrons,  whose 
spin  is  oppositely  polarized  to  the  3d  electrons.  Recent  band 
structure  calculations  on  Fe,  Co,  and  Ni''^  also  predict  a 
negative  diffuse  magnetic  moment  due  to  the  sp-projected 
and  interstitial  moments.  The  results  from  these  calculations 
and  the  neutron  scattering  experiments  are  summarized  in 
Table  I.  Since  L  2,3  absorption  spectra  are  sensitive  to  both  s- 
and  d-electron  levels,  it  is  expected  that  diffuse  magnetic 
moments  will  affect  the  XMCD  spectra. 

To  show  that  the  dichroism  signal  due  to  diffuse  mag¬ 
netic  moments  is  consistent  with  the  experiment  we  use  a 
model  similar  to  that  developed  by  Erskine  and  Stern.'  We 
assume  that  the  empty  d  levels  have  minority  spin  character 
(j.)  and  that  the  diffuse  magnetic  moment  is  described  by 
empty  s  levels  which  have  majority  spin  character  (t).  This 
simple  model  predicts  an  of  —  1  for  excitation  into  both 
the  3d(i)  and  ,y(t)  levels.  Note  that  the  sign  of  the  dichroism 


Photon  Energy  (eV) 


FIG.  2.  Fe,  Co,  and  Ni  XMCD  spectra  from  Fig.  1  shown  on  an  expanded 
scale.  XMCD  signal  due  to  diffusc-mugnctic  moments  in  Ni  and  Co,  .shaded 
area. 


signal  is  the  same  for  excitations  into  these  oppositely  polar¬ 
ized  states.  The  sign  at  the  Z.3  edge  for  both  3d{l)  and  j(t) 
excitations  is  negative  and  the  sign  at  the  L  2  edge  is  positive 
for  both  excitations.  Since  there  is  no  spin-orbit  coupling  in 
the  s  levels  we  expect  RM  =  -i  for  transitions  into  s  orbitals. 
Based  on  a  comparison  of  radial  matrix  elements  the  diffuse 
XMCD  .should  be  small  compared  to  the  3d  XMCD. 

In  Fig.  2  we  show  the  same  Ni,  Co,  and  Fe  spectra  from 
Fig.  1  on  an  expanded  scale  together  with  the  predicted 
XMCD  signal  due  to  diffuse  magnetism  for  both  Ni  and  O  . 
We  observe  no  effects  of  diffuse  magnetic  moments  in  the  Fe 
XMCD  spectra.  The  positive  going  shoulder  on  the  Fe  Z.3 
may  obscure  such  a  feature,  or  the  separation  between  the  Fe 
Z.2  and  Z.3  peaks  may  be  too  small.  We  also  note  that  for  Fe, 
Co,  and  Ni,  the  relative  diffuse  moment  is  smallest  for  Fe 
(Table  1).  The  model  we  have  used  predicts  a  step-function 
line  shape,  which  reflects  a  broad  s  band  with  nearly  constant 
density  of  state.  We  have  assumed  that  R^f  —  -\  so  that  the 
diffuse  XMCD  signal  goes  to  zero  above  the  L2  edge.  While 
the  XMCD  line  shape  due  to  diffuse  magnetic  moments  is 
undoubtedly  more  complicated,  this  simple  model  serves  to 
illustrate  the  importance  of  considering  diffuse  magnetism  in 
XMCD. 

We  have  determined  (Z.j)/(5^)  for  V,  Cr,  Mn,  Fe,  Co, 
and  Ni,  from  our  XMCD  spectra  both  before  and  after  sub¬ 
tracting  contributions  from  diffuse  moments.  These  values 
are  given  in  Table  II  along  with  values  determined  by  neu¬ 
tron  diffraction*^  and  band  structure  calculations'"*  for  ’.'e, 
Co,  and  Ni.  Values  of  {L^)/{S^)  deterniiiud  from  XMCD  are 
larger  than  values  determined  by  neutron  scattering  and  band 
structure  calculations,  but  including  diffuse  moments  im¬ 
proves  the  comparison  for  Co  and  Ni.  The  results  in  Table  11 
show  how  different  interpretations  of  weak  features  in  the 
XMCD  spectra  greatly  affect  the  application  of  the  (/.  ,)/(.V,} 
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TABLE  II.  (L;)/(Sj)  values  obtained  from  results  in  Fig.l  and  dichroLsm 
sum  rules,  compared  to  theoretical  values,  Ref.  14,  and  neutron  diffraction 
(ND),  Ref.  12.  Values  for  Co  and  Ni  were  obtained  both  before  and  after 
subtracting  the  diffuse-XMCD  signal.  The  calculated  value  for  Co  is  for  the 
fee  phase  which  is  present  in  this  experiment.  Errors  given  for  Cr  are  due  to 
overlap  of  L,  and  dichroism  signal. 


Ni 

Co 

Fc 

Mn 

Cr 

XMCD 

0.39 

0.33 

0.17 

0.25 

0.065+0.02 

XMCD-DMM 

0.28 

0.25 

Theory 

0.22 

0.15 

0.08 

ND 

0.17 

0.14 

0.12 

sum  rule.  Uncertainties  of  this  nature  may  limit  the  useful¬ 
ness  of  Ihe  (Lj)I{S2)  sum  rule  to  qualitative  applications. 


ACKNOWLEDGMENTS 

This  work  was  supported  by  the  National  Science  Foun¬ 
dation  Division  of  Materials  Research  under  Grant  No. 


DMR-94-13475.  The  Synchrotron  Radiation  Center  is  a  na¬ 
tional  facility  supported  by  the  NSF  Division  of  Materials 
Research. 

'J.  L.  Erskinc  and  E.  A.  Stern,  Phys.  Rev.  B  12,  5016  (1075). 

^C.  T.  Chen,  N.  V.  Smith,  and  F.  Sette,  Phys.  Rev.  B  43,  6785  (1001). 

’N.  V.  Smith,  C.  T,  Chen,  F.  Sette,  and  L.  F.  Matthci.ss,  Phys,  Rev.  B  46, 
1023  (1002). 

■*8.  T.  Thole,  P.  Carra,  F,  Sette,  and  G.  van  der  Laan,  Phys,  Rev.  Lett.  68, 
1943  (1992). 

•’P.  Carra,  B.  T.  Thole,  M.  Altarelli,  and  X,  Wang,  Phys,  Rev.  Lett.  70,  604 
(lOO.’.l, 

'■R.  Wu,  D.  Wang,  and  A.  J,  Freeman,  Phys.  Rev.  Lett.  71,  3581  (1003). 
’R.  W.  C.  Hansen,  W.  L.  O’Brien,  and  B,  P.  Tonner,  Nucl.  Instrum,  Meth¬ 
ods  (in  press). 

"W.  L.  O'Brien  and  B.  P.  Tonner,  Phys.  Rev.  B  SO,  2963  (1904). 

'*L.  H.  Tjcng,  C.  T.  Chen,  P.  Rudolf,  G.  Meigs,  G.  van  der  Laan,  and  B.  T. 
Thole,  Phys.  Rev.  B  48,  13  378  (1993). 

"’G.  van  der  Laan  and  B.  T.  Thole,  Phys.  Rev.  B  43,  13401  (1901), 

"  Y.  Wu,  J.  Stdhr,  B.  D.  Hermsmeirer,  M.  G.  Samant,  and  D.  Weller,  Phys. 
Rev.  Lett.  69,  2307  (1992). 

'^M.  B.  Stearns,  in  Landolt-Biirnslein  Numerical  Data  and  Functional  Re¬ 
lationships  in  Science  and  Technology,  edited  by  H.  P.  J.  Wijn  (Springer, 
Berlin,  1986),  Group  3  Vol.  19,  Pt.  A. 

'•’O.  Eriksson,  A.  M.  Boring.  R.  C.  Albers,  G.  W.  Fernando,  and  B.  R. 

Cooper,  Phys.  Rev.  B  45,  2868  (1992). 

'■'P.  Sodcriind,  O.  Eriksson,  B.  Johans.son,  R.  C.  Albers,  and  A.  M.  Boring, 
Phys.  Rev.  B  45,  12  911  (1992). 


6484  J,  AppI,  Phys.,  Vol.  76,  No,  10,  15  November  1994 


O'Brien  et  at. 


Spin>specific  photoelectron  diffraction  using  magnetic  x-ray 
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The  first  observation  of  spin-dependent  photoelectron  diffraction  using  circularly  polarized  x  rays  is 
reported  for  monolayer  ferromagnetic  fee  Fe  films  on  Cu(OOl).  Circularly  polarized  x  rays  are  used 
to  produee  spin-polarized  photoelectrons  from  'lie  Fe2p  spin-orbit  split  doublet,  and  intensity 
asymmetries  in  the  2p3l2  level  of  are  observed,  The  asymmetry  is  dependent  on  the  relative 
orientation  of  the  x-ray  polarization  vector  and  the  Fe  magnetic  moment.  This  spin-dependent 
technique  promises  the  direct,  clement-specific  determination  not  only  of  local  atomic  structure,  but 
magnetic  structure  as  well. 


The  last  several  years  have  witnessed  a  massive  growth 
in  the  research  and  development  of  nanoscale  magnetic  ma¬ 
terials.  Perhaps  the  best  review  is  provided  by  the  Falicov 
report’  on  “Surface,  Interface,  and  Thin-Film  Magnetism.” 
Three  general  lessons  can  be  derived  from  this  report.  (1) 
Magnetism  is  one  of  those  special  cases  where  fundamental 
research  can  directly  lead  to  technological  applications;  (2) 
the  key  to  understanding  and  manipulation  of  magnetic  prop¬ 
er! 'es  is  the  subtle  yet  overwhelming  interplay  of  atomic  geo¬ 
metric  structure  and  local  magnetic  properties.  For  example, 
the  giant  magnetorcsistanee  effect  (GMR),  which  is  already 
being  explored  for  technological  exploitation,^  '’  appears  to 
be  intimately  coupled  to  interfacial  and  thin  film  effects  and 
probably  will  require  elementally  specific  probes  for  an  ex¬ 
plicit  determination  of  the  underlying  causes.^"’  This  also 
appears  to  be  the  case  for  spin  valves,”  '’”  another  source  of 
device  miniaturization  in  read  heads  and  magnetic  sensors. 
[While  it  may  eventually  be  found  that  these  two  effects  are 
fundamentally  connected,  for  now  it  appears  that  the  GMR 
effect  (up  to  60%)  is  dependent  upon  an  anti  ferromagnetic 
coupling  through  a  nonferromagnetic  layer  while  the  spin 
valve  effect  {=sl0'%;)  is  associated  with  a  loosely  coupled 
ferromagnetic  layer,”  which  can  be  controlled  externally.]  (3) 
The  importance  of  probes  with  a  direct  spin  dependence.  A 
very  recent  illustration  of  this  is  the  development  of  the  mag¬ 
netic  x-ray  circular  dichroism  using  x-ray  absorption 
and  photoemisrnon’”’”  as  a  probe  of  surface,  monolayer,  and 
multilayer  magnetism.  It  is  this  advantage  that  we  propose  to 
utilize,  as  will  be  described.  However,  before  beginning  that 
discussion,  it  is  useful  to  summarize  the  state  of  of  core-level 
photoelectron  spectroscopy  and  diffraction  at  this  point. 

In  the  case  of  photoelectron  spectroscopy  and  diffrac¬ 
tion,  there  have  been  some  significant  strides  recently.  High 
resolution  core-level  spectroscopy  has  ‘oeen  demonstrated  by 
Himpsel,’”  to  be  a  sensitive  measure  of  oxidation  state  of 
surface  silicon.  Photoelectron  diffraction’”-^’  has  been 
shown  to  be  a  powerful  probe  of  metal  overlayer  structure. 


“’Present  address;  University  of  Missouri-Rolla,  Uepl.  of  Physics,  Rolla,  MO 
65401-0249 


Using  the  internal  spin  polarization  of  the  3,y  state  of  Mn, 
Fadley  et  al.  have  reported  observation  of  spin-specific  pho¬ 
toelectron  diffraction  in  bulk  systems, and  used  it  to  study 
short  range  magnetic  order.  In  attempting  to  extend  such 
measurements  to  metal  overlayer  systems,^”  limitations  to 
this  method  became  apparent.  The  small  3a-  cross  section,  the 
overlap  of  the  split  peaks,  the  large  background  on  which  the 
peaks  rode,  and  the  generally  unknown  spin  composition  of 
the  peaks  all  militate  for  a  better  defined  approach.  This  ap¬ 
proach  must  possess  .some  sort  of  independent  spin  sensitiv¬ 
ity  or  selectivity,  such  as  that  shown  in  Fig.  1,  and  a  more 
rigorous  analysis  based  upon  multiple  scattering  theory.  One 
avenue  to  better  spin  sensitivity  is  the  utilization  of  spin 
detectors,  which  unfortunately  carry  with  them  a  concomi¬ 
tant  loss.  (Efficiencies  of  are  common,  relative  to 

unpolarized  detection.)  Despite  this  handicap  to  spin- 
polarized,  core-level,  photoelectron  spectroscopy,  the  first  re¬ 
sults  were  reported  by  Kisker  et  al.  and  Carbone  el  ul.  look¬ 
ing  at  the  shallow  3p  (Ref.  24)  and  3  a  (Refs.  25  and  26) 
levels  of  bulk  Fe,  Subsequently,  the  measurements  have  been 
extended  to  include  magnetic  overlayers,  demonstrating  ef¬ 
fects  such  as  antiferromagnetic  coupling  between  substrate 
and  overlayer. (In  parallel  with  this,  spin-polarized  photo¬ 
emission  studies  of  valence  band  structure  have  also  been 
pursued.  Recent  examples  include  the  investigations  of  quan¬ 
tum  well  state,  by  Johnson  et  and  Carbone  et  al.,^''^ 
which  suggest  that  these  states  are  connected  to  oscillatory 
interlayer  coupling.  Johnson  has  also  led  the  effort  at  NSLS 
to  extend  their  spin-resolved  measurements  to  include  shal¬ 
low  core  levels.)-”’  Finally,  Roth  et  a/.-"  reported  the  obser¬ 
vation  of  strong  dichroism  effects  in  the  Fe  3p  .spectra  using 
linear  polarization,  with  and  without  spin  detection,  by  using 
specific  high  .symmetry  geometries.  These  first  studies  were 
invariably  done  using  linearly  polarized  soft  x  rays,  and  the 
spin  sensitivity  was  provided  by  electron  spin  polarizers 
coupled  to  energy-analyzers.  An  alternative  means  to  extract 
spin-specific  information  from  core  levels  is  to  use  circularly 
polarized  x  rays  and  the  strong  dipole  selection  rules  that 
govern  these  transitions.  The  observation  of  photoemission 
circular  dichroism  was  first  demonstrated  using  the  Fe  2p 
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FIG.  I .  This  figure  shows  schcmalicaily  the  expcrimimtat  setup.  A  single 
energy  {h  v)  of  electromagnetic  radiation  is  selected  from  the  broad  con¬ 
tinuum  of  synchrotron  radiation  using  a  monochromator.  I'he  photons  cause 
the  ejection  of  photoclcctron.  which  arc  then  collected  by  the  angle  (±3°) 
and  energy  resolving  detector.  The  photons  can  be  linearly  or  circularly 
polariacd.  The  electron  energy  analyzer  can  be  coupled  to  a  spin 
detector  (SD), 


KE  =  w  -  BF  Vo  -  (h 


FIG.  2.  This  schematic  illustralc.s  the  underlying  cause  of  photoclectron 
diffraction:  interference  between  the  direct  and  scattered  waves.  The  inter¬ 
ference  is  dependent  upon  the  details  of  the  local  geometry  and  the  emission 
angles,  the  kinetic  energy  (KE),  and  the  sp'n  of  the  outgoing  electron,  as 
well  as  tlic  sample  niagnetiaation.  The  kinetic  energy  is  varied  by  scanning 
the  photon  energy,  h  v.  The  binding  energy  (fl'’),  the  work  function  (0),  and 
inner  potential  (V,,)  arc  conslunt  for  a  given  stale  and  material  system. 


states  of  bulk  Fe  by  Baumgarten  el  al.  anei  then  ultrathin 
films  of  F'c/Cu(001)  by  Waddill  et  a/,*'  Subsequently,  Kaindl 
et  al.  extended  this  work  to  rare-earth  systems,  with  the  ob¬ 
servation  of  very  strong  effects.'^  More  recently,  a  large  cir¬ 
cular  dichroism  in  the  Fe  3p  emission  from  Fe/Cu(001)  has 
been  observed  and  quantitatively  simulated, using  a  spin- 
specific,  fully  relativistic,  multiple  scattering  theory  that  can 
also  explain  the  large  linear  dichroism  that  was  previously 
observed.^*  It  is  this  spin  selectivity,  based  upon  circular  po¬ 
larization  of  soft  X  rays,  that  we  have  used  to  perform  spin- 
specific  photoelectron  diffraction. 

In  photoelectron  diffraction,  an  electron  is  ejexted  from  a 
core  level  and  can  scatter  or  diffract  off  of  its  nearest  neigh¬ 
bors.  In  the  usual  experiments  a  small  solid  ai.'gle  of  elec¬ 
trons  is  collected  and  linearly  polarized  x  rays  are  used  as  the 
excitation.  From  the  energy  or  angular  variations  of  the  par¬ 
tial  cross  section,  the  local  geometrical  structure  can  be  ob¬ 
tained.  To  gain  sensitivity  to  local  magnetic  structure,  the 
spin  of  the  electron  must  come  into  play  (Fig,  2).  One  way  to 
do  this  is  to  use  circularly  polarized  x  rayj  as  the  excitation: 
tn  this  case  the  2p  peaks  will  be  intrinsically  spin  polarized. 
A  naive  atomic  picture  would  predict  that  the  2py2  would  be 
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FIG.  3.  Spin-specific  photoclcctron  diffraction  using  magnetic  circular  di- 
chroism,  for  cmis,sion  along  the  Cu[lll]  direction.  Because  the  sample  was 
perpendicularly  magnetized,  the  x  rays  were  incident  normal  to  the  surface. 
Experimental  results  arc  shown  as  data  points  with  error  bars.  The  theoreti  ¬ 
cal  results  arc  from  a  spin-specific,  multiple  scattering  calculation  using  an 
iinrclaxcd  fee  model  (o«3.6  A)  for  the  Fe. 
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±25%  polarized  and  the  2pi/2  would  be  +50%  polarized. 
These  spin-polarized  electrons  can  then  be  used  to  determine 
local  atomic  magnetic  structure,  for  example,  to  distinguish 
local  antiferromagnetic  ordering  versus  local  ferromagnetic 
ordering. 

In  fact,  we  have  already  done  the  first  such  experiment. 
In  Fig.  3  is  an  example  of  our  data  collected  using  ferromag¬ 
netic  Fe/Cu(001)  and  circularly  polarized  x  rays  without  spin 
detection.  It  should  be  noted  that  out  measurements  were 
done  in  mirror  planes  and  with  variation  of  both  the  magne¬ 
tization  and  helicity,  to  remove  other  extraneous  effects  and 
as  a  cross-check  upon  our  analysis.  It  is  obvious  from  our 
spectra  that  there  is  a  fundamental  intensity  asymmetry  that 
is  independent  of  exchange-induced  peak  shifting.  A  more 
thorough  discussion  is  provided  elsewhere.'^'*  Thus,  spin- 
dependent  photoelectron  diffraction  can  provide  a  sensitivity 
to  local  .magnetic  order,  similar  to  that  demonstrated  for  spin- 
polarized  extended  x-ray-absorption  fine  structure.^"*’ 

Work  was  performed  under  the  auspices  of  the  U.S.  De¬ 
partment  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  Contract  No.  W-7405-ENG-48.  Work  at 
Wisconsin  was  supported  by  the  U.S.  Department  of  Energy. 
The  authors  wish  to  thank  Karen  Clark  for  her  clerical  sup¬ 
port.  Discussions  with  James  Drug  were  enlightening  and 
enjoyable. 
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IVo-dimensional,  ordered  surface  alloys  of  MnCu  and  MnNi  were  grown  on  Cu(0()])  and  Ni(OOl) 
substrates.  These  surface  alloys,  which  have  structures  that  are  not  present  in  the  bulk  phase 
diagram,  are  highly  corrugated  with  a  c(2X2)  periodicity.  The  stability  of  these  surfaces  has  been 
predicted  theoretically  to  be  due  to  a  gain  in  magnetic  energy  of  the  Mn  atoms.  Using  a  combination 
of  soft  x-ray  absorption  spectroscopy  and  x-ray  magnetic  circular  dichroism  we  find  that  Mn  is  in 
a  high-spin  state  and  is  ferromagnetically  ordered  in  the  MnNi  surface  alloy.  MnNi  surface  alloys 
have  been  grown  with  an  easy  axis  of  magnetization  perpendicular  to  the  surface. 


Ultrathin  films  of  Mn  on  Cu(OOl)  and  Ni(OOl)  have  re¬ 
ceived  much  attention  recently  due  to  the  existence  of  stable 
surface  alloys  which  form  at  1/2  monolayer  (ML) 
coverage. These  surface  alloys  form  at  room  temperature 
and  are  characterized  by  c(2x2)  tow  energy  electron  dif¬ 
fraction  (LEED)  patterns.  LEED  l-V  analysis,*'^  shows  that 
these  surface  alloys  are  highly  corrugated  with  the  Mn  relax¬ 
ing  outwards  by  0.3  A  on  the  Cu  surface  and  0.25  A  on  the 
Ni  surface,  Fig.  1.  This  large  outward  relaxation  results  in  a 
reduction  of  screening  at  the  Mn  sites,  observable  as  large 
binding  energy  shifts  in  the  Mn  3s,  3p,  and  2p 
photoemission.‘‘  The  stability  of  these  highly  corrugated  sur¬ 
faces  has  been  attributed  to  a  gain  in  magnetic  energy  of  the 
Mn  atoms  and  ferromagnetic  ordering  of  the  Mn  atoms  has 
been  predicted.'  Calculated  magnetic  moments  for  Mn  in  the 
surface  alloys  are  high  ' 

In  this  article  we  investigate  the  magnetic  properties  of 
the  MnCu  and  MnNi  c(2X2)  surface  alloys  using  soft  x-ray 
absorption  spectroscopy''  and  x-ray  magnetic  circular  dichro¬ 
ism  (XMCD).*’'^  Both  these  techniques  give  element  specific 
magnetic  information.  The  line  shape  of  the  Mn  £2,3  absorp¬ 
tion  spectra  has  been  shown  to  be  sensitive  to  the  ground 
state  spin  moment  of  the  Mn  atoms. ^  The  XMCD  signal, 

=(a-+-o-_),  is  the  difference  between  the  absorption 
spectra  with  the  photon  spin  parallel  (fr+.)  and  antiparallel 
(cr..)  to  the  sample  magnetization,  M.  The  average  of  the 
two  spectra,  o-o=  l/2((r+  +  fr_),  is  in  most  circumstances 
considered  to  be  identical  to  the  linearly  polarized  absorption 
spectra.  The  intensity  and  sign  of  depends  on  the  relative 
orientation  of  M  and  the  photon  spin,  £,  that  is 
This  is  an  important  property  of  XMCD  since  it  allows  the 
direction  of  M  to  be  determined,  allowing  antiferromagnetic 
coupling  to  be  distinguished  from  ferromagnetic  coupling.*’' 
We  present  our  XMCD  spectra  normalized  to  tr,,  'he  L3 
peak,  o-,v<(ftw)/o-„(Z,3),  in  order  to  discuss  relative  degrees 
of  magnetic  ordering. 

The  experiments  were  performed  on  the  lOM  toroidal 
grating  monochromator  at  the  Synchrotron  Radiation  Center 
of  the  University  of  Wisconsin.  The  beamline  is  equipped 


with  a  water-cooled  copper  aperture  which  allows  the  selec¬ 
tion  of  either  linear,  left-handed  or  right-handed  elliptically 
polarized  photons  in  the  energy  range  200-900  eV.  The  de¬ 
gree  of  circular  polarization  for  this  instrument  has  been  cal¬ 
culated  to  be  85  ±  5  % The  samples  were  magnetized  in  situ 
by  a  2  kG  magnet  and  all  XMCD  measurements  were  made 
on  the  remanent  magnetization  at  room  temperature.  All  ab¬ 
sorption  measurements  were  made  using  the  total  electron 
yield  by  monitoring  the  sample  drain  current.**  For  perpen¬ 
dicular  magnetization  the  photons  were  incident  normal  to 
the  surface.  For  in-plane  magnetization  measurements  the 
photon  angle  of  incidence  was  65°  off  normal  (25°  grazing). 
This  reduces  the  in-plane  signal  by  a  factor  of  0.9  (cos 
25°)  when  compared  to  tr^  signals  for  peipcndicular  mag¬ 
netization.  We  have  corrected  our  measurements  for  this  geo¬ 
metrical  factor  by  multiplying  the  normalized  in-plane  rr^y 
spectra  by  1/cos  (25°). 

Samples  were  made  and  measured  in  an  ultrahigh 
vacuum  system  equipped  with  cryo-shrouded  evaporation 
sources.  Manganese  was  evaporated  from  an  AljOj  crucible 
at  a  rate  of  1  ML  in  5  min.  The  MnCu  c(2X2)  surface  alloy 
was  prepared  by  evaporation  onto  a  clean  Cu(OOl)  single 
crystal  at  room  temperature.  A  sharp  c(2X2)  pattern,  as 
viewed  by  LEED,  was  formed  at  1/2  ML  coverage.  The 


Mn  atoms 

41  Cu  (Ni)  1  layer 


Cu  (Ni)  2.3  layer 


a)  b) 


FIG.  1.  Structural  model  of  (’(2x2)  surtacc  alloy  (a)  lop  view,  (b)  side 
view.  Corrugation.  Az.  is  II. .3  A  for  MiiCu  and  0.25  A  tor  MnNi. 
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FIG.  2.  (Top)  Mn  Ij.s  absorption  spectrum,  (Tq,  for  IS  ML  of  Mn  on 
Cu(OOl),  (middle)  Mn  i2,3‘^o  Mn/Cu(001)c(2X2)  surface  alloy. 

(Bottom)  Theoretical  spectrum  for  high  spin  Hund’s  rule  ground  state,  5  =  5/ 
2,  of  «/*  Mn'^^  from  Ref.  11. 


MnNi  surface  alloy  was  grown  on  two  types  of  fee  Ni(OOl) 
substrate:  a  Ni(OOl)  single  crystal  and  a  20  ML  Ni(OOl)  film 
grown  on  Cu(OOl).  The  ultrathin  Ni  films  are  known  to  have 
a  perpendicular  easy  axis  of  magnetization,  while  the 
Ni(OOi)  single  crystal  has  an  in-plane  easy  axis.^  For  both 
Ni(OOl)  substrates  a  c(2  X  2)  LEBD  pattern  was  formed  after 
deposition  of  1/2  ML  of  Mn.  This  pattern  became  much 
sharper  after  annealing  to  400  K.  The  base  pressure  of  the 
vacuum  chamber  was  5  X 1 0  “  ‘  *  Torr  and  the  pressure  during 
evaporation  was  2X 10”*®  Torn 

In  Fig.  2  we  show  the  Mn  ^  absorption  spectra,  o-q,  for 
the  MnCu  surface  alloy  and  a  15  ML  film  of  Mn  grown  on 
Cu(OOl).  The  two  spectra  are  shown  normalized  to  the  inte¬ 
grated  L2  intensity  and  are  quite  different.  The  spectrum  for 
the  surface  alloy  has  two  shoulders  on  the  main  Z3  peak  and 
the  L2  feature  appears  as  a  doublet.  The  spectrum  for  the  15 
ML  film  is  comparatively  featureless  consisting  of  a  single 
broad  peak  at  both  the  Lj  and  Z-2  edges.  Also  the  L3/L2  inten¬ 
sity  ratio,  Rq,  is  smaller  than  the  15  ML  spectrum.  The  spec¬ 
trum  for  the  15  ML  film  is  very  similar  to  the  absorption 
spectra  for  bulk  Mn.*® 

Also  shown  in  Fig.  2  is  the  theoretical  spectrum  for  high 
spin  atomic  Mn"*  ''  S  —  5/2.  This  calculated  spectrum  is 
from  Fig.  1(e)  of  Ref.  11  and  includes  spin-orbit  coupling  in 
the  d  levels.  The  only  solid  state  effect  included  in  the  cal¬ 
culation  is  an  80%  scaling  of  the  electrostatic  terms  in  the 
Hamiltonian  to  account  for  solid  state  screening.  The  calcu¬ 
lated  high  spin  spectrum  is  in  good  agreement  with  the  ex¬ 
perimental  spectrum  of  the  surface  alloy.  Each  of  the  major 
features  in  the  experimental  spectrum  are  reproduced  in  the 
theoretical  spectrum,  The  relative  intensit)'  ratios  of  the  dif¬ 
ferent  features  also  agree  well.  A  similar  agreement  is  found 
for  the  Mn  absorption  spectrum  in  the  MnNi  surface  alloy. 
These  comparisons  show  that  Mn  in  the  MnNi  and  MnCu 


FIG.  3.  (Top)  Mn  and  Ni  /,2,3  absorption  spectra,  o  .,  solid  line,  and  ir+, 
dashed  line,  for  the  MnNi  t'(2X2)  surface  alloy  grown  on  Ni(OOl).  (Bot¬ 
tom)  Mn  and  Ni  normalized  XMCD  spectrum,  (ru{hw)liruiL}),  showing 
ferromagnetic  ordering  in  both  Mn  and  Ni  and  fctromagnclic  alignment  of 
Mn  to  Ni.  The  film  was  magnetized  in  plane  along  the  [IIU]  axis.  The 
spectra  have  been  multiplied  by  l/cos(25)=l.l  to  account  for  the  photon 
angle  of  incidence. 

surface  alloys  are  nearly  atomiclike  and  have  high  spin  mo¬ 
ments. 

It  is  informative  to  consider  why  the  atomic  calculation 
describes  so  well  the  Mn  absorption  spectra  for  these  surface 
alloys.  We  first  note  that  atomic  calculations  have  been  more 
successful  than  band  structure  calculations  in  explaining  the 
nonstatistical  behavior  of  the  L3/L2  intensity  ratio  in  the  ab¬ 
sorption  spectra  of  first  row  transition  metals.*®  This  is  due  to 
the  localization  of  the  d  orbitals  involved  in  the  transitions 
and  the  importance  of  many-body  excitations.  At  the  surface, 
d  orbitals  are  further  localized  due  to  lower  coordination. 
This  leads  to  an  enhanced  surface  moment  in  magnetic  ma¬ 
terials.  The  outward  buckling  of  Mn  in  the  surface  alloys 
causes  even  more  localization  of  the  d  orbitals  resulting  in  an 
almost  atomiclike  Mn.  The  Hund’s  rule  ground  state  for  Mn 
is  an  S  =  5/2  state.  Therefore,  both  the  atomiclike  CTq 
spectra  and  the  high  spin  moment  are  due  to  the  surface 
corrugation. 

In  Fig.  3  we  show  the  Mn  2,2,3  absorption  spectra  cr^ 
and  a_  and  their  difference  for  the  MnNi  surface  alloy 
grown  on  a  Ni(OOl)  single  crystal.  Mn  is  found  to  be  ferro- 
magnetically  ordered  with  an  in-plane  easy  axis  of  magneti¬ 
zation.  Also  shown  in  Fig.  3  is  the  Ni  cr.,.,  «■„,  and 
spectra  for  the  same  sample.  Both  the  Mn  spectrum  and 
the  Ni  <7^  spectrum  are  negative  at  the  Lj  edge  and  positive 
at  the  Lj  edge.  Mn  is  ferromagnetically  aligned  with  the  Ni 
substrate.  This  is  unusual  since  bulk  MnNi  is  antiferromag¬ 
netic  at  room  temperature.'^  No  remanent  magnetization  was 
found  for  either  Mn  or  Ni  for  magnetization  perpendicular  to 
the  surface.  No  remanent  magnetization  was  found  in  any 
direction  for  the  MnCu  surface  alloy. 

The  MnNi  surface  alloy  was  also  grown  on  a  20  ML  film 
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FIG.  4,  (Top)  Mn  and  Ni  Z,j3  absorption  spectra,  <r_,  solid  line,  and  <r+, 
dashed  line,  for  the  MnNi  t'(2  X  2)  surface  alloy  grown  on  a  20  ML  film  of 
Ni/Cu(001).  (Bottom)  Mn  and  Ni  normalized  XMCD  spectrum, 
showing  ferromagnetic  ordering  in  both  Mn  and  Ni  and 
ferromagnetic  alignment  of  Mn  to  Ni.  The  film  was  magnetized  perpendicu¬ 
lar  to  the  surface.  The  intensities  of  the  normalized  XMCD  spectrum  are  -2 
times  greater  than  those  for  MnNi  grown  on  Ni(OOl),  Fig.  3. 

of  Ni  deposited  on  Cu(OOl).  These  Ni  films  are  known  to 
have  an  easy  axis  of  magnetization  which  is  perpendicular  to 
the.  surface.^  XMCD  studies  of  these  films  show  they  have  a 
similar  cr^  line  shape  as  bulk  Ni  but  that  the  normalized 
Intensity  is  increased  by  almost  a  factor  of  2.®  This  increase 
has  been  attributed  to  magnetic  domains  in  the  bulk  sample, 
which  are  apparently  absent  in  the  thin  films.®  In  Fig.  4  we 
show  the  Mn  and  Ni  absorption  spectra  (r+  and  o-_  and 
their  difference  for  the  MnNi  surface  alloy  grown  on  a 
20  ML  film  and  magnetized  perpendicular  to  the  surface. 
Once  again  the  Mn  is  ferromagnetically  ordered  and  aligned 
with  the  Ni  substrate.  No  remanent  magnetization  was  found 
for  either  Mn  or  Ni  for  magnetization  parallel  to  the  surface. 
The  Mn  line  shape  is  similar  for  the  s\irface  alloy  grown 
on  the  single  crystal  and  the  thin  film.  The  normalized  inten¬ 
sity  of  the  Mn  spectra  is  increased  by  a  factor  of  '-2  for 
growth  on  the  Ni  thin  film,  consistent  with  the  Ni  results 


and  the  idea  of  magnetic  domains  in  the  bulk  sample. 

In  conclusion,  we  have  shown  that  Mn  has  a  high  spin 
moment  in  the  MnCu  and  MnNi  c(2X2)  surface  alloys. 
This  high  moment  results  from  the  corrugation  of  the  surface 
which  localizes  the  Mn  d  orbitals.  ’We  find  Mn  to  be  ferro¬ 
magnetically  ordered  in  the  MnNi  surface  alloy  but  not  in  the 
MnCu  surface  alloy.  Long  range  magnetic  ordering  does  not 
affect  the  stability  of  these  surface  alloys.  We  believe  that  it 
is  the  formation  of  atomiclike  Mn  in  the  Hund’s  rule  ground 
state  which  stabilizes  the  surface  alloy.  For  the  MnNi  surface 
alloy  we  find  that  the  Mn  is  ferromagnetically  coupled  to  the 
Ni  for  substrates  with  in-plane  and  perpendicular  easy  axis  of 
magnetization.  This  is  unusual  since  bulk  MnNi  is  antiferro¬ 
magnetic  at  room  temperature. 

It  is  also  possible  to  grow  thicker  compositionally  or¬ 
dered  MnNi  alloys  with  the  c(2X2)  surface  structure.^  We 
have  measured  the  magnetism  in  these  films  using  XMCD 
and  have  found  ferromagnetic  ordering  for  film  thickness  up 
to  4  ML.  These  results  will  be  discussed  in  detail  in  a  sepa¬ 
rate  publication.’^ 
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The  A/2,3  of  Rh  in  Co-Rh  alloys  shows  measurable  x-ray  magnetic  circular  dichroism.  Such 
dichroism  is  not  present,  however,  for  analogous  alloys  of  Co-Ru.  The  induced  Ru  magnetic 
moment,  if  any,  is  thus  demonstrated  to  be  significantly  smaller  than  the  induerd  Rh  moment  in 
otherwise  similar  Co  alloys. 


X-ray  magnetic  circular  dichroism  (XMCD)  is  a  useful 
technique  for  the  study  of  magnetic  sy.stems.  In  XMCD,  the 
absorption  coefficient  of  circularly  polarized  x  rays  is  mea¬ 
sured  as  a  function  of  photon  energy.  Near  a  core  level  ab¬ 
sorption  edge,  the  absorption  coefficient  is  seen  to  vary  de¬ 
pending  on  the  cosine  of  the  angle  between  the  x-ray 
polarization  and  the  sample  magnetization.  XMCD  can  be 
used  to  determine  the  net  magnetization,  projected  onto  the 
x-ray  polarization  axis,  of  the  individual  elemental  species  in 
a  complex  sample. 

Published  studies  using  XMCD  have  considered  diverse 
systems,  including  the  Xi  edge'  and  edge^  of  the  3d 
transition  metals,  the  £2,3  edge  of  the  Sd  transition  metals,’’ 
and  the  £2.3  earth  of  the  rare-earth  transition  metals.'* 

Absent  from  this  list  are  the  Ad  transition  metals.  The 
reason  for  this  omission  is  that  for  the  transition  metals,  the 
Li  -},  edge  is  preferred  for  XMCD  because  (a)  it  allows  the 
study  of  the  d-like  valence  electrons,  and  (b)  because  it  has  a 
high  signal  to  background  ratio  for  x-ray  ab-sorption."'  How¬ 
ever,  the  angle  of  incidence  required  in  the  energy  range  of 
the  Ad  £2,3  absorption  edges  (2-3  kV),  is  typically  close  to 
Brewster’s  angle  for  most  crystal  monochromators  (=45'’).*’ 
That  is,  the  monochromators  produce  only  linearly  polarized 
X  rays,  independent  of  the  polarization  of  the  incident  radia¬ 
tion.  For  example,  with  100%  circularly  polarized  incident 
radiation  at  the  Rh  £2  edge  (3146  eV),  a  Si(lll)  monochro¬ 
mator  crystal  would  be  held  at  39'’  incident  angle,  and  would 
reflect  only  8%  circularly  polarized  x  rays.  Given  that  the 
XMCD  signal  from  Rh  is  only  4%  using  8."%  polarized  x 
rays  (see  below),  systematic  errors  in,  e.g.,  spectrum  normal¬ 
ization  make  measurements  at  the  Rh  £  edge  unfeasible.  An¬ 
other  approach  toward  the  measurement  of  Rh  XMCD  is 
therefore  indicated. 

In  this  study,  we  evaluate  the  feasibility  of  XMCD  mea¬ 
surements  of  Ad  transition  metal  elements  at  the  A/,  .  ab¬ 
sorption  edge.  Although  the  estimated  signal/backgrownd  ra¬ 
tios  are  low,  such  experiments  may  be  possible  with 
currently  available  grating  monochromators  which  produce  x 
rays  approaching  90%  circular  polarization  in  the  energy 
range  of  interest  for  the  A/  edges  (300  -b(K)  eV).  We  present 


measurements  made  on  intermctallic  alloys  close  to  the 
C075RU25,  Co75Rh25,  and  Co^nRhso  compositions.  The  par¬ 
ticular  alloys  were  chosen  based  on  their  miscibility,  rema¬ 
nent  moment,  and  energy  position  of  their  respective  absorp¬ 
tion  edges  (e.g.,  Pd  was  omitted  due  to  a  conflict  with  the  O 
lx  grating  absorption  edge). 

The  measurements  were  made  at  the  Synchrotron  Radia¬ 
tion  Center  in  Stoughton,  Wl,  on  a  10  m  toroidal  grating 
monochromator.  The  alloys  samples  were  prepared  as  500- 
1000  A  thin  films  on  fused  quartz  wafers  by  codeposition 
using  magnetron  sputtering  at  500  °C.  Alloy  compositions 
were  measured  by  electron  microprobe  analysis  and  absolute 
magnetizations  were  measured  by  superconducting  quantum 
interference  device  magnetometry.  The  samples  were  trans¬ 
ported  to  the  synchrotron  in  air.  To  remove  the  resulting  sur¬ 
face  impurity  layer,  the  films  were  sputtered  in  vacuum  and 
annealed  to  ~300  '’C  prior  to  measurement.  Residual  oxygen 
impurity  levels  were  small  (less  than  1  equivalent  mono- 
layer)  as  determined  from  the  oxygen  Tv  core  absorption 
peak.  The  samples  were  magnetized  in-planc  prior  to  the 
XMCD  measurements,  and  were  measured  in  remanence 
(zero  applied  lield).  We  estimate  the  x  rays  had  about 
85%±5%  circular  polarization^  and  they  were  incident  at 
±65'’  from  the  surface  normal  upon  the  sample,  with  con¬ 
secutive  spectra  taken  at  alternating  angles.  Absorption  spec¬ 
tra  were  measured  using  a  total  electron  yield  technique.  For 
more  information  on  the  measurement  technique,  see  Ref.  7. 

Figure  1  displays  the  XMCD  data  from  the  Co  £7  3  and 
Ru  A/ 2.3  edges  of  a  C075RU25  alloy.  Here  the  .solid  and 
dashed  curves  are  the  absorption  coefficients,  taken  in 
the  two  sample  positions  (magnetization  25'’  or  155'’  with 
respect  to  polarization,  respectively),  and  the  dotted  curve 
thei’’  dilivict'.c"  Regarding  this  data,  we  wish  to  make  .sev¬ 
eral  points;  in  the  Co  spectrum  the  signal  to  background  ratio 
at  the  £  ,  absorption  edge  is  4,  while  at  the  Ru  A/  ,  edge  it  is 
0.15,  or  about  25  times  smaller.  As  a  re.sult.  the  Ru  spectrum 
took  much  longer  to  collect  (about  8  h)  than  the  C.'o  spectrum 
(about  40  min).  The  peak  XMCD  signal,  defined  as 
,y,,-=niax  [(tr,(,3-«  „)/(«, ,,5  +  a  ,,,)],  is  0.032  at  the  Co 
edge,  compared  with  0.21  for  a  saturated  epitaxial  Co  film. 
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FIG.  1.  Circularly  polarized  x-ray  alxiorption  spectra  (solid  and  dashed 
curs'es)  aiid  their  difference  or  diohroisni  (dotted  curve)  from  a  Co^jRuas 
alloy.  The  Co  /.2,3  edge  shows  significant  dichroism  but  the  Ku  M2,3  edge 
docs  not. 


The  low  XMCD  signal  is  caused  by  the  low  saturation  mag¬ 
netization  in  this  alloy  and  by  its  low  remanence  (52%).  At 
the  Ru  edge,  however,  no  XMCD  signal  is  seen.  We  conser¬ 
vatively  place  an  upper  bound  on  Xp  to  be  ssO.OOS  at  the  Ru 
L'i  edge. 

The  data  from  the  C075RU25  alloy  can  be  compared  with 
Fig.  2  showing  spectra  from  a  Co77Rh23  alloy,  Here  >'^-0.12 
at  the  Co  edge.  At  the  Rh  A/2,3  etige  definite  XMCD  is  seen, 
with  ;^p=0.04.  The  induced  Rh  moment  is  parallel  to  the  Co 
moment,  This  alloy  had  66%  remanence,  and  we  can  ex¬ 
trapolate  the  XMCD  measurement  to  determine  that  the  satu- 


Photon  Energy 


FIG.  2.  Spectra  analogous  to  Fig.  I,  except  for  a  Co;7Rh23  alloy.  Here 
significant  dichroism  is  seen  at  the  Rh  ^  edge,  indicating  that  the  Rh 
dcvclop-s  a  significant  magnetic  moment. 
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FIG.  3.  Spectra  analogous  to  Figs.  1  and  2,  except  for  a  Coj^Rhj,  alloy.  The 
Rh  atoms  develop  measurable  magnetic  moments  in  this  alloy. 

ration  Rh  Xp  for  Ihis  alloy  is  0.06.  Mbssbauer  measurements 
of  the  Rlt  moment  in  Fe75Rh25  alloys  indicate  an  induced  Rh 
moment  of  ~1  /u,fl  .*  If  we  assume  that  Rh  develops  a  similar 
moment  in  Co  alloys,  we  may  deduce  an  approximate  pro¬ 
portionality  constant  between  Xp  for  Rh  and  its  moment,  i.e., 
Xp-‘0.06/fiB- 

Figure  3  shows  spectra  from  a  CoayRhsi  alloy.  The  Co 
edge  has  ;^p=0.025.  The  Rh  dichroism  signal  is  only  about  3 
times  the  noise  level,  yet  still  measurable  with  =0.006, 
This  sample  had  40%  remanence,  and  based  on  the  results 
from  the  previous  paragraph,  we  find  the  saturation  Rh  mo¬ 
ment  in  this  alloy  to  be  0,25  yUg .  As  a  guide  to  the  eye,  we 
have  superimposed  a  scaled  version  of  the  Co77Rh23  XMCD 
spectrum  as  a  dashed  curve. 

This  last  result  has  particular  significance  to  our  under¬ 
standing  of  the  C075RU25  alloy  (Fig.  1).  Although  the  Ru 
alloy  possessed  remanent  Co  moments  1.3  times  higher  than 
in  the  Co49Rh5i  alloy,  no  detectable  Ru  moment  was  found. 
If  we  assume  the  same  proportionality  constant  between 
magnetic  moment  and  Xp  for  Ru  as  for  Rh,  we  can  place  an 
upper  bound  on  the  saturation  Ru  moment  in  the  C075RU25 
alloy  of  approximately  U.16  fXg.  Thus  we  find  that  Ru  and 
Rh  behave  qualitatively  quite  differently  when  alloyed  with 
Co. 

In  summary,  we  have  demonstrated  the  feasibility  of 
XMCD  measurements  in  the  4d  transition  metals  using  pho¬ 
ton  energies  below  1000  eV.  We  find  that  the  signal/ 
background  ratio  at  the  4d  A/2,3  edge  is  about  25  times 
smaller  than  at  the  3c/  L2,3  edge,  but  that  this  edge  can  be 
effectively  used  to  study  XMCD  in  the  4c/  transition  metals. 
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Circular  magnetic  x-ray  dichroism  is  a  promising  new  tool  for  the  study  of  spin  and  orbital  moments 
in  fcrromagnetically  ordered  materials,  f  or  rare-earth  systems  the  Li  and  Ly  edge  dichroic  spectra 
give  information  about  the  magnetic  properties  of  the  5f/  conduction  electrons.  This  article 
addresses  a  few  of  the  key  issues  concerning  the  interpretation  of  the  spectra.  In  particular,  the 
quadi  upole  nature  of  the  dichroic  spectra  below  the  L  absorption  edges  and  its  angular  dependence 
is  discussed.  The  important  role  of  the  4/-5r/  exchange  in  causing  a  large  and  important  spin 
dependence  in  the  2p-5d  matrix  elements  is  likewise  examined. 


Because  of  the  strong  electronic  correlations  associated 
with  the  ground  state  of  magnetic  materials,  there  is  an  old 
but  continuing  problem  on  how  to  best  formulate  a  model 
capable  of  quantitative  analysis.  With  the  advent  of  dedicated 
synchrotron  sources  a  new  tool,  circular  magnetic  x-ray  di¬ 
chroism  (CMXD),  has  become  available  and  may  eventually 
prove  as  valuable  as  magnetic  neutron  scattering  in  helping 
to  sort  out  the  micro.scopic  details  of  the  magnetic  ground 
state.  An  attractive  feature  of  CMXD  is  its  ability  to  yield 
elemem  and  shell  specific  information  about  the  .separate 
spin  and  orbital  magnetic  moments,  even  in  complicated 
magnetic  materials.  In  this  article  we  concentrate  on  several 
issues  which  arise  when  trying  to  interpret  features  of  the 
observed  spectra  for  the  L  edges  in  rare-earth  materials.  Al¬ 
though  the  first  CMXD  measurements  on  rare-earth  materials 
(Gd  and  Tb)  were  reported  in  1988,'  there  already  exists  a 
fairly  large  literature  on  the  subject,  which  we  cannot  ad¬ 
equately  review  in  this  short  paper. 

In  the  analysis  of  the  L  edge  x-ray  dichroism  experi¬ 
ments  on  Gd  a  simple  model  was  used  to  compare  the  ex¬ 
perimental  spectra  with  a  theoretical  spin  difference  <1  den¬ 
sity  of  states.'  The  obvious  disagreement  was  noted.  I’he 
question  arose  whether  when  dealing  with  high  energy  pho¬ 
tons  and  the  creation  of  a  core  hole  the  single  par  tide  picture 
is  valid.  Certainly  an  atomic  picture  with  full  muhiplet  con¬ 
siderations  is  required  for  the  A/ 4  and  M  ^  spectra  of  the  rare 
earths  (involving  dipole  transitions  from  the  2d  core  states  tr) 
the  highly  local  4/  states),’  However  a  self-consistent,  rela¬ 
tivistic,  spin-polarized  band  structure  calculation  was  ex¬ 
tremely  successful  in  reproducing  the  dichroic  spectra  of  Orl 
for  the  Li  and  edges,-’  thus  indicating  the  single  particle 
picture  may  be  adequate  for  the  very  itinerant  5d  states.  The 
experimental  data  also  exhibit  some  structure  below  the  Ti 
and  absorption  edges,  and  these  features  were  quantita¬ 
tively  accounted  for  by  using  an  atoinir;  model  to  evaluate 
the  2p-4f  quadrupole  transitions.’  Similar  atomic  calcula¬ 
tions  were  carried  out  to  explain  the  variation  of  these  below 
edge  features  in  the  dichroic  spectra  across  the  entire  heavy 
rare-earth  series.’  There  is  good  agreement  with  experiment.’ 
The  rea.son  these  quadrupole  features  appear  below  the  L 
edges  is  that  the  core  hole  is  more  attractive  for  the  localrzcd 
4/  states  than  for  the  itinerant  'Sd  states. 
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These  first  calculations  also  included  a  quantitative  pre¬ 
diction  for  confirming  the  quadrupolar  character  of  the  below 
edge  structure.  There  is  an  expected  difference  in  the  angular 
dependence  of  the  dipole  and  quadrupole  spectra  as  one  var¬ 
ies  the  direction  of  the  magnetization  relative  to  the  wave 
vector  of  the  incoming  light.’  For  .some  rare  earths  (e.g..  Ho 
and  Er)  the  angular  difference  is  expected  to  be  large  and 
was  looked  fur  experimentally,  with  no  success,'’""  We  have 
.speculated  on  possible  explanations  for  the  negative  results 
of  these  experiments.'’  We  believe  the  simplest  explanation 
which  should  lie  checked  first  involves  the  lack  of  complete 
magnetic  alignment  that  has  been  obtained  so  far  in  the  ex¬ 
periments.  Ihere  are  two  causes  for  the  lack  of  alignment: 
(1)  experiments  dune  on  powders  that  have  the  easy  axis  of 
grains  misaligned  (not  the  case  for  samples  with  grain  align¬ 
ment  or  with  very  small  anisotropy),  and  (2)  the  mi.salign- 
meiit  caused  by  thermal  fluctuations  (not  a  problem  at  tem¬ 
peratures  that  are  very  low  compared  with  the  magnetic 
ordering  temperature).  To  dcmon.stratc  the  rather  large  sensi¬ 
tivity  of  the  difference  between  dipole  and  quadrupole  angu¬ 
lar  dependence  to  temperature,  we  consider  an  isolated  ion  of 
holmium.  We  neglect  crystal  field  effects  (which  can  also 
reduce  the  expected  difference).  The  integrated  spectra  for 
the  2p-4j'  quadrupole  transitions  can  be  decomposed  into 
two  terms,  one  with  a  /’ 1  ( f))  =  cos(  f))  dependence,  and  the 
erlher  with  a  w)sTf))-3]cos(6))/2  dependence.'"'" 

The  first  term  has  an  angular  dependence  identical  to  the 
2p-5d  dipolar  transitions,  so  it  is  only  the  second  term  that 
gives  the  quadrupolar  transitions  at  different  angular  depen¬ 
dence.  If  we  take  the  \JM}  4/  states  as  equally  spaced  in 
energy  (no  crystal  field  effects)  and  evaluate  the  magnitude 
of  the  factor  multiplying  the  term  for  Ho,  we  get  the 
dependence  shown  in  Fig.  1.  This  figure  indicates  under  ideal 
conditions,  that  if  the  experimental  4/  nniment  is  at  70%  of 
its  zero  temperature  saturated  value,  then  the  term  is  al¬ 
ready  reduced  by  a  factor  of  b!  We  are  not  aware  of  any 
experiments  that  have  been  done  in  such  a  way  that  the  mag¬ 
netic  alignment  was  sufficient  to  make  a  definitive  statement 
about  the  quadrupolar  angular  dependence,  although  several 
groups  are  planning  such  measurements  in  the  near  future. 

Another  interesting  aspect  of  the  L  dichroic  spectra  for 
rare  earths  is  the  sign.  It  was  a  surprise  when  the  first  spectra 
for  Gd  were  analyzed  and  interpreted  as  indicating  more  spin 
up  than  spin  down  unoccupied  5d  states.  This  is  inconsistent 
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FIG  1.  The  Py  term  for  the  quadrupolar  part  of  the  diehroie  spectra  of  Ho 
as  a  function  of  the  magnetic  moment  (relative  to  the  zero  temperature 
saturated  moment). 

with  there  being  a  net  spin  up  conduction  electron  moment 
of  0.63  /ifl/atom  moment.  Figure  11  of  Ref.  1  compares  the 
difference  in  the  5d  spin  density  of  states  (DOS)  from  a  band 
structure  calculation  with  that  derived  from  the  measured 
diehroie  speetra.  Based  on  a  simple  model  the  experimental 
spectra  indicate  a  dominant  positive  spin  DOS  above  Ep, 
while  the  theory  has  a  dominant  negative  spin  DOS.  These 
authors  comment  “This  obvious  disagreement  may  indicate 
a  modification  of  the  5d  spin  density  spectrum  by  the  polar¬ 
ized  core  hole  created  by  absorption  of  a  circularly  polarized 
photon.”  This  same  sign  problem  has  also  recently  been  dis¬ 
cussed  for  rare-earth  intermetallic  compounds  by  Giorgetti 
et  al}^  who  suppose  that  it  is  due  to  an  open  4/  shell.  As 
mentioned  earlier,  the  full  band  structure  calculations  with 
dipole  matrix  elements  are  able  to  accurately  reproduce  the 
dipolar  part  of  the  experimental  diehroie  spectra  above  the 
1-2  and  Z,3  edges;  so  that  it  is  not  necessary  to  invoke  core 
hole  or  many  body  interactions  to  explain  the  sign.  In  a  pre- 
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vious  publication  we  briefly  discussed  the  resolution.''  The 
fid  radial  functions  in  rare  earths  with  open  4  /'  shells  have  a 
strong  spin  dependence.  This  is  illustrated  in  Fig.  2  for  the 
Gd  atom.  The  5d  orbitals  by  themselves  arc  too  spread  out 
and  the  5r/  band  too  broad  to  support  a  magnetic  ground 
state,  and  it  is  the  5d  exchange  interaction  with  the  localized 
Af  orbitals  (which  have  a  peak  in  probability  well  within  1.0 
au)  that  is  responsible  for  inducing  the  magnetistn  in  the 
conduction  electron  bands.  The  observed  conduction  electron 
moment  scales  with  the  total  spin  of  the  4/  stales  across  the 
rare-earth  series.  The  Ip  radial  function  has  its  peak  in  prob¬ 
ability  just  inside  0.1  au  and  the  dipole  matrix  elements  be¬ 
tween  the  2p  and  5d  orbitals  are  very  spin  dependent,  with 
the  matrix  elements  for  the  majority  spin  up  5d  states  being 
20%-30%  larger  than  the  corresponding  5d  spin  down  states 
at  the  same  energy.  The  effect  of  the  matrix  elements  is  dem¬ 
onstrated  in  Figs.  3  and  4.  In  the  first  we  plot  the  (up-down) 
difference  in  the  DOS  for  Gd  calculated  with  the  linear  aug- 
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mented  plane  waves  (LAPW)  method,  using  several  energy 
panels  above  Ey.  The  DOS  has  been  set  to  zero  below  A'/, 
and  broadened  with  a  6  eV  Urrcntzian.  The  broadening  rep¬ 
resents  the  large  (  —  3.5  eV)  gore  hole  and  final  state  lifetime 
and  the  experiment.il  resolution.  It  cun  be  seen  that  the  spin 
down  DOS  dominates.  Now  we  take  the  same  data  set  and 
multiply  the  spin  up  DOS  by  1.25  before  making  the  sub¬ 
traction.  The  results  shown  in  Fig.  4  show  that  it  is  now  the 
spin  up  spectrum  that  “wins.”  There  is  sufficient  spin  up  d 
character  to  the  bands  extending  to  high  energies  that  the 
integrated  spectrum  never  switches  sign  to  indicate  a  net  spin 
down  moment.  This  means  that  a  recently  ilerived  sum  rule'* 
involving  the  net  spin  is  invalid  fur  the  case  of  /  edge  sjhc- 
tru  involving  rare-earth  5<f  bauds.  It  is  interesting  howescr 
that  a  related  sum  rule  tor  the  net  orbital  moment''*  vielded 
reasonable  estimates  when  applied  to  the  amorphous  and 
crystalline  OdFei  dichroic  sjK’ctra.''  It  is  still  uncleai  il  the 
orbital  moment  sum  rule  will  retain  its  useliiincss  in  .ill 
cases,  and  v,hy. 

We  have  Irenefitcd  from  eonversaiions  with  l>i  V  F 
Antr<*p<iv  and  Dr.  H.  T.  Thole,  and  with  Piotessor  A  1  tiold 
man  and  Professor  (i.  Schut/  Ibis  work  w.is  siipjHiried  bs 
the  U.S.  Department  of  F.netgy.  Ollice  ol  ll.isic  I  neigv  Sni 
cnees,  Vfalerials  Sciences  Division  Ames  laiHu.iioiv  is  o(> 
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Circular  dichroism  in  core-level  photoemission  from  nonmagnetic 
and  magnetic  systems:  A  photoelectron  diffraction  viewpoint  (abstract) 

A.  P.  Kaduwela 
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dll. hiix'.iii  111  llii  iidictiiil  prnii'''^  iiuoKid  photocicctli'ii  cmis-'ion  VS'e  will  here  dliisltale  dial 
plinliK'leeiiiMi  ddli,«iiii>ii  ilM)'  itieiir\  prtis  ides  a  Iruittul  sias  nl  aiiah/iii):  diclirnisiii  dala  Inr  Imlli 
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Eiemental  determination  of  the  magnetic  moment  vector  (abstract) 

H  J  Lin,  G  Meigs,  and  C.  T.  Chen 
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Kcceiills,  see  liasc  slinsvn  dial  magnetic  circular  dichroism  (MCD)  can  be  used  to  obtain  element 
sjxcilic  iii.igiictic  lusicrcsis  (liSMIii  loops  of  beleroinagnelic  systcm.s,'  By  using  magnetic  circular 
die  liinism  I  M(  I)  1  we  ma|i  the  ilirec  nrtlingonal  components  of  the  magnetic  moment  vector  of  each 
eleiiieiii  nl  ,i  siintigls  i‘)0  )  coupled  l■'e,||('07,/Mn/Fe„|C'07„  single  crystal  trilayer  helerostructure  as 
,1  luiiitinii  nl  ,ipplicd  magnetic  field.  The  intensity  of  the  MCD  of  the  Mn  l.2,^  absorption  edges 
ile.iiK  shows  di.ii  the  Mil  possesses  a  fcrromagiietically  aligned  net  magnetic  moment. 

I  ijiiheiiiioie,  dll  nulls iilual  clement  specific  hystersis  curves,  when  followed  through  the  magnetic 
iiieis.ii  piiHcss,  leseals  ,i  detailed  description  of  the  rnagneti/alion  reversal  in  the  presence  of  both 
1  Ill'll  .(iiisoiiops  ,iiul  stioiie  escli.inge.  I'liis  vividly  demonstrates  the  capability  of  this  technique  to 
ni.d\/i  dll  iti.ieneiie  iiioiiieiii  leiersal  process  i  the  presence  of  stioiigly  competing  interactions. 
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Coupled  Multilayers,  Thin  Films,  J.  Ankner 

and  GMR  and  M.  Filipkowski,  Chairmen 


Hybrid  NiFeCo-Ag/Cu  multilayers:  Giant  magnetoresistance,  structure, 
and  magnetic  studies 

J.  D.  Jarratt  and  J.  A.  Barnard 

Department  of  Metallurffical  and  Materials  tliiftineering,  The  University  of  Alabama. 

TiLsealiMtsa,  Alabama  .l5d>i7-0202 

Giant  magnctorcsistancc  (GMR).  crystal  structure,  and  magnetic  properties  have  been  investigated 
in  sputtered  Ni,.,,Fc|,,Co|K-Ag/Cu  hybrid  granular  multilayer  thin  films.  High  angle  x-ray  diffraction 
(MXRD)  was  used  to  reveal  the  overall  film  structure  and  growth  texture  and  low  angle  XRD  was 
u.scd  to  investigate  the  periodicity  and  flatness  of  the  multilayer  structures.  Hysteresis  loops  for  the 
as-deposited  Ag-rich  films  show  supcrparamagnetic  behavior  (and  conventional  granular  GMR) 
which  docs  not  saturate  in  14  kOc.  Very  NiFeC'o-rich  films  arc  magnetically  soft  and  exhibit  induced 
in-planc  uniaxial  anisotropy. 


I.  INTRODUCTION 

Giant  magnetoresistance  (GMR)  in 
nctic  multilayer  thin  films,'  discontinuous 
and  in  gi.  ular  phase  separated  alloys'*  ''  has  been  the  sub¬ 
ject  of  much  recent  study.  We  have  recently  investigated  the 
composition  dependence  of  GMR  and  structure  in  “thick" 
(>1000  A)  NiftftFeiftCoiK-Ag  single  layer  phase  separating 
films.^  In  this  article  we  analyze  the  effect  of  layering  and 
reduced  dimensions  on  the  same  alloy  in  a  multilayer  geom¬ 
etry  using  Cu  spacers. 

II.  EXPERIMENTAL  METHODS 

These  films  were  computer-controlled  dc  magnetron 
sputter  deposited  at  100  W  and  two  different  sputtering  pres¬ 
sures  (2  and  15  mTorr)  with  ultrahigh  purity  argon  in  a  Vac- 
Tec  model  250  side  sputtering  system  with  a  base  pressure  of 
3X10“''  Torr  onto  C  irning  7059  glass  substrates.  A  perma¬ 
nent  magnet  was  positioned  behind  each  substrate  providing 
a  90  Oe  field  parallel  to  the  substrate.  The  granular  layer  was 
cosputtered  from  a  NiftsFeifiCois  target  partially  covered  with 
Ag  foil.  This  resulted  in  a  composition  gradient  that  was 
perpendicular  to  the  induced  easy  axis  in  the  films.  The  com¬ 
position  of  the  granular  layers  ranged  from  AgjoFM^o  to 
Ag48FM52  (at.  %)  for  films  deposited  at  2  mTorr  and  from 
Ag28FM72  to  Ag72FM28  for  films  deposited  at  15  mTorr, 
where  FM  stands  for  the  NiFeCo  ferromagnetic  portion  of 
the  film.  The  granular  layer  thickness  was  varied  from  25  to 
55  A  and  the  Cu  spacer  layer  thicknet  es  investigated  were 
20  and  24  A.  The  granular  layers  have  a  thickness  gradient 
(the  Ag-rich  end  is  ~25%  thicker  than  the  Ag-poor  end  due 
to  the  faster  sputtering  rate  of  the  Ag  foil).  The  granular  film 
thicknesses  reported  are  the  average  thicknesses.  Slightly 
better  MR  magnitudes  were  observed  throughout  in  samples 
with  a  Cu  spacer  thickness  of  20  A  rather  than  24  A.  The 
sputtering  rates  were  determined  from  reference  film  steps 
measured  on  a  Dek-Tak  llA  surface  profilometer. 


magnetic/nonma^- 
multilayer  films.*  ' 


Composition  was  determined  with  a  JEOL  SWK)  Electron 
Probe  Microanalyzer.  Magnetic  properties  were  measured  on 
a  Digital  Measurement  Systems  vibrating  sample  magneto¬ 
meter  model  880.  X-ray  diffraction  (XRD)  was  performed  on 
a  Rigaku  D/Max-2BX  XRD  System  with  thin  film  attach¬ 
ment.  The  MR  measurements  were  made  at  room  tempera¬ 
ture  using  a  four-point  probe  assembly  with  the  applied  cur¬ 
rent  and  ea.sy  axis  of  the  film  both  perpendicular  to  the 
applied  magnetic  field  except  where  designated  on  aniso¬ 
tropic  magnetoresistance  (AMR)  results.  The  annealing 
(.1(X)  “C  for  30  and  60  min)  was  done  in  a  quartz  tube 
wrapped  in  heating  tape  with  an  overpressure  of  flowing  pu¬ 
rified  argon.  A  magnetic  field  of  50  Oe  was  maintained  in  the 
films'  easy  axis  direction  during  the  anneal  using  magnetic 
coils  outside  the  tube. 

III.  EXPERIMENTAL  RESULTS 

Broadly  speaking,  two  different  as-deposited  MR  (dR! 
with  a  maximum  applied  field  of  12.5  kOc)  behaviors 
were  seen,  where  dR  is  the  change  in  resistivity  of  the  film 
from  zero  applied  magnetic  field  to  the  maximum  field  and 
is  the  resistivity  of  the  film  in  the  maximum  applied 
field.  In  the  Ag-rich  compositions  a  very  rounded  MR  profile 
was  observed.  As  the  NiFeCo  component  is  increased  the 
MR  profile  sharpens.  A  small  low  field  AMR  component 
(—0.2%)  was  observed  in  the  most  NiFeCo-rich  samples.  We 
were  unable  to  saturate  the  GMR  in  the  available  field.  The 
granular  composition  giving  the  largest  GMR  magnitudes  for 
the  samples  prepared  at  2  mTorr  was  ~Ag44FM5f,  and  for  t'ne 
15  mTorr  samples  it  was  AgsoFM^o,  both  being  —4%.  The 
evolution  of  the  GMR  profile  versus  FM  fraction  for 
(NiFeCo-Ag  35  .and  55  A/Cu  24  A)X10  appears  in  Fig.  1 
(the  profiles  are  offset  for  clarity).'  We  note  two  important 
differences  between  the  GMR  observed  in  these  hybrid  struc¬ 
tures  and  single  layer  films  of  the  same  granular  alloy;  the 
GMR  magnitude  is  reduced  by  ~5()%  and  the  composition  at 


6478  J.  Appl.  Phys.  76  (10).  15  November  1994 


0021  -0979/94/76(1 0)/6478/3/$6.00 


©  1994  American  Institute  of  Physics 


Field  (kOe) 

FIG.  1.  MR  loops  for  u  series  of  granular  layer  compositions  for  as- 
deposited  and  annealed  (3(M)*’C,  30  min)  hybrid  granular  multilayer  films 
(NiFcC'u-Ag  35  A/Cu  24  A)x  10. 

the  maximum  GMR  is  much  more  FM  rich  (~5()%  vs  30%) 
in  the  layered  structures.^  A  significant  reduction  in  MR  ratio 
with  film  thickness  has  recently  been  reported  in  Co-Ag  al¬ 
loy  hlms."  The  same  study  also  reported  a  slight  increase  in 
the  Co  composition  corresponding  to  the  maximum  MR  ratio 
in  200-  vs  2000-A-thick  films.  The  composition  shift  we  re¬ 
port  is  much  larger,  but  our  individual  granular  layers  arc 
also  much  thinner  than  200  A.  This  phenomenon  may  be 
associated  with  a  transition  from  three-dimensional  to  quasi- 
two-dimensional  behavior.  The  percolation  threshold  is  much 
higher  in  a  two-dimensional  lattice  than  the  corresponding 
three-dimensional  lattice.** 

Annealing  caused  a  decrease  in  MR  magnitude  for  the 
FM-rich  samples  while  the  overall  profile  was  maintained. 


FlCi.  .3.  High  unglv  6-2(1  XRD  scans  for  (a)  as-deposiled  and  (b)  annealed 
(.3tKl 60  min)  hybrid  granular  mulliluvcr  films  (NiFeCo-Ag  55  A/C'u  24 

A)X10. 

Ag-rich  films  displaying  an  as-deposited  broad  profile  expe¬ 
rienced  an  increase  in  MR  magnitude  upon  annealing  along 
with  a  distinct  sharpening  of  the  MR  peak.  Beyond  a  critical 
Ag  concentration.  (~Ag<uFM45  for  15  niTorr)  the  GMR 
magnitude  increases  with  annealing  (Fig.  2).  A  similar  trend 
with  a  critical  composition  of  Ag^oPMsi)  was  seen  for 
samples  prepared  at  2  mTorr.  This  transition  was  previously 


FIG.  2.  MR  magnitude  vs  granular  layer  composition  for  as-deposited  and 
annealed  hybrid  granular  multilayer  films  (NiFcCo-Ag  35  klC\i  24  A)x  10 
and  (NiFcCo-Ag  55  AyCu  24  A)xl(l.  (The  curves  arc  guides  for  the  eye.) 


FIG.  4.  Low  angle  6-26  XRi)  scans  for  a.’i  as-deposiled  and  annealed 
(3(M)  °C’.  60  min)  hybrid  granular  multilayer  film  |  AgvilNiFe('ol,ii  55  A/('u 
24A]x10. 
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FIG.  5.  M-H  hystcrc.sis  loops  for  us-deposiled  iind  annealed  (.1(Kt“C‘,  Wl 
min)  hybrid  granular  multilayer  Dims  with  (a)  both  easy  and  hard  axes 
shown  for  [Agj^lNiFcColjj  55  A/Cu  24  AjxlO  and  (h)  easy-axis  llhis 
sample  was  nearly  isotropic)  Uwps  for  [  Ags^tNiFeC'olj,  55  A/Cu  24  A)x  10. 


reported  for  single  layer  NiFeCo-Ag  granular  films  grown  al 
15  mTorr  with  a  more  Ag-rich  critical  composition  of 
'~Ag<^)|FMi2.’  Because  the  average  FM  particle  size  is  ex¬ 
pected  to  increase  with  the  FM  fraction,  the  critical  concen¬ 
tration  is  naturally  also  associated  with  a  critical  FM  particle 
size.  Annealing  shifts  the  maximum  GMR  composition  to  the 
more  Ag-rich  films  (this  is  also  found  in  single  layer  films).’ 

As-deposited  high -angle  XRD  data  revealed  Cud  11) 
peaks  consistently  and  increasing  Ag(ill)  peak  intensities 
with  increasing  percentage  of  Ag;  the  films  are  strongly  (111) 
textured  [Fig.  3(a)].  A  systematic  shift  in  the  Cut  111)  peak  to 
lower  angles  with  increasing  Ag  content  is  noted  in  the  as- 
deposited  films.  The  Cu(lll)  peaks  are  observed  at  angles 
lower  than  bulk  values.  Explicit  NiFeCo  peaks  arc  not  ob¬ 
served.  Upon  annealing,  both  the  Cu  and  Ag(Ill)  peaks 
sharpened  and  intensified  with  the  Ag  peak  increase  more 
pronounced  [Fig.  3(b)].  Interestingly,  following  the  anneal, 
the  Cu(  111)  peak  position  is  now  independent  of  Ag  content 
and  its  position  is  now  at  a  slightly  higher  angle  than  bulk. 
The  asymmetry  of  the  Ag( 111)  peaks  for  annealed  FM-rich 
samples  may  be  as.sociated  with  the  growth  of  NiFcCt)  par¬ 
ticles.  The  </  spacing  derived  from  Ag(  111)  peaks  from  the 
as-deposited  films  is  smaller  than  the  bulk  Ag(  111)  value. 
Annealing  causes  an  increase  in  the  d  spacing  up  to  nearly 
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the  bulk  value,  in  agreement  with  the  single  layer  results.’ 
The  low-angle  XRD  (LXRD)  peaks  (Fig.  4)  indicate  reason¬ 
ably  good  periodicity  in  the  multilayer  structure  in  the  as- 
deposited  state  which  allows  for  a  calculation  of  the  bilayer 
thickness.  A,  that  agrees  well  with  the  calibrated  sputtering 
rate  data.  Annealing  has  a  small,  nonsystematic  effect  on  the 
LXRD  spectra, 

M-H  hysteresis  loops  from  very  FM-rich  (e.g., 
Ag28FM72)  samples  display  induced  uniaxial  anisotropy  that 
decreases  slightly  with  annealing  while  the  coercivity 
slightly  increases  [Fig.  5(a)].  These  surprisingly  soft  loops, 
which  display  no  further  increase  in  M  at  higher  fields,  indi¬ 
cate  that  very  FM-rich  granular  layers  are  behaving  much 
like  simple  NiFeCo  alloy  layers.  The  NlFeCo  alloy  in  the 
NiFeCo-Ag  layer  most  likely  forms  a  physically  continuous 
matrix  with  the  Ag  existing  as  particles  (an  “inverted’’ 
granular  layer).  As  the  Ag  concentration  in  the  granular  layer 
increased  (ferromagnetic  concentration  decrease)  the  M-H 
loops  tend  toward  superparamagnetism  associated  with  a 
small  FM  component  particle  size  [Fig.  5(b)].  Annealing  of 
this  Ag-rich  sample  results  in  a  mce  easily  saturated  M-H 
loop  probably  resulting  from  an  incrc.\sc  in  FM  component 
particle  size. 

IV.  CONCLUSIONS 

Layering  of  NiFeCo-Ag  granular  alloys  with  Cu  spacers 
does  not  improve  either  the  GMR  magnitude  or  field  sensi¬ 
tivity  when  compared  with  thick  single  layers  of  the  same 
alloy.  However,  the  composition  dependence  of  GMR  is 
strongly  affected  by  the  multilayer  geometry  with  thin  layers 
of  NiFcCo-Ag  separated  by  Cu  behaving  similar  to  thick 
single  layers  of  much  higher  Ag  content.  We  also  find  that 
very  soft  uniaxial  multilayers  can  be  grown  with  Ag  compo¬ 
sitions  as  high  as  22%  in  the  FM  layer. 
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Some  FeNi-Ag  granular  films  of  composition  Fcn  43Ni(,  35Agjj2,22  (sample  A)  and  Fe7  (,2Niift  4Ag75  9ij 
(B)  were  prepared  by  using  rf  magnetron  sputtering,  and  once  deposited  were  rapidly  annealed  at 
600,  650,  and  750  °C.  All  samples  displayed  giant  magnetoresistance.  The  zero-field-cooled  and 
field-cooled  processes  evidence  the  segregation  of  ferromagnetic  particles  with  a  broad  size 
distribution.  The  temperature  and  magnetic  field  dependence  of  the  resistance  is  analyzed.  The 
magnetoresistance  follows  a  W'  law  at  high  fields  and  it  decays  from  its  maximum  value  with  a  V” 
behavior,  with  m  approaching  1  at  high  fields. 


i.  INTRODUCTION 

The  discovery  of  giant  magnetoresistance  (GMR)  effects 
in  a  variety  of  antiferromagnetically  coupled  transition-metal 
multilayers'  has  opened  a  new  amazing  research  field  not 
only  from  the  fundamental  point  of  view  but  also  from  the 
technological  one.  Recently,  this  extraordinary  effect  has 
also  been  found  in  granular  alloys"  consi.sting  of  a  distribu¬ 
tion  of  nonaligned  nanocrystalline  ferromagnetic  particles 
embedded  in  a  nonmagnetic  metallic  matrix.  In  both  kinds  of 
systems,  the  resistivity  strongly  drops  as  the  magnetic  field 
orients  the  magnetic  moments.  Concerning  theoretical  expla¬ 
nations,  both  the  existence  of  u  spin-dependent  potential 
scattering  either  at  the  interfaces  or  in  the  bulk  of  ferromag¬ 
netic  layers  (or  particles)  and  the  role  of  the  unfilled  </  bands 
of  the  transition  metal  constituent  (.hrough  an  asymmetric 
density  of  states  for  majority-  and  minority-spin  d  bands)’^  '' 
have  been  taken  into  account  in  order  to  correlate  GMR  with 
the  microscopic  parameters.  The  magnitude  of  GMR  has 
been  found  to  be  a  sensitive  function  of  both  the  size  of  the 
ferromagnetic  particles  and  the  concentration  of  the  ferro¬ 
magnetic  material  in  the  alloy.  The  former  effect  is  postu¬ 
lated  to  be  due  to  the  existence  of  an  optimum  particle  size, 
determined  by  the  conduction  electron  mean  free  path  or  spin 
diffusion  length.  Larger  particles  result  in  a  reduction  of 
GMR  as  a  result  of  the  decrease  in  particle  .surface-to- 
volume  ratio.'  The  latter  effect  is  believed  to  be  due  to  the 
onset  of  percolation,  which  acts  So  couple  the  particles 
ferromagnetically.'”'  We  present  in  this  article  the  tempera¬ 
ture  and  magnetic  field  dependence  of  the  resistance  of 
NiFe-Ag  granular  alloys  presenting  GMR.’ 

II.  EXPERIMENT 

Ag-Ni-Fe  films  of  thickiiess  2(K)-.1(X)  nm  were  rf  sput¬ 
tered  onto  glass  microscope  slides  using  a  Nordico  2(K)0 
sputtering  system.  The  base  pressure  was  less  than  2x10  ’ 
Torr,  the  sputtering  pressure  was  8  mTorr  of  argon  and  the 
sputtering  power  was  .1(K)  W.  The  target  used  consisted  of  a  4 
in.  Ag  (99.999%)  disc  onto  which  were  placed  NiKiiFe^o  and 
Fe  U.2S  Ciii'  squares  arranged  in  a  mosaic  pattern.  In  order  to 
promote  post-deposition  phase  segregation  and  magnetic  par¬ 
ticle  growth,  strips  of  about  7  mm  wide  were  rapidly  ther¬ 
mally  annealed  in  a  custom  built  vacuum  system.  Three  an¬ 


nealing  temperatures  were  investigated:  600,  650,  and 
750  °C,  and  these  were  reached  in  20  s,  2  min,  and  3  min, 
respectively.  Resistance  and  magnetoresistance  (MR)  of  all 
samples  were  measured  by  an  ac  four-point  probe  technique 
in  the  temperature  range  20-300  K  and  in  magnetic  fields  up 
to  12  kOe.  The  relative  geometry  among  the  film  plane,  the 
electrical  current,  and  the  magnetic  field  was  set  by  three 
ways:  (a)  the  electrical  current  and  the  magnetic  field  are 
parallel  to  the  film  plane  (parallel  geometry);  (b)  the  in-plane 
magnetic  field  is  perpendicular  to  the  electrical  current 
(transversal  geometry):  and  (c)  the  magnetic  field  is  perpen¬ 
dicular  to  both  the  electrical  current  and  the  film  plane  (per¬ 
pendicular  geometry).  The  zero-field-cooled  (ZFC)  and  licld- 
coolcd  (FC)  processes  at  low  fields  and  the  magnetization 
curves  at  5  K  up  to  55  kOe  were  carried  out  by  applying  the 
magnetic  field  along  the  film  plane  using  a  superconducting 
quantum  interference  device  magnetometer. 


III.  RESULTS  AND  DISCUSSION 

The  .structure  of  some  of  the  thin  films  (d»='5()  nm)  were 
investigated  by  transmission  electron  microscopy  (TEM)  in  a 
modified  JEOL2(KX)  electron  microscope.  Films  were  depos¬ 
ited  onto  Si  substrates  into  which  a  SiN  covered  window  had 
been  etched  and  were  found  to  have  a  strong  (111)  texture.  A 
number  <  i  films  were  also  investigated  by  using  a  Philips 
x-ray  d.. fraction  (XRD)  system.  This  confirmed  the  strong 
(111)  texturing  but  in  neither  the  TEM  nor  the  XRD  was  any 
clear  evidence  of  phase  segregation  of  the  Ni  or  Fc  from  the 
Ag  matrix.  Magnetic  and  transport  properties  were  measured 
on  films  which  had  composition  Fcn  4,Ni,,  ^Ag^,  22  (sample 
A)  and  Fe7,,2Ni|,,4Ag7S9K  (sample  B).  As  both  samples  were 
rapidly  annealed  at  6(X),  6.S(),  and  7.50  °C',  we  will  refer  to 
them  as  Alas  cast),  A(6(X)),  A(65()),  A(750),  Bias  cast), 
B(6(X)),  B(650),  and  B(75()),  respectively. 

Figure  1  shows  the  ZFC-FC'  processes  for  sample  A(65()) 
measured  at  1(X)  Oe.  The  ZFC  displays  i<  broad  maximum  at 
Tnf”^22  K,  suggesting  the  existence  of  a  broad  size  distribu¬ 
tion  of  ferromagnetic  particles.  As  magnetic  irreversibility 
persists  up  to  high  temperature,  we  expect  very  large  par¬ 
ticles  to  be  present  in  the  sample.  We  plot  in  Fig.  2  the 
magnetization  curve  of  the  same  sample  at  .5  K.  A  detail  of 
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FIG.  1.  ZFC  and  FC  processes  measured  at  100  Oe  for  sample  A(650). 


the  hysteresis  circle  is  displayed  in  the  inset,  showing  that 
the  coercive  field  is  small  (about  150  Oe). 

The  temperature  dependence  of  the  ratio 
-/?„(r,H)/f?(T,W=0)  [with  Rm(T,H)  =  R(T,H  =  0) 
-R{TM)]  in  the  parallel  geometry  for  samples  A(650)  and 
B(65U)  are  plotted  in  Figs.  3  and  4,  respectively.  All  the  rest 
of  the  samples  display  very  similar  experimental  features. 
The  maximum  MR  values  urc  obtained  for  samples  B(6S0) 
and  A(65()),  suggesting  that  the  optimum  annealing  tempera¬ 
ture  is  about  650  °C  in  this  Ag  compositional  range.  MR  is 
larger  for  sample  B1650)  than  for  sample  A(6SU)  because  of 
the  larger  amount  of  ferromagnetic  entities.  As-cast  samples 
display  smaller  MR  than  annealed  samples  due  to  the  segre¬ 
gation  of  ferromagnetic  particles  in  the  latter.  Results  con¬ 
cerning  the  rest  of  annealing  temperatures  and  other  Ag  com¬ 
positions  will  be  published  elsewhere.  Figures  3  and  4 
evidence  that  MR  is  largely  susceptible  at  low  fields.  We 
have  also  detected  that  MR  is  more  susceptible  in  the  in¬ 
plane  geometries  than  in  the  perpendicular  geometry,  which 
is  only  due  to  the  demagnetizing  field  (and  it  is  not  assvtci- 
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FIG.  2.  Isolhcrmul  magiiclizalion  curve  at  .s  K  (or  sample  AtMO).  Insci: 
detail  of  the  hysteresis  cycle  at  .S  K  for  the  same  sample. 
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FIG.  3.  -f?j/(r/H)/K(7',/f=0)  as  a  function  of//  at  different  temperatures 
for  sample  A(6SU)  in  the  parallel  geometry.  Solids  tines  indicate  the  best  ht 
of  the  data  to  the  H"  law.  Temperatures;  (□)  21.6  K;  (O)  46.1  K;  (•)  73.6 
K;  (A)  102  K;  (☆)  149.2  K;  (0)  196.4  K;  (*)  245  K:  (X)  290  K. 


ated  with  an  intrinsic  in-plane  magnetocrystalline  anisot¬ 
ropy)  because  there  is  no  difference  between  the  MR  in  the 
parallel  and  transversal  geometry.  All  measurements  have 
been  recorded  with  increasing  and  decreasing  field,  and  we 
observe  a  slight  irreversibility  at  low  temperatures  below  the 
coercive  field. 

We  have  analyzed  the  temperature  dependence  of  the 
MR  as  Mattson  et  aL^  by  defining  the  MR  as 
Rm(T,H)  =  R(TM  =  0)-R(T,H),  where  R{T,H)  is  the  re- 
si.stancc  measured  at  a  temperature  T  and  in  an  applied  field 
H.  The  total  resistance  at  T  and  H  is  assumed  to  be  given  by 
R(T,H)  =  R,^  +  R,jiT)  +  RM{T,H),  where  R,,  ‘s  the  resis¬ 
tance  due  to  defects,  R,j(T)  is  the  temperature  dependent 
resistance  due  to  phonons  and  magnons.  We  show  in  Fig.  5 
the  temperature  dependence  of  Ri^{T,H)  at  different  fields 
for  sample  A(650).  W^^(7,//)  displays  a  monotonic  increase 


FIG.  4.  ~Ri^(Tlll)IR(T,}l  =111  as  a  funclion  of//  al  different  temperatures 
for  sample  H(6.S0)  in  the  parallel  geometry.  Solids  lines  indieate  the  best  fit 
of  the  data  to  the  H"  law.  Temperatures:  (111  21. .5  K;  tO)  45.9  K;  !•)  73.7 
K;  (A)  102.4  K;  149,6  K;  I  0  1  197.H  K;  1*1  24.S.9  K;  lO  2S2.1  K, 
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FIG.  5,  Ri^(T,H)  vs  T  at  various  fields  for  sample  A(650).  Magnetic  fields; 
(O)  1  kOc;  (■)  2  kOe;  (•)  4  kOe;  (□)  6  kOe;  W  12.1  kOc.  Inset; 
vs  T  at  the  same  fields  for  the  same  sample. 


as  temperature  goes  down,  which  is  in  agreement  with  the 
progressive  blocking  of  the  ferromagnetic  particles  (Fig.  1). 
We  plot  in  the  inset  of  Fig.  5  the  temperature  dependence  of 
at  various  fields  for  the  same  sample.  We  notice 
that  is  perfectly  linear  with  T  in  the  whole  tem¬ 

perature  range  20-290  K  when  the  magnetic  field  is  the 
maximum  available  in  our  experimental  setup 
kOe),  and  that  the  linear  law  Rf^(T,H)^'^  versus  T  is  fol¬ 
lowed  in  a  smaller  temperature  range  as  we  reduce  the  mag¬ 
netic  field.  The  same  1/3  exponent  and  temperature  depen¬ 
dence  of  R^{T,H)  is  found  for  sample  B(650).  If  we 
extrapolate  the  data  at  T =0,  we  obtain  the  Ri^{T=0,H)  and 
we  may  define  ^RM=RM(T=0,H)-R»(T,H).  The  log-log 
plot  of  versus  T  is  displayed  in  Fig.  6  for  sample 
A(650)  at  2  and  12.1  kOe.  The  slope  of  the  plot  yields  the 
exponent  m  in  the  relationship  AR^f’^T'”,  and  this  power 


FIG.  6.  Log-log  plot  of  the  temperature  dependence  of 
=  at  (■)  2  kOe  and  at  (☆)  12.1  kOe  for  the 

sample  A(650).  Solid  lines  correspond  to  the  best  fit  of  the  data  to  a  7’’"  law. 


law  gives  us  an  idea  of  the  underlying  scattering  mechanism. 
It  is  evidenced  that  the  temperature  range  in  which  the  power 
law  is  accomplished  increases  with  magnetic  field  (as  ex¬ 
pected,  since  the  MR  saturates  at  large  fields).  The  exponent 
m  slightly  increases  with  H  and  .seems  to  tend  to  about  1, 
which  is  smaller  than  the  and  laws  found  by  Mattson 
et  al.^  in  Fe/Cr  multilayers.  These  behaviors  are  attributed  to 
the  thermal  excitation  of  magnons.  The  temperature  depen¬ 
dence  of  the  MR  of  granular  materials  is  complicated  by 
there  being  a  distribution  of  particle  sizes  and  therefore 
blocking  processe.s.  We  might  tentatively  attribute  the  tem¬ 
perature  dependence  of  at  high  fields  to  the  thermal 
excitation  of  magnons  with  a  smaller  exponent  in  the  T"'  law 
due  to  the  reduction  of  the  magnetic  system  dimensionality. 

Concerning  the  field  dependence  of  the  MR,  we  have 
observed  that  R^^{T,H)/R(.T,0)  follows  a  H"  behavior  at 
high  fields  (above  about  6000  Oe),  as  was  found  by  N'igam 
et  al?  in  Au87Fei3  cluster  gla.ss.  Solids  lines  in  Figs.  3  and  4 
indicate  the  best  fit  of  the  data  to  the  H"  law.  The  « -exponent 
monotonically  increases  with  temperature,  ranging  from  0.18 
at  21.6  K  to  0.86  at  290  K  for  samples  A(650),  and  from  0.13 
at  21.5  K  to  0.76  at  282.1  K  for  sample  B(650).  The  error  in 
n  is  about  0.02.  This  monotonic  temperature  behavior  evi¬ 
dences  the  progressive  blocking  of  the  ferromagnetic  par¬ 
ticles,  without  being  a  freezing  state  corresponding  to  a  spin 
glass  behavior.  Also,  n  is  always  smaller  than  the  /i  =2  value 
expected  for  a  pure  paramagnetic  state,^  signaling  that  mag¬ 
netic  correlations  persist  even  at  room  temperature  and/or 
larger  particles  are  still  blocked  at  this  temperature,  since  the 
size  distribution  of  ferromagnetic  particles  seems  to  be  very 
broad  (see  Fig.  1). 
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The  effects  of  magnetoannealing  on  the  giant  magnetoresistance  (GMR)  in  Fe^Ag,()()_^.  granular 
films  26,  29,  33,  37,  and  60)  were  investigated.  The  thin  films  were  annealed  in  a  presence 

of  magnetic  field  of  3  kOe  at  different  temperatures  of  300,  400,  and  500  °C  using  various  annealing 
times.  It  is  found  that  the  anisotropic  GMR  characteristics  were  developed  when  Fe-Ag  granular 
thin  films  were  annealed  in  the  presence  of  a  magnetic  field.  The  anisotropic  GMR  characteristics 
of  the  thin  films  were  closely  related  to  the  magnetic  anisotropy  developed  along  the  field  direction 
during  magnetoannealing. 


I.  INTRODUCTION 

A  considerable  number  of  studies  have  been  conducted 
on  the  giant  magnetoresistance  (GMR)  effect  in  magnetic 
multilayers  with  antiferromagnetic  interlayer  coupling’  *  and 
magnetic  granular  films  with  nonconnecting  ferromagnetic 
particles  embedded  in  a  paramagnetic  matrix,''''*  due  to  their 
high  potential  for  application  for  various  kinds  of  sensors, 
i.e.,  a  magnetic  head  for  high  recording  density.  Among  these 
materials,  the  magnetic  granular  thin  films  arc  investigated 
by  many  researchers  because  they  can  be  easily  fabricated 
over  large  areas  using  usual  thin  film  processes.  Most  of  the 
work,  however,  is  confined  to  the  isotropic  GMR  in  a  micro¬ 
scopic  point  of  view. 

Traditionally  it  has  been  well  known  that  the  anisotropic 
properties  of  magnetic  materials  are  used  to  maximke  the 
required  magnetic  properties  and  magnetoannealing  is  one  of 
the  most  convenient  methods  to  develop  the  magnetic  anisot¬ 
ropy  in  magnetic  materials. 

In  this  article,  Fe^Agi,„)_^.  (^"=15,  26,  29,  33,  37,  and 
60)  granular  thin  films  were  deposited  on  slide  glasses  (Qing 
Huang  Dao  Medical  Glasses  Co.,  1.2  mmX26  mmX76  mm) 
and  annealed  in  a  presence  of  magnetic  field  of  3  kOe  at 
different  temperatures  of  300,  400,  and  500  "C  in  a  vacuum 
of  5X10“^  Pa  or  a  high  purity  nitrogen  atmosphere  to  de¬ 
velop  an  anisotropic  GMR.  The  effects  of  magnetoannealing 
on  the  GMR  and  magnetic  properties  of  Fe-Ag  granular  thin 
films  were  investigated. 

II.  EXPERIMENTAL  PROCEDURES 

Ag-Fe  granular  thin  films  were  prepared  by  dc  magne¬ 
tron  sputtering.  The  target  was  composed  of  6-cm-diam  Ag 
disk  (99.9  at.  %  purity)  and  iron  chips  (99.9  at.  %  purity). 
The  composition  of  the  granular  thin  films  was  controlled  by 
adjusting  the  number  of  iron  chips  attached  on  the  Ag  disk. 
Prior  to  deposition,  the  target  was  presputtered  at  0.5  Pa  for 
30  min.  The  sputter  conditions  are  summarized  in  Table  1. 

The  magnetic  annealing  of  thin  films  was  carried  out  at 
different  temperatures  of  300,  400,  and  500  °C  in  a  vacuum 
of  5X10^^  Pa  or  a  high  purity  nitrogen  (99.99%) 
atmosphere.  There  was  no  difference  in  the  electrical  and 
magnetic  properties  between  vacuum  and  N2-atmosphcrc  an¬ 


nealed  samples  in  this  annealing  temperature  range.  A  mag¬ 
netic  field  of  3  kOe  was  applied  in  an  in-plane  direction  of 
the  films. 

The  magnetoresistance  was  measured  by  using  a  con¬ 
ventional  four-point  configuration  on  a  specimen  of  3  mmX8 
mm  with  the  magnetic  field  of  20  kOe  perpendicular  to  cur¬ 
rent  within  the  film  plane  at  room  temperature.  TXvo  direc¬ 
tions,  i.e.,  parallel  and  perpendicular  to  the  magnetic  field 
direction  of  annealing  were  measured  to  compare  the  mag¬ 
netic  annealing  effect  of  the  thin  films. 

An  x-ray  diffractometer  and  a  vibrating  sample  magne¬ 
tometer  were  used  to  analyze  the  microstructure  and  mag¬ 
netic  properties  of  the  films,  respectively.  A  scanning  elec¬ 
tron  microscope  was  used  to  analyze  the  composition  of  the 
thin  films. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  change  of  GMR  as  a  function  of 
Fe  content  in  the  as-sputtered  Ag-Fe  granular  films.  The 
GMR  reported  here  is  referenced  to  the  maximum  re¬ 
sistivity  at  zero  magnetic  field  and  it  is  defined  as 
^f>/P//-(i=(P/.'-P;/  =  ())/P//  =  ().  where  and  p„  denote 
the  resistivity  at  zero  magnetic  field  and  field  //„  respectively. 
One  can  .see  that  the  GMR  value  is  very  sensitively  depen¬ 
dent  upon  the  chemical  composition  of  thin  films.  There  is. a 
narrow  optimum  composition  range  around  Fe2^Ag7, ,  and  in 
both  the  Fe-poor  and  Ag-poor  regime  the  GMR  decreases 
rapidly,  which  is  in  agreement  with  the  result  of  Xiao  et  al^ 

As-sputtered  Fe-Ag  thin  films  were  annealed  in  a  pres¬ 
ence  of  magnetic  field  of  3  kOe  at  different  temperatures  of 
300,  400,  and  500  °C  for  various  times.  The  structural 
change  of  the  samples  was  characterized  by  x-ray  diffraction. 


TABLE  I.  Sputtering  conditiim.s  for  Fc-Ag  granular  thin  films. 


Background  prc.ssutc 

4X1(1  ■'  Fa 

Sputter  pressure 

0.5  Pa 

Sputter  ga.s 

Ar 

Sub.stratc  temperature 

room  temperature 

Input  power 

0,1  AX4()0  V  dc 

Film  thickncs.s 

0,2  /ill) 
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FIG.  1.  The  change  of  GMR  as  a  function  of  Fc  content  in  the  as-sputtered 
Ag-Fe  granular  films. 


FIG.  .'i.  GMR  curves  of  easy  and  hard  directions  in  Fc2.)Ag7i  thin  films 
annealed  at  4(X)  °C  for  80  min  in  an  N,  atmosphere. 


The  diffraction  patterns  of  Fe2i>Ag7,  as  sputtered  and  magne- 
toannealed  at  400  °C  for  30  min  are  shown  in  Fig.  2.  For  the 
as-sputtered  film,  a  large  peak  attributable  to  (111)  plane  of 
Ag  is  detected,  which  indicates  that  a  strong  (111)  preferred 
orientation  was  developed  in  the  film.  With  magnetoanneal¬ 
ing,  the  peak  for  (111)  plane  of  Ag  becomes  sharp  and  a 
small  broad  peak  around  44.3°  is  observed.  The  small  peak 
may  be  attributed  to  (200)  plane  of  Ag  and  (110)  plane  of  Fe 
because  djoo  of  Ag  and  r/im  of  Fe  are  similar.  The  intensity 
of  the  small  peak  was  increased  with  increasing  Fe  content  of 
thin  films,  which  strongly  suggested  that  the  peak  include  the 
peak  of  (110)  plane  of  Fe. 

The  anisotropic  GMR  characteristics  are  developed  in 
annealed  thin  films  with  respect  to  the  direction  of  magnetic 
field  during  annealing,  i.e.,  parallel  (easy)  and  perpendicular 
(hard).  For  the  thin  films  annealed  at  300  and  400  °C,  the 
shape  of  the  GMR  curves  was  significantly  different  between 
the  easy  and  hard  direction  of  thin  films.  For  FcisAgg,  thin 
film  annealed  at  400  °C  for  10  min,  we  observed  that  the 
GMR  curve  became  almost  linear  in  a  hard  direction.  Figure 


FIG.  2.  X'fay  diffraction  patterns  of  Fc2<^g7]  thin  films  as-sputtcrod(A)  and 
magnctoanncaled  at  4{X)  °C  for  30  min  in  an  N2  atmosphcrc(B). 


3  shows  the  GMR  curves  of  Fe2c,Ag7i  annealed  at  400  °C  for 
80  min.  As  can  be  seen  in  Fig.  3,  the  GMR  curve  of  the  easy 
direction  becomes  sharper  than  that  of  the  hard  direction. 
The  difference  in  GMR  values  between  these  two  directions 
is  not  considerably  large  although  GMR  values  in  easy  di¬ 
rection  is  always  larger  than  those  in  the  hard  direction. 
However,  there  is  the  considerable  difference  in  GMR  values 
between  easy  and  hard  direction  for  the  films  annealed  at 
500  °C.  Figure  4  shows  the  variation  of  GMR  values  of 
Fe2vAg7)  with  annealing  time  at  different  temperatures  of 
400  and  500  °C.  It  can  be  seen  from  Fig.  4  that  the  GMR 
values  of  these  thin  films  increase  with  annealing  time,  reach 
the  maximum  at  about  80  and  40  min,  respectively,  and  de¬ 
crease.  The  difference  in  GMR  values  between  ea.sy  and  hard 
direction  is  larger  in  the  sample  annealed  at  500  °C  than  that 
at  400  °C.  To  understand  the  cause  of  this  difference  between 
easy  and  hard  direction,  the  M-H  loop  of  Fe2yAg7i  annealed 
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FIG.  4.  The  variation  of  GMR  values  of  Fe-yAg,,  with  annealing  lime 
at  different  temperature  of  400  (N.  almo.sphere)  and  ,S00  “C  (vacuum 
atmosphere). 
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FIG.  S.  The  M-H  loop  of  Fc2vAg7i  thin  film  annealed  at  500  °C  for  40  min 
in  a  vacuum  atmosphere. 


at  500  °C  for  40  min  was  measured  and  the  result  is  shown  in 
Fig.  5.  The  coercivities  of  easy  and  hard  direction  are  210 
and  180  Oe,  respectively,  from  Fig.  5.  The  difference  in  the 
M-H  loop  shape  and  coercivity  indicates  that  the  magnetic 
anisotropy  is  developed  along  the  magnetic  field  direction 
during  annealing.  Therefore,  the  anisotropic  GMR  character¬ 
istics  of  Fe-Ag  thin  films  annealed  in  the  presence  of  mag¬ 
netic  field  is  closely  related  to  the  magnetic  anisotropy  be¬ 
cause  except  for  GMR  measuring  direction,  the  other 
conditions,  e  g.,  sputtering  condition,  composition,  annealing 
condition  of  thin  films  were  the  same.  The  small  difference 
in  GMR  values  between  easy  and  hard  direction  in  the 


sample  annealed  at  400  °C  shown  in  Fig.  4  can  be  explained 
by  small  magnetic  anisotropy  due  to  low  annealing  tempera¬ 
ture. 

In  this  study,  the  origin  of  the  magnetic  anisotropy  is  not 
elucidated  yet.  Further  study  on  this  point  is  suggested. 

IV.  CONCLUSION 

It  is  found  that  the  anisotropic  GMR  characteristics  were 
developed  when  Fe-Ag  granular  thin  films  were  annealed  in 
a  presence  of  magnetic  field.  The  shape  of  GMR  curves  was 
different  between  easy  and  hard  direction  when  the  thin  films 
were  annealed  at  300  and  400  °C.  But  the  difference  of  GMR 
values  was  small.  For  the  thin  films  annealed  at  500  °C,  there 
was  considerable  difference  in  GMR  values  between  easy 
and  hard  direction  which  was  closely  related  with  the  mag¬ 
netic  anisotropy  developed  along  the  field  direction  during 
magnetoannealing. 
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The  magnetotesistance  of  FeAg  granular  films  with  optimum  composition  has  been  systematically 
studied  as  a  function  of  film  thickness.  It  was  found  that  the  giant  magnetoresistance  increases 
rapidly  with  increasing  film  thickness  in  the  initial  stage,  and  beyond  about  500  A  the  improvements 
become  limited.  The  saiuration  field  was  also  found  lO  rise  with  increasing  film  thickne.ss. 
Transmission  electron  microscope  studies  showed  that  with  the  increase  of  film  thickness  the 
microstructure  becomes  more  homogeneous,  with  smaller  grains  and  fewer  structural  defects  such 
as  twins.  A  discussion  of  the  influence  of  microstructure  on  magnetoresistance  an  j  saturation  field 
is  presented. 


I.  INTRODUCTION 

The  discovery  of  giant  magnetoresistance  (GMR)  in 
multilayer  systems'  and  subsequently  in  granular  films^-’  has 
stimulated  worldwide  research  activities,  due  to  both  its  fun¬ 
damental  significance  and  its  potential  application  to  mag¬ 
netic  sensors.  It  has  generaMy  been  agreed  that  in  both 
multilayer  systems  and  granular  films  the  GMR  arises  from 
spin-dependent  scattering  occurring  cither  at  the  surface  of  or 
within  the  magnetic  entity.  For  granular  films,  however,  there 
exists  evidence"*  that  interface  scattering  play.s  a  dominant 
role  in  magnetoresistance  (MR).  The  GMR  is  believed  to  be 
closely  re'ated  to  features  of  magnetic  granules  such  as  size, 
shape,  and  distribution.  So  far,  much  attention  has  paid  to 
this  problem  both  experimentally^  and  theoretically,*'^  but  it 
is  still  far  from  completely  understood.  Concerning  the  effect 
of  the  feature  of  magnetic  particle,  most  of  the  experimental 
work  has  focused  on  post-deposition  annealing,  which  is  be¬ 
lieved  to  promote  grain  growth  or  phase  segregation.  In  sev¬ 
eral  candidates  suitable  for  fabricating  granular  films,  Fe  and 
Ag  are  virtually  immiscible  at  equilibrium,  and  thus  even  for 
as-deposited  FeAg  film,  large  GMR  has  been  observed*  due 
to  presence  of  iron  precipitated  during  the  material  fabricat¬ 
ing  process.  Therefore,  the  deposition  process  certainly  plays 
an  important  role  in  structure  evolution  and  thus  affects  the 
GMR. 

Ill  this  article,  we  adopted  the  optimum  composition  of 
FeAg,  focused  on  the  influence  of  film  thickness  and  at¬ 
tempted  to  reveal  the  influence  of  microstructure  on  MR. 


mm^  with  magnetic  field  perpendicular  to  current  but  within 
the  film  plane.  The  microstructure  of  the  granular  film  was 
investigated  by  transmission  electron  microscope  (TEM)  and 
its  composition  was  analyzed  by  energy  dispersive  analysis. 

III.  RESULTS  AND  DISCUSSION 

For  FeAg  granular  film  the  optimum  nominal  composi¬ 
tion  showing  the  largest  MR  was  found  to  be  about  17.5 
vol  %  Fe,  and  in  both  the  Fc-poor  and  Fe-rich  regime  the 
magnetoresistanee  decreased  abruptly,  which  is  consistent 
with  the  literature.*  Energy  dispersive  analysis  indicated  that 
the  nominal  optimum  composition  actually  contains  26  at.  % 
iron,  corresponding  to  a  volume  fraction  of  20%  Fe, 

Figure  1  shows  the  MR  curves  for  three  as-deposited 
Fc26Ag74  samples  with  different  thicknesses  at  a  temperature 
of  1.5  K.  The  MR  reported  here  is  referenced  to  the  maxi¬ 
mum  resistivity  at  zero  field  and  is  defined  as 
^p/Pil=o  =  inil-nn=o)/l>ii={h  where  p„=,|  and  p,/  denote 
the  resistivity  at  zero  field  and  field  H,  respectively,  and  Ap 
represents  the  net  change  in  resistivity.  As  can  be  seen  in  Fig. 
1,  the  value  of  MR  changes  considerably  in  samples  with 
different  thicknesses.  For  a  sample  with  a  thickness  of  120 
A,  the  MR  at  60  kOe  is  -7.14%,  while  for  sample  with 
thickness  of  1800  A,  it  reaches  -18%.  From  Fig.  1,  it  also 
should  be  noticed  that  with  increasing  thickness,  not  only  the 
MR  but  also  the  saturation  field  increases.  Even  in  the  high¬ 
est  magnetic  field  avai'.abl"  the  MR  curves  are  still  far  from 


II.  EXPERIMENTS 

FeAg  granular  films  were  prepared  by  magnetron  sput¬ 
tering  from  a  composite  target  onto  water  cooled  glass  sub¬ 
strates  at  an  Ai  pressure  of  0.5  Pa  after  a  base  pressure  of 
better  than  4X10“-'’  Pa  was  achieved.  The  composite  targe* 
consisted  of  an  Ag  disk  with  small  fan-sfiaped  iron  chips. 
Composition  was  adjusted  by  the  number  of  iron  chips 
placed  on  the  Ag  disk.  Once  the  target  was  mounted,  it  was 
cleaned  by  extensive  presputtering.  In  each  batch,  eight 
samples  were  produced,  and  the  whole  sputtering  process 
was  controlled  by  computer.  A  profilometer  was  employed  to 
measure  film  thickness,  and  the  steps  for  measurementi  were 
yielded  by  removing  a  strip  of  scotch  tape  placed  on  the 
substrate  previously.  The  MR  was  measured  by  using  a  con¬ 
ventional  four-terminal  configuration  on  a  specimen  of  2X6 
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FICi.  1.  Magnetic  field  dependence  of  MR  for  as-deposited  Fc2,,Ag74  granu¬ 
lar  films  with  different  thickiiesse.s  at  temperature  t.S  K. 
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FIG.  2.  MR  ^p/pn=a  (‘op)-  resistivity  p,  and  the  net  change  in  resistivity 
Ap  (bottom)  for  Fe2iA-tn  granular  films  as  a  function  of  film  thickness  at  1.5 
K.  Dashed  lines  are  guides  to  the  eye. 

complete  saturation,  especially  for  thicker  samples,  and  thus, 
to  some  extent,  the  MR  values  given  here  are  underesti¬ 
mated. 

Shown  in  Fig.  2  is  the  thickness  dependence  of  the  MR, 
from  which  it  can  be  seen  that  with  increase  of  film  thickness 
the  MR  increases  rapidly,  and  beyond  about  500  A,  this 
change  approaches  saturation.  What  is  also  shown  in  Fig.  2  is 
the  thickness  dependence  of  both  the  zero-field  resistivity  p, 
and  the  net  change  in  resistivity  Ap  in  a  field  of  60  kOe.  It 
demonstrates  that  both  p  and  Ap  drop  abruptly  with  increas¬ 
ing  thickness  in  the  initial  stage  of  deposition,  but  beyond 
about  500  A  both  change  moderately  However,  it  should  be 
stressed  that  the  drops  in  p  are  moie  significant  th?n  that  in 
Ap,  and  this  gives  rise  to  the  increasing  trend  of  MR  with 
film  thickness.  It  is  generally  believed  that  for  thinner  films 
the  role  of  surface  scattering  becomes  significant  relative  to 
scattering  occurring  within  the  film,  and  consequently  the 
resistivity  rises.  In  addition,  the  existence  of  mismatch  be¬ 
tween  film  and  substrate  may  result  in  high  stress  and  struc¬ 
ture  defects  such  as  twins,  and  these  also  enhance  resistivity 
prominently.  However,  to  some  extent,  the  deposition  pro¬ 
cess  can  be  considered  as  an  in  situ  annealing.  Sputtering  for 
a  relatively  long  time  may  ease  mismatch  stress,  alleviate 
disorder,  and  also  promote  precipitation,  and  as  a  result  the 
resistivity  decreases  and  MR  rises.  This  structure  evolution 
has  been  confirmed  by  TEM. 

In  Fig.  3  are  shown  bright-field  (TEM)  images  for  three 
Fe26Ag74  samples  with  different  thicknesses,  and  in  the 
upper-right-hand  corners  are  the  corresponding  selected-area 
diffraction  (SAD)  patterns.  Although  energy  dispersive 
analyses  in  nanomode  indicated  that  the  black  areas  contain 
considerably  less  concentration  of  iron  than  the  white,  the 
contrast  does  not  necessarily  imply  an  elemental  difference. 
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FIG.  3.  Bright  field  (TEM)  images  and  SAD  patterns  for  Fc,,,Ag74  granular 
films  with  different  thickness  (a)  120  A,  (b)  400  A,  and  (c)  18(H)  A. 


It  also  contains  a  contribution  from  crystal  orientation.  From 
Fig.  3,  it  can  be  seen  that  the  thicker  the  film,  the  smaller  the 
grains,  and  also  the  more  homogeneous  the  microstructure. 
For  the  sample  of  120  A,  the  average  grain  size  is  on  the 
order  of  500  A  and  the  size  distribution  has  a  wide  range, 
while  for  the  sample  of  1800  A,  the  grain  size  decreases  to 
the  order  of  200  A  or  less  and  it  also  shows  a  tendency 
toward  homogenization.  This  probably  resulted  from  phase 
segrega’ion  rather  than  nucleation  on  structure  defects.  As  a 
result,  this  process  led  to  the  existence  of  plenty  of  fine  iron 
particles,  which  gave  rise  to  difficulty  in  saturation  as  ob¬ 
served  from  the  MR  curves.  Certainly,  a  great  number  of  Fe 
precipitated  particles  would  also  contribute  to  improvements 
of  the  MR.  Besides,  it  should  be  noted  in  the  micrograph  of 
the  thinnest  sample,  which  exhibited  the  maximum  resistiv¬ 
ity  and  the  minimum  MR,  that  a  number  of  twins  are  visible. 
They  would  be  expected  to  cause  extra  scattering  and  en- 
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hancc  resistivity.  For  thicker  films,  the  [>ossihility  of  increas¬ 
ing  resistivity  caused  by  small  grain  Inrundaries  may  be  over¬ 
whelmed  by  eliminating  giant  twins  and  other  defects  as  well 
as  lowering  the  surface  scattering  fraction 

Although  there  exists  evidence  for  the  press-nce  of  fine 
Fe  particles,  it  is  difficult  to  determine  the  F'e  and  Ag  phases 
scpafitely  by  electron  or  x-ray  diffraction  iH’cause  of  the 
overliip  between  Fe  and  Ag  spectral  lines,  and  in  particular 
the  line  broadening  for  especially  tine  grains  or  particles.  All 
electron  diffraction  patterns  show'ti  in  Fig.  can  be  indexed 
as  those  lines  of  fee  Ag,  but  they  still  show  apparent  differ¬ 
ences.  For  the  thinnest  sample,  the  spectral  rings  are  charac¬ 
terized  by  dispersive  diffraction  spots,  which  implies  the  ex¬ 
istence  of  large  grains  or  preferential  crystal  orientation.  F'or 
thicker  samples,  those  rings  become  complete  and  also 
broaden.  It  is  an  indication  of  the  existence  of  fine  grains 
with  random  orientation,  promoted  by  phase  segregation. 

Further  studies  concerning  the  relation  between  micro¬ 
structure  and  magnetic  properties  are  presently  being  carried 
out. 

IV.  CONCLUSION 

The  MR  of  granular  Fe2fiAg74  films  has  been  found  to  be 
sensitive  to  the  film  thickness,  which,  to  some  extent,  deter¬ 
mines  the  microstructure  and  reflects  the  film  growth  pro¬ 
cess.  In  the  initial  stage,  the  MR  increases  greatly  with  the 
increase  of  film  thickness,  and  beyond  about  500  A  the  im¬ 


provements  approach  saturation.  The  maximum  value  of  MR 
observed  in  as-deposited  I  cv.Ag-,  is  IH'f  Studies  of  the 
films  with  TFiM  and  SAD  denionstriiied  that  the  low  \alues 
of  MR  for  thinner  samples  are  mainly  attributable  to  the 
existence  of  a  large  number  of  defects,  such  as  twins,  as  well 
as  the  increasing  effects  of  surface  scattering,  while  for 
thicker  samples  the  increase  of  both  MR  and  saturation  field 
can  be  explained  by  relief  of  structural  disorder  and  promo¬ 
tion  of  iron  precipitation,  caused  by  a  relative!;  Ion;  time 
deposition,  which  may  serve  as  an  In  siiu  annealing. 
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rhi'  IfrromagiK'tic  rcMtiiaiici.'  ilMRi  .tmi  ctM.uiMtu-v  ul  1  tSi  SiO-  ci.iiuil.ii  lilms  h,t\i-  I'ti'ii 

niCiiMircd  over  a  wide  taiij’e  ul  l  eSi  \ulimu.'  Ii.kiioiis  (/,  1  I  tu  tilin',  wiie  |iic|i,iu-il  iiMii^  the 
ion-lKiim  spulicrin):  li'thmqiie  .iiid  tr.insnnsvion  elcciiun  inur<».cu(n  ■'huwed  lli.it  the  1  eSi  .illu\ 
gramilcs  iitc  emhedded  in  .1  luainx  ul  Si(  )•  An  ciili.iiie'cil  iuciei\it\  ( //,  ).  .in  Iiij;Ii  .is  <  >c  .n  muni 
IcnipcialurL',  is  utiscrvcd.  l  ur  suiiie  siiinplcs,  iuc  stscial  icsuiiaiwi'  |H'aks  in  llu-  I  VIR  spcelra, 
whicli  include  one  major  peak  and  se'veral  minut  peaks.  The  maim  and  minor  peaks  cuties|viiHl  lu 
the  usual  uiiifurm  motle  and  spin- wave  res|K'Cti\eK  In  oui  experimeiiis.  the  lield  separations 
lieiween  the  major  and  llie  minor  |X-aks  shoes  .1  eompiev  tashion.  Our  results  are  discussed  in 
comparison  with  some  theoretical  models. 


I.  INTRODUCTION 

Granular  solids  consist  of  nanometer  .si/e  metal  iiraniiles 
embedded  in  an  immiscible  matrix  which  may  be  insulating 
or  metallic.  Because  of  the  unique  microstruciurc  of  uliralinc 
particles,  many  interesting  and  potentially  useful  properties 
have  been  found  in  granular  systems.'  ’  The  magnetic  behav¬ 
iors  of  metal  granules  arc  very  different  from  that  of  the 
bulk.  In  particular,  intrinsic  magnetic  properties,  such  as 
saturation  magnetization  (M,)  and  anisotropy  constant  (A,'), 
are  changed  dramatically  and  greatly  enhanced  cocrcivilies 
are  usually  observed.  Such  properties,  especially  giant  coer- 
civity,  show  potential  for  applications,  among  them,  as  novel 
magnetic  recording  media.’ 

With  the  development  of  the  technology  of  film  fabrica¬ 
tion  and  the  advancement  of  structure  analytic  methods,  the 
magnetic  properties  of  granular  metal  films  have  been  inves¬ 
tigated  intensively."' Recently,  some  studies  have  also  been 
carried  out  in  the  granular  alloy  films.’  However,  many  prop¬ 
erties  on  these  films  arc  still  unknown  and  need  to  be  clari¬ 
fied.  To  further  understand  the  magnetic  properties  in  the 
important  area  of  ultrafine  alloy,  we  have  successfully  fabri- 
’,ated  FeSi-Si02  granular  alloy  films  using  the  ion-beam 
sputtering  technique.  In  this  paper,  we  will  describe  the 
preparation  and  characterizatic.n  of  the  films.  Using  these 
samples,  we  have  made  detailed  measurements  on  their  eo- 
ercivities  and  ferromagnetic  resonance  (FMR)  spectra.  Our 
experimental  study  shows  that  an  enhanced  coercivity,  as 
high  as  329  Oe  at  room  temperature,  has  been  achieved  in 
the  films.  Furthermore,  we  found  that  in  some  of  our 
samples,  there  are  several  resonance  peaks  in  FMR  spectra. 
In  the  following,  we  should  first  discu.ss  the  experimental 
setup,  then  we  will  present  our  results  and  compare  them 
with  some  existing  theories. 

II.  EXPERIMENTS 

The  granular  FeSi-SiOi  films  were  prepared  by  the  ion- 
beam  sputtering  technique.  The  films  were  deposited  onto 
glass  substrates  which  were  fixed  at  the  temperature  300  °C. 
During  deposition,  an  ambiimt  pressure  of  2x10  ’  Pa  of 


argon  was  maintained  The  sputtering  targets  were  mosaic 
targets  of  FcSi('>7'';  l'c-3'i  Si)  alloy  and  SiO^.  The  frac¬ 
tional  area  of  SiO,  on  the  targets  can  be  changed  so  that 
various  samples  in  the  rtingc  of  FeSi  volume  fraetions  (/;,) 
between  0,2.''  and  1.0  are  obtained.  The  composition  of  the 
samples  was  determined  using  electron  microprobe  analysis. 

The  microstructure  of  the  samples  was  examined  by 
transmission  electron  microscopy  ITEM),  electron  diffrac- 
tirm.  and  x-ray  diffraciirm.  The  magnetic  properties  of  the 
films  were  measured  by  a  vibration  sample  magnetometer 
(VSM)  with  magnetic  fields  up  to  20  kOe,  the  external  field 
was  applied  parallel  to  the  plane  of  the  films  during  the  mea¬ 
surements.  The  FMR  spectra  of  the  samples  were  recorded 
using  an  elcctrtm  paramagnetic  resonance  (EPR)  spectrom¬ 
eter  operating  at  9,97  GHz.  the  angle  between  the  applied  dc 
field  and  film  plane  changed  from  90°  to  0°. 


We  have  prepared  samples  with  various  FeSi  volume 
fractions  /,, .  The  mierostructurc  of  the  films  is  composition 
dependent,  ihc  typical  TEM  micrographs  are  shown  in  Fig. 
1(a)  for  /„='=().45  and  Fig.  1(b)  for  /„=>().7.  For  smaller  value 
of  /„ ,  one  can  see  that  fine  and  roughly  spherical  FeSi  par¬ 
ticles  are  separated  by  the  host  material.  The  particles  are  of 
the  order  of  a  few  nm  in  diameter  and  have  a  rather  narrow 
size  distribution.  While  for  larger  ,  the  fine  particles  ag¬ 
gregate  into  large  connected  granules;  this  can  be  clearly 
seen  in  Fig.  1(b). 

The  coercivities  (H^.)  of  the  films  were  measured  at 
room  temperature  by  VSM  with  the  external  field  parallel  to 
the  plane  of  the  films.  The  dependence  of  H,.  on  is  shown 
in  Fig.  2.  One  found  that  H,.  first  increases  as  f^,  increases, 
after  reaches  a  maximum  //,.»“329  Oe  at  /^,““().7,  sha.'ply 
drops  as  further  increases.  We  found  that  the  increa.se  in 
the  region  of  //,.  at  smaller  /„  corresponds  to  the  situation 
where  the  size  of  fine  particles  increases,  while  the  rapid 
drop  of  corresponds  to  the  case  when  these  fine  particles 
form  granular  networks.  This  is  similar  to  the  observations  of 
Xiao  ct  al.^  The  maximum  coercivity  of  our  granular 
samples  is  about  85  times  that  of  sputtered  pure  FeSi  films. 


III.  RESULTS  AND  DISCUSSION 
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FIG.  1.  TEM  micrographs  of  FcSi-SiOj  granular  films  (a)  /„*«0.45  and  (b) 
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FIG.  2.  Magnetic  cocrcivities  measured  at  .100  K  of  FcSi-Si02  granular 
films  vs  FeSi  volume  fraction  f^,  wi;h  the  c.xlcrnal  field  parallel  to  the  film 
plane. 
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FIG.  .1.  11ie  magnetic  resonance  field  as  function  of  FeSI  volume  fractions 
/,.  for  the  applied  dc  field  parallel  to  the  film  plane. 


In  comparison  with  Fc-Si02  granular  solids,  our  maximum 
H,.  is  smaller.  This  is  due  to  the  fact  that  the  FeSi  alloy  has  a 
lower  anisotropy  constant  than  pure  iron. 

The  FMR  spectra  of  the  samples  were  measured  over  a 
wide  range  of  at  room  temperature.  Presented  in  Fig.  3  is 
the  re.sonancc  field  (Wf||)  obtained  for  applied  dc  field  H  in 
the  film  plane.  W,||  decreases  monotonically  as  /„  increases 
up  to  0.6,  then  changes  very  little  as  increases  to  1.  Our 
result  indicates  that  the  structure  of  the  samples  changes  as 

increases.  The  demagnetizing  factor  of  our  samples  is 
reduced  continuously  as  the  fine  particles  gradually  form 
uniform  FeSi  layer. 

Figure  4  shows  the  dependence  of  the  resonance  Helds 
W,  on  6  for  /y'«0.45,  with  the  6  denoting  the  angle  between 
the  applied  dc  field  and  film  plane.  When  9  is  close  to  90°, 
there  are  several  resonance  peaks  in  the  FMR  spectra,  which 
includes  a  major  peak  and  four  minor  peaks.  As  9  changes 
from  90°  to  0°,  the  positions  of  both  the  major  and  minor 
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FIG.  4.  The  dependence  of  magnetic  resonance  field  on  the  angle  0  between 
the  applied  dc  field  and  film  plane  for  /„»=1).45,  The  solid  circles  and  the 
open  circlc.s  correspond  to  the  field  positions  of  the  major  and  minor  pcak.s, 
respectively. 
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peaks  shift  towards  low-field  side.  While  the  intensity  of  the 
major  peak  is  almost  unchanged,  the  intensities  for  the  minor 
peaks  become  drastically  reduced  and  disappear  at  the  criti¬ 
cal  angle  This  behavior  suggests  that  the  major  peak 

is  the  uniform  mode  and  the  minor  peaks  are  spin-vave 
modes.*^  At  the  separations  between  the  first  and  the 

nth  peak  are  about  150,  540,  1220.  and  1760  Oe,  respec¬ 
tively.  The  corresponding  ratios  are  1:.1.6;S.1;11.7.  The  spin- 
wave  resonance  (SWR)  theories^  predict  that  this  ratio 
should  be  proportional  to  tr  or  n  depending  on  whether 
magnetic  inhomogcneitics  are  localized  near  the  surface  or 
distributed  in  the  thickness  of  the  films.  Our  result  is  within 
these  two  different  cases  and  closer  to  the  surface  inhomo- 
geneity  model.  This  results  from  the  fact  that  although  a 
nanoscale  volume  inhomogeneity  is  characteristic  of  the 
granular  films,  there  are  abundant  surfaces  in  our  granular 
samples  due  to  small  size  of  particles,  and  magnetic  inhomo- 
geneities  localized  near  metal-insulator  interfaces  may  play 
an  important  role. 

In  conclusion,  we  have  succe.ssfully  prepared  FeSi-SiOi 
granular  films  with  different  FeSi  volume  fractions  using  the 
ion-beam  sputtering  technique.  Using  these  samples  we  have 
.studied  ferromagnetic  resonance  spectra  and  coercivities.  We 


have  observed  a  large  //,  as  high  as  Oe.  The  FMR  spec¬ 
tra  for  perpendicular  configuration  showed  several  peaks 
which  can  be  attributed  to  the  usual  uniforni  mode  and  spin- 
wave  modes.  These  materials  open  up  a  rich  perspective  ior 
both  fundamental  investigations  and  technological  applica¬ 
tions. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  Grant  S5-6  NMS.  Grant 
NSFS  and  NAMCC,  SKLM,  and  Grant  JSNSF. 

'  J.  A  A.  J.  I’crcnlKiom,  P.  Wyder.  and  I-.  Meier.  Phys.  Rep.  78.  17.t  ( 19S1 1, 
1..  Giien.  in  Stii’mc  utui  Ti'chwhuy  of  Nanoatructuml  Moifnt'lic  M<i- 
wrmls:  (iranuUir  Solids,  edited  by  ti,  C.  Iladjipanayis  and  Ci.  A.  Prinz 
(Plenum.  New  York,  IWl).  p,  477. 

'(■ring  Xiao  and  C.  t..  C'hicn,  J.  Appl.  Phys.  6J.  42,S2  ( lUHS). 

■‘Y.  Kanai  and  S.  II.  Charap,  J.  Appl.  Phys.  69,  447K  (IWI). 

'R.  I..  Holtz,  P.  l.iihitz,  and  A.  S,  lidel.stciii.  Appl.  Phys.  l."tl.  56,  94,1 

(I'Wni. 

‘a.  I'soukalos,  It.  Wan.  and  Ci.  C.  Iladjipanayis.  J.  Appl.  Phys.  73.  (i9(t7 
(199.1). 

’a.  (iavrin  and  C'.  1..  C'hien,  J.  Appl.  Phys,  67.  9.1R  (199(1). 

“II.  Pus/karski.  I’ntR  Surf.  Sei.  9.  191  11979). 

'a.  M.  Portis,  Appl.  Phys.  Ix'd  2.  (>9  119(i.1l. 

'"l'.  Ilolimann.  .Solid  State  C'ommnn.  9.  29.S  11971). 


G492  J.  Appl,  Phys.,  Vol.  76,  No.  10,  15  November  1094 


Jiang  et  at. 


Hysteresis  of  binary  clusters 

Ivo  Klik 

Department  of  Physics,  National  Taiwan  University,  Taipei,  Taiwan 

Jyh-Shinn  Yang 

Division  of  General  Education,  National  Taiwan  Ocean  University,  Keelung,  Taiwan 

Ching-Ray  Chang 

Department  of  Physics,  National  Taiwan  University,  Taipei,  Taiwan 

A  pair  of  parallel  uniaxial  particles  with  dipole-dipole  coupling  has,  for  bond  angles  /3=0  and  it/2, 
up  to  four  locally  stable  configurations;  f|,  tli  IT.  and  ii-  Assuming  thermal  relaxation  via 
coherent  rotation  and  a  periodic  driving  field  we  solve  a  master  equation  for  the  occupation 
probabilities  of  these  states  and  find  the  coercivity  and  switching  field  distribution  of  the  ensemble 
of  coupled  particles.  For  either  value  of  the  bond  angle  wc  compare  numerical  solutions  of  the 
master  equation  with  approximate  expressions  based  on  extremal  analysis  and  find  good  agreement 
between  the  two. 


There  exists  a  vast  body  of  literature  dedicated  to  ther¬ 
mal  relaxation  effects  in  bistable  systems  while  thermal  re¬ 
laxation  in  systems  with  more  than  two  mctastable  minima 
has  received,  to  date,  but  scant  attention,  a  notable  exception 
being  the  work  of  Pfeiffer.'  Wc  have  recently^  applied  his 
master  equation  approach  to  an  array  of  interacting,  ther¬ 
mally  relaxing  bistable  sy.stcms  and  wc  were  able  to  demon¬ 
strate  that  the  relaxation  rates  within  such  an  array  must  be 
interpreted  as  rates  of  transitions  between  its  mcta.stablc  con¬ 
figurations.  llic  simplest  possible  interacting  array  is  formed 
by  two  identical,  magnelostatically  coupled  uniaxial  particles 
with  individual  energies  E^‘^  =  KV  sin^  cos  0,  {K 

is  anisotropy  constant.  V  particle  volume,  M,  saturation 
magnetization,  H  is  external  field  applied  in  the  ;  direction, 
and  Oi  is  the  angle  spanned  by  the  magnetization  vector  and 
applied  field),  and  coupling  £|n,=r 
-3r  ''{M,'r)(M2  r)  where  r=r(sin  )3l-i-cos  is  the  ra¬ 
dius  vector  joining  the  two  particles  and  /?  the  bond  angle. 
The  total  energy  is  £  =  £'”  +  £*^’4-£|n,  and  for  brevity  wc 
write  /.=EIKV  and  h  =  HIH„  {H„  =  2KIM,  is  the  nuclc- 
ation  field  of  an  isolated  particle).  For  bond  angles  /3=0  and 
/3=Tr/2  Chen  et  al.^  found  analytic  expressions  for  the  ex¬ 
tremal  energies  and  barrier  heights  of  the  system.  We  briefly 
summarize  here  their  findings,  write  down  our  set  of  master 
equations,^  and  compute  then  the  major  hysteresis  loop,  co¬ 
ercivity,  and  switching  field  distribution  as  functions  of  the 
coupling  strength  p= MlVI{2Kr^). 

For  either  value  of  /3  there  exist^  up  to  four  metastable 
states  schematically  represented  as  tt.  IT.  and  fi  (these  two 
are  equivalent)  and  ||.  Their  energies  are  rC^  =  -f—4h, 
and  lii--e+4h,  respectively;  in  these  formulas 
f=4p  if  y3=0  and  e=-2p  if  /8=7r/2.  For  bond  angle  )3=0 
there  exist  three  critical  fields /i„  I  ^  hp^  h„^. 


i'fn,(p)=l  +  P. 

(1) 

/i/p)  =  (l  +  p)(l-3p)''2(l-p)-'''. 

(2) 

/.„^(p)  =  (l-3p)''2(l-pi‘''. 

(3) 

The  degree  of  metastability  changes  at  the  nucleation  fields 
/i,i.  while,  as  will  be  explained,  at  the  critical  field  hp  only 


one  of  the  relaxation  channels  changes  and  no  change  in  the 
number  of  local  minima  takes  place.  There  exist  also  three 
saddle  points,  labeled  a,  h,  and  c,  with  energies 


\+ip^4-h^  +  2hh„^{p), 

(4) 

/.'‘■^  =  2{\-p^  +  h^)/h„(p). 

(5) 

where  a  =  a,  h  and  the  upper  sign  refers  to  the  saddle  a.  The 
minimum  and  saddle  point  energies  define  [see  Eq.  (11)  be¬ 
low]  the  barrier  heights  to  be  overcome  by  thermal  relax¬ 
ation).  If  ^=ir/2  then  the  system  has  again  three  critical 
fields /i„,  5. /i,,, 


£«,(p)  =  (l-p)''^l+3p)''2, 

(6) 

Aflj(p)=  1  -3p. 

(7) 

/yp)  =  (l-3p)(l-p)''^l+3p)'''^ 

(8) 

and  three  saddle  points  with  energies 

.^'“’=l-3p^  +  /»^+2/i/i,,(p). 

(9) 

;^<‘'  =  2[/.2  +  /.„/p)(l-2p)]//.„/p). 

(10) 

As  previously  mentioned,  there  exist  up  to  three  physically 
distinct  mctastable  configurations  of  the  two-particle  cluster. 

They  correspond  to  local  energy  minima  and  we  shall  define 

k‘;'(/i,P)  =  /rl"y/.,p)  =/„  txp(-KVO]f/T)  (11) 

as  the  rate  of  thermally  activated  flux  from  the  metastable 
state  i  to  j  passing  through  the  saddle  a.  Here  T  is  tempera¬ 
ture  (£fl=  l),/o  is  the  prefactor  (we  set‘*/,)  =  f^^  Hz)  and  the 
reduced  barrier  heights  =  . 

For  bond  angle  ^=0  and  applied  field  l/i|  <  h„^{p)  the 
relaxation  channels  open  in  the  two  particle  system  may 

a  h 

schematically  be  represented  as  l.->2<->3  where  1  =  TT, 
2-iT  +  Ti.  and  3=U.  The  probabilities  n,  (occupation  num¬ 
bers)  that  the  system  finds  it.sclf  in  the  ith  mctastable  state  the 
satisfy^  the  equations 
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ri  1  =  “  2  X*,  2’n  1  +  K2‘'|’«  2 , 

(12) 

ri2  =  2x’,2*'*l  ~('^2V'*'  '<:3')''2  +  2x32*«3. 

(13) 

«3=><23’"2-2K^2'«.t. 

(14) 

where  hj-dnjldt.  The  factors  2  above  have  their  origin  in 
the  degeneracy  of  the  metastable  state  2.  The  stationary  state 
of  Eqs.  (12)-(14)  is  thermal  equilibrium  and  it  is  easily 
shown^  that  in  the  decoupled  limit  one  recovers  the  single 
particle  result.  In  applied  fields  /i|  <  /i,,  the  local 

minima  2  do  not  exist  so  that 

=  -2tfi3’ni  +  2rf3“'«3  (15) 

and  /«2“'0;  a=  b  if  /i>0  and  a  =  a  if  h<0,  while  of  =  t'  at 
fields  /ip  ^ !  /i|  <  /i„|.  The  relaxation  rates  are  continu¬ 
ous  across  all  critical  fields  /i/(p)  but  equation  sets  (12)-(14) 
and  (15)  arc  discontinuous  at  the  nucleation  fields  ±  /t„,(p) 
where  the  levels  2  vanish.  In  hysteresis  calculations  it  is 
therefore  necessary  to  verify  that  the.  vanishing  intermediate 
states  2  are  empty  before  the  transition  f:otn  the  tristabic  to 
the  bistable  regime  is  made,  llte  coercivity  h,.  is  obviously 
bounded  by  the  nucleation  field  h„^,  h,.  «  h„^. 

The  case  of  bond  angle  ft=ir/2  and  applied  field 
is  described  by  Eqs.  (12)-(14).  However,  a  direct  relaxation 
channel  opens  between  the  states  1  and  3  if  /i|  < 
and  we  write^  here 

=  +  (lb) 

rt  2  =  2  ) "  2  +  2  kIiVn  ...  (17) 

«3-2K',‘j'«,+  t<!i>2-2(<+K!,^2’)«.V  (18) 

At  /i„|  >  h  >  the  system  has  the  two  metastable  states  1 
and  2  and  at  -  h,,^  <  h  «  -/i„,  the  .states  3  and  2.  The 
evolution  equations  are 

«2=  “'<2"’"2  +  2><l2'«(.  (1^) 

where  i=l  and  a-b  for  /i>()  while  (  =  3  and  a-a  for 
/i<0.  In  this  case  ^  h„y  For  either  value  of  /3  the  system 
is  monostable  in  fields  j/j]  ^  h„^. 

Now  let  the  applied  field  ft  vary  with  time  as  h{t) 
=  /i„|(p)cos  27r/r  where  /  is  the  field  .sweep  rate.  At  time 
/  =  0,  accordingly,  «|  =  1  and  =  in  Eqs.  (15)  and 
(19).  These  are  the  initial  conditions  for  the  differential  sys¬ 
tems  (12)-(15)  describing  the  time  evolution  of  the  two  par¬ 
ticle  cluster  at  bond  angle  .fl=()  and  for  the  systems  (12)- 
(14),  (16)-(19)  corresponding  to  ;3=7r/2.  Their  sample 
numerical*  solutions  are  presented  in  Figs.  1  and  2  where  we 
also  introduce  the  reduced  magnetization nt-2{n^- n^)  and 
switching  field  distribution  (SFD)  dm! dh.  In  all  cases  we 

have  chosen  q  =  KVIT-  A2  so  that  *'ie  half  lifetime  of  an 
isolated  particle  is  about  one  year. 

At  zero  bond  angle  (Fig.  1)  the  antiparallel  configura¬ 
tions  2  are  energetically  unfavorable  and  at  the  chosen  tem¬ 
perature  n2~0  at  all  times  for  p>0.01  (not  shown  in  Fig.  1). 
The  coercivity*  ftdpj)  is  shown  in  Fig.  3.  Since  tbe 
system  may  be  treated  as  having  only  the  two  level*;  i  and  3 
approximately  described  by  the  evolution  equation 
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FIG.  I.  Bond  angle  Nonequilibrium  magnetization  m[y)(/)]  (long 

dash)  and  switching  held  distribution  ;y[A(r)]  (solid  lines)  vs  applied  field 
h(i).  Coupling  strength  p=n  (rightmost  curve,  marked),  U.U.S,  0.10,  O.IS, 
0.20,  (1.32  (the  highest  SFD  peak  shown  here),  0.4U.  O.SU  and  0.60  (leftmost 
curve).  For  p=0  we  also  show  the  probability  Mjt^'C*)]  (short  dash),  for  all 
other  values  of  p  “•  “h  limes.  Sweep  rate  /=  lO'  Hz. 


«,  =  -rni  =  -«3  where  we  retain  only  the  dominant  rate: 
r  =  2Ki"2’  if  -h,,<li<0  and  r  =  2><\^^  <-hp-, 

C\'9-ih-h„^)^  +  A(2p  +  h)  and  C\%^=2{h  + h„y/h„^.  At 
coercivity  ni  =  rt3=l/2  and  the  SFD  function  has, 
approximately,*  a  maximum,  dx/dh\i,„i,^  =  0,  so  that 


-0.6  -0.4  -Q.2  0.0 


h 

FIG.  2.  Bond  angle  p=n/2.  Nonequilibrium  magnetization  m[ft(r)]  (long 
dash),  switching  field  distribution  ;r[t'(()]  (solid  lines),  and  the  probability 
't2[)'(()]  (short  dash,  plotted  as  -fi2  f™  clarity)  vs  applied  field  /i(r).  The 
magnetization  curves  labeled  as  a  (p=0),  b  (p=0.05),  c  (p=0.10),  d  (p 
=0.15),  c  (p=0.20),  and  f  (p=0.25).  For  p>0  the  SFD  function  has  a 
minimum  at  coe  rcivity  and  two  flanking  peaks  which  we  connect  by  labeled 
braces.  The  cu  ves  «2(/i)  arc  unlabeled,  the  broadest  curve  corresponds  to 
p=0.25,  the  narrowest  one  (with  max  1)2)  to  p=0.  Note  how  stable  the 
antiparallel  states  2  become  at  large  coupling  strengths.  Sweep  rate  f 
=  10'  Hz. 
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FIG.  3.  The  exact  reduced  coercivity  (Ref.  5)  hAp,f)  for  bond  angles  ^=0 
and  7r/2.  Sweep  rates  arc  /=  10  ■’  Hz  (*),  10“'  Hz  (O),  lO'  Hz  (ijr),  and 
10'^  Hz  (A).  Note  in  particular  that  at  small  interaction  strengths  for 
/S=0  but  h^«--p^  for  ^=7r/2.  Also  shown  are  the  nucication  fields  and 
the  critical  fields  . 

2vfhcm{hc)-<T(hc)ih(hc)  =  0,  (20) 

(T(h)  =  Substituting  for ;«  and  m  we  finally 

obtain 

ln(/o/Tr/)-(?„(/ic)  =  ln{cr(/i,)[e;,(/ic)-/«r/<T^((>c)]}. 

(21) 

where  Qa{hc)  =  qC^'j\hJ)  for  brevity  and  Qa  =  dQJ 
dh.  Without  the  right-hand  side  this  is  exactly  Sharrock's 
formula’  for  coercivity  and  Fig.  4  shows  that  both  the  solu¬ 
tion  of  Eq.  (21)  and  the  solution  of  Sharrock’s  for¬ 
mula  provide  a  very  good  approximation  to  the  exact  solu¬ 
tion  hc(p).  Regarding  the  SFD  function  ;^(/i)  it  was  shown^ 
that  approximately  Xm»xW  ~  Qa(K)  so  that  according  to 
Fig.  4  the  SFD  function  x(^)  should  attain  the  greatest 
height  if  hc{p)~hp{p)  and  this  trend  is  indeed  observed  in 
Fig.  1  and  in  its  counterparts  at  other  sweep  rates. 

At  bond  angle  p=  ttII  the  evolution  of  the  two  particle 
cluster  is  dominated  by  the  great  stability”  of  the  antiparallel 
configurations  2  (sec  Fig.  2),  «2(^c)"‘l  SFD  func¬ 

tion  has  a  local  minimum  flanked  by  two  local  maxima.  The 
two  level  approximation  is  obviously  not  applicable,  yet  an 
approximate  expression  for  h^(p)  follows  from  Eqs.  (20)  and 
(12)-(14)  supplemented  by  the  auxilliary  extremal  condi¬ 
tions  ni(/ic)  =  n3(^c)  ”2(^c)~0- 

2K[‘‘^{h,)-Ki^Mc)  =  2nfa(h,)[Q:ih,)+Ql(h,) 

-2hJ(rHhc)l  (22) 

where  QJq  =  <5^12^  =  (*  -  +  4{h  -  p)  and 

Qb/q  ~  (^^3  —  (h  +  The  solution  of  Eq.  (22)  is 
compared  with  the  exact  coercivity  h^{p)  in  Fig.  4.  An  ap¬ 
proximate  expression  for  the  SFD  peak  values 
.Vniax(*c“'“^i)>;t'miix(^c“<52).  <5,>0,  is  not  known  to  us. 


FIG.  4.  The  exact  reduce.!  coercivity  (Ref.  6)  h^(p,f)  (/=  !()'  Hz,  solid 
line)  compared  with  the  approximate  cxpre.ssions  /ij."  [solution  of  Shar¬ 
rock's  formula  (Ref.  7)  fi-h  only]  and  fij.*’  [solution  of  Eq.  (21)  for  /9=(t 
and  Eq.  (22)  for  p=rr/2].  Appioxiniatc  solutions  based  on  C'W  (short  dash) 
exist  at  hi.<hi,  and  those  based  on  j*  (long  dash)  at  .  To  empha¬ 
size  the  matching  at  h,  =  hi,  we  extend  both  solutions  a  little  into  the  un- 
physlcal  region  beyond  hp .  Alsu  shown  >*:u  the  (scaled)  derivatives 
and  (same  markings  as  for  coercivity). 

The  evolution  (master)  equations  of  Sec.  II  are  fairly 
complicated  but  we  have  shown  here  that  at  least  the  coer¬ 
civity  hp{p)  may  easily  be  found  from  the  approximate  Eqs, 
(21)  and  (22).  It  is  remarkable  that  for  l3~Trl2  and  small  p 
the  exact  coercivity  is  a  nonlinear  function  of  the  coupling 
strength  (/i^oc  -  p^)  while  this  result  cannot  be  obtained  from 
the  approximate  Eq.  (22)  (compare  Fig.  4)  nor  from  a  mean 
field  theory.^  Equations  (21)  and  (22)  fail  if  the  hysteresis 
loop  approaches  the  curve  of  equilibrium  magnetization,  i.e.., 
at  high  temperatures  or  small  sweep  rates. 
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Some  specific  features  of  fine  Fe  and  Fe-Ni  particies 
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Moscow  V-334,  Russia 

By  comparing  results  of  Mossbauer  spectroscopy  and  x-ray  diffraction  investigations  of  ultrafine  Fe 
and  Fe-Ni  particles,  a  formerly  stated  supposition  on  the  existence  of  two  spin  states  of  the  fee  phase 
in  pure  iroi;  and  Fe-Ni  alloys  has  been  verified.  Some  structural  peculiarities  of  particles  under  study 
have  been  oKserved  also.  For  the  pure  bcc-Fe  particles  with  an  average  diameter  of  30  and  50  nm 
the  existence  of  two  hyperfine  fields  (//i=33()  kOe,  Hi =360  kOe)  at  room  temperature  has  been 
found.  It  is  supposed  that  H2  in  the  bcc  phase  could  be  considered  as  a  remnant  of  a  high  spin  state 
of  the  fcc-Fe  phase  at  high  temperature.  Particles  of  Fc-Ni(30.3  wt  %),  Fe-Ni(35  wt  %),  and 
Fe-Ni(52  wt  %)  alloys  with  an  average  diameter  ranging  from  5  to  15  nm  were  studied  also. 
Particles  of  Fe-Ni  (30.3  wt  %)  and  Fe-Ni(35  wt  %)  alloys  wdh  diameter  of  5-8  nm  had  the  bcc 
structure.  A  mixture  of  the  bcc  and  fee  phases  appeared  with  an  increase  of  the  particle  size.  At  the 
same  time  only  the  fee  structure  remained  for  the  largest  particles.  The  observed  size  structural 
dependences  and  the  exi.stencc  of  the  stable  bcc  phase  in  small  particles  can  be  explained  by  the 
martensite  fcc-bcc  transition. 


I.  INTRODUCTION 

This  work  aims  to  study  Fe  and  some  binary  system 
peculiarities  under  transition  from  bulk  to  fine  particles  in 
order  to  reveal  some  of  their  size-dependent  properties  and  to 
understand  the  nature  of  thc.se  properties  of  the  bulk  itself 
more  profoundly.  Subjects  of  inquiry  are  chosen  magnetic  Fe 
and  Fe-Ni  fine  particles.  The  change  in  the  crystalline  and 
hyperfine  magnetic  structure  of  small  particles  of  Fe  and 
Fe-Ni  alloys  enriched  with  Fe  as  compared  with  the  bulk 
have  been  inve.stigated.  It  is  well  known  from  experimental 
data  and  tlie  theoretical  point  of  view  that  .some  Fc-based 
alloys  with  fee  strueture  show  many  anomalies  of  physical 
properties,  This  variety  of  anomalies  is  named  Invar  anoma¬ 
lies  and  the  most  specific  one  is  a  behavior  of  the  thermal 
expansion.  The  thermal  expansion  constant  is  practically 
equal  to  zero  within  a  wide  temperature  range.  The  nature  of 
the  anomalies  in  fee  Invars  is  suppo.sed  to  be  due  to  (i)  the 
peculiarities  of  the  electron  and  magnetic  structure,  (ii)  size- 
dependent  properties  of  small  particles,  (iii)  an  influence  of 
various  composition,  interatomic  distances,  a  number  of 
nearest  neighbors,  a-yand  antiferro-ferromagnetic  transfor¬ 
mations,  and  high  and  low  spin  states. 


II.  SAMPLE  PREPARATION 

The  fine  particles  are  produced  with  the  so-called  “gas 
evaporation”  technique.  The  principle  of  the  method  lies  in 
substance  vapor  condensation  in  an  inert  gas  atmosphere 
which  transfers  the  condensation  heat  from  the  arising  aero¬ 
sol  particles  to  the  reaction  vessel  walls  (the  solidification 
rate  is  about  10'*- 10*  deg/s).  By  varying  the  species  and  the 
pressure  of  the  inert  gas  as  well  as  the  vessel  size,  it  is 
possible  to  alter  the  average  diameter  of  aerosol  particles 
within  a  range  from  one  to  hundreds  of  nanometers.  The 
particles  obtained  are  deposited  on  the  vessel  walls  and  have 
a  rather  narrow  size  distribution  (maximum  deviation  from 
the  average  value  is  usually  no  more  than  a  double  value). 


III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Analyzing  thermodynamic  functions  as  well  as  results  of 
electric  and  magnetic  measurements  for  pure  iron  and  its 
alloys,  Weiss*  came  to  the  conclusion  that  a  high  temperature 
fec-Fe  pha.se  could  exist  in  two  spin  electron  states,  one  of 
which  was  antiferromagnetic  (Neel  temperature  7^1=80  K, 
magnetic  moment  per  atom  yu=0.5  fin ,  lattice  constant 
</= 3.55 ±0.01  A),  and  the  other  was  ferromagnetic  (Curie 
temperature  '/’(•=  1800  K,  magnetic  moment  /4=2.8  /zg ,  lat¬ 
tice  constant  u  =  3,64±().01  A).  However,  so  far  no  direct 
proof  has  existed  that  the  fee  phase  in  pure  iron  was  possible 
in  two  spin  states.  In  an  attempt  to  clear  up  this  question,  we 
used  the  capability  of  small  particles  obtained  by  the  conden¬ 
sation  of  a  vapor  substance  in  argon  (gas  evaporation  tech¬ 
nique),  to  retain  their  high  temperature  state. ^  A  comparison 
of  Mossbauer  spectra  with  x-ray  diffraction  data  on  thermal 
expansion  of  such  Fe  particles  gave  a  direct  verification  of 
Weiss’s  hypothesis*  for  the  first  time. 

The  Mossbauer  spectra  obtained  at  300  K  for  particles 
with  a  diameter  of  about  50  nm  arc  shown  in  Fig.  1.*  Com¬ 
puter  analysis  of  the  initial  powder  revealed  two  spectra  with 
the  following  hyperfine  parameters;  (1)  an  effective  magnetic 
field  on  Fe  nuclei  //,  =  330  kOe,  a  fraction  of  whole  spec¬ 
trum  area  .5 1 =37.8%,  electric  quadrupolc  interaction  Ai=0, 
an  isomer  chemical  shift  (5)  =0  ((5  is  referred  to  metallic  iron 
at  room  temperature),  half  a  width  of  the  first  line 
(172)|=0.55  mm/s  (this  spectrum  corresponds  to  a  slightly 
disordered  bcc-Fe  phase);  (2)  W2  =  .360  kOe,  .52=62.2%, 
(S2=0.02  mm/s.  ^2=0.1  mm/s,  (r/2)2=0.56  mm/s.  The  su¬ 
perposition  of  these  two  spectra  demonstrated  a  complex 
magnetic  structure  of  the  sample.  At  the  same  time  x-ray 
patterns  showed  the  presence  of  "'nly  a  bcc-Fe  phase  with  a 
lattice  constant  a  =2.866±().(X)2  A.  The  Mossbauer  spectrum 
of  the  powder  was  varied  essentially  by  fast  quenching  to 
room  temperature  after  heating  in  argon  at  7’=80()°C  for 
half  an  hour  [Fig.  1(b)].  The  area  of  such  the  spectrum  with 
the  H2  component  was  extended  to  ^2=82%  while  the  con¬ 
tent  of  the  bcc-Fe  phase  with  the  component  was  reduced 
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FIG.  1.  Mossbaucr  .spectra  of  Fc  particles  with  a  diameter  of  50  tint:  (a)  the 
initial  powder;  (b)  the  same  powder  after  heating  at  temperature  'r^KtKI'C 
for  half  an  hour  followed  by  quenching  down  to  rtxim  temperature. 


down  to  5]- 18%.  The.se  results  allowed  us  to  suppose  that 
the  hypernno  magnetic  field  H2  in  the  bee  phase  could  be 
considered  as  a  remnant  of  a  high  spin  state  available  in  the 
fcc-Fe  phase  at  high  temperature. 

It  was  interesting  to  ascertain  to  what  degree  the  pecu¬ 
liarities  of  the  Mossbauer  spectra  for  Fc  particles  are  retained 
in  small  particles  of  an  Fe-Ni  Invar  alloy  for  which  a  stabi¬ 
lization  of  the  high  temperature  fee  phase  in  iron  is  typical. 
Preliminary  results  of  studies  of  Fe-Ni  alloy  particles  have 
been  published  earlier.^ 

Particles  of  Fe-Ni(30.3  wt  %),  Fc-Ni(35  wt  %),  and  Fe- 
Ni(S2  wt  %)  alloys  with  an  average  diameter  ranging  from  5 
to  15  nm  were  studied  by  x-ray  diffraction  and  Md.ssbauer 
spectroscopy.  Foil  and  wire  alloys  were  used  for  preparing 
samples.  They  were  evaporated  within  a  vacuum  chamber 
from  W  wire  placed  at  the  center  of  a  beaker  with  a  diameter 
of  10  cm.  The  vacuum  chamber  was  filled  with  argon  up  to  a 
given  pressure  ranging  from  0.08  to  3.5  Torr  and  a  swift 
sample  evaporation  was  made.  Metal  vapor  condensation  in 
argon  (the  gas  evaporation  technique)  resulted  in  ultrafinc 
deposits  on  the  beaker  walls  formed  from  spherical  particles 
with  a  nanow  size  distribution.  The  following  results  were 
obtained  from  the  x-ray  diffraction  measurements.  (1)  The 
lattice  constants  for  even  the  smallest  particles  did  not  differ 
from  those  for  a  bulk  solid.  (2)  The  Fe-Ni(52  wt  %)  alloy 
retained  the  fee  structure  whatever  the  particle  size.  (3)  The 
Fe-Ni(30.3  wt  %)  and  Fe-Ni(35  wt  %)  alloys  in  a  bulk  solid 
originally  have  a  fee  structure  with  a  small  fraction  of  the 
bcc  phase,  while  the  particles  with  a  diameter  of  5-8  nm 
consist  of  only  the  bcc  phase  As  the  particle  size  increases 
the  content  of  the  fee  phase  rises  while  the  fraction  of  the  bcc 
phase  is  reduced.  The  bcc-fcc  transition  is  completed  entirely 
in  Fe-Ni(35  wt  %)  particles  with  a  diameter  of  about  12  nm 
though  larger  Fe-Ni(30.3  wt  %)  particles  with  a  diameter  of 
15  nm  have  a  conspicuous  bcc  phase  fraction. 

It  should  be  noted  that  the  observed  structural  size  de¬ 
pendence  and  stable  existence  of  the  bcc  phase  in  small  par¬ 
ticles  of  Fe-enhanced  alloys  run  counter  to  the  expected  sup¬ 
pression  of  the  martensite  fcc-bcc  transition  in  such 
particles.^ 


FIG.  2.  Mti.ssbaucr  spectra  of  Fc-Ni  alloys;  (a)  Fc-Ni(.t()..t  wt  %)  foil;  (b) 
Fc-NK.S.I  wt  %)  powilcr  with  a  mean  panicle  size  of  8  nm;  (c)  the  same 
IKJwder  as  a  previous  one  heated  at  temperature  /'-dOO  "C  for  half  an  hour 
foliowcd  by  quenching  to  rixmt  temperature. 


Typical  Mos.sbauer  spectra  for  Fe-Ni  alloys  are  shown  in 
Fig.  2,  The  spectra  of  particles  are  quite  different  from  spec¬ 
tra  of  foils.  Parameters  for  the  Mossbaucr  spectra  of  samples 
arc  listed  in  Table  1.  The  spectrum  for  the  Fe-Ni(3()..3  wt  %) 
foil  displays  a  broad  single  line  [Fig.  2(a)]  while  the  spectra 
for  Fe-Ni(35  wt  %)  foil  and  Fe-Ni(52  wt  %)  wire  could  be 
represented  as  two  6-line  spectra;  //i  =  278  kOe  (5;  =44%), 
//2=238  kOe  (52  =  56%),  and  //|  =  308  kOe  (5,  =50%), 
7/2=3 13  kOc  (52=50%),  respectively.  In  the  cast  of  the  Fc- 
Ni(52  wt  %)  alloy  its  Mossbauer  spectrum  pattern  and  a 
crystalline  structure  keep  under  the  transition  from  a  bulk 
.solid  to  particles  with  the  diameter  of  7  nm.  The  Fe-Ni(35 
wt  %)  and  Fe-Ni(30.3  wt  %)  alloys  behave  the  other  way 
around,  that  is  the  fee  structure  of  the  bulk  solid  changes  into 
bcc  structure  for  the  particles  with  a  diameter  of  5-8  nm. 
The  form  of  the  Mossbauer  spectrum  and  the  crystallo¬ 
graphic  features  of  the  Fc-Ni(30.3%  wt  %)  particles  with 
about  15  nm  diam,  which  contain  both  phases  at  the  1.3 
fcc/bcc  ratio,  do  not  change  after  exposing  samples  at  77  K 
for  2  h. 
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TABLE  I.  Hyperflnc  size  parameters  for  Fe-Ni  samples  at  298  K.“ 
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Cl 
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30.3  Ni 

i  wt  % 
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15 
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“ 
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- 

43 
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- 
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- 
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- 

- 
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- 

- 

37 

5.5 

- 

- 

4- 

- 

63 

35  Ni 

wt  % 

samplc 

345 

- 

- 

- 

44 

8 

318 

- 

- 

- 

44 

- 

- 

- 

4- 

12 

318 

- 

- 

- 

40 

8" 

- 

+ 

- 

- 

43 

- 

- 

- 

+ 

17 

‘d — particle  size,  nm;  H,fi — hyperflnc  magnetic  flold,  kOc;  y — single  line 
with  the  isomer  shift  5= -0.07  mm/s  corresponds  to  the  fee  phase; 
e— unresolved  structure  (“sagging  wire");  Cl — clusters  of  Fc^*,  Fc^^  [see 
Fig.  2(b)];  .S — relative  area  of  subspectra,  %. 

''Sample  after  heating  at  7=900  °C  for  2  h. 


The  spectrum  for  Fe-Ni(35  wt  %)  particles  with  a  mean 
diameter  of  8  nm,  as  shown  in  Fig.  2(b),  could  be  repre¬ 
sented  by  two  6-line  spectra:  H^=‘345  kOe  (5;= 44%)  and 
W2=318  kOe  (52=44%)  with  a  small  fraction  of  Fe'^'*  and 
Fe^"^  oxides.  Practically  the  same  value  of  Hi  and  H2  were 
observed  for  the  Fe-Ni(30.3  wt  %)  particles  with  diameters 
in  the  range  of  5-8  nm.  When  the  Fe-Ni(30,3  wt  %)  and 
Fe-Ni(35  wt  %)  the  smallest  particles  of  5-8  nm  size  were 
quenched  from  900  °C  to  room  temperature,  the  6-line  spec¬ 
trum  with  /f  1  =  345  kOe  transformed  into  a  central  line 
(Si =43%,  ^i  =  -0.07  mm/s)  [Fig,  2(c)]  with  .simultaneously 
about  twice  the  increase  of  the  particle  size.  This  spectrum 
transformation  is  undoubtedly  due  to  a  bcc-fcc  phase  transi¬ 
tion.  This  is  also  borne  out  with  the  appearance  of  the  narrow 
central  line  (Si =57%,  <?i  =  -0,05  mm/s)  corresponding  to 
the  fee  phase  side  by  side  with  the  6-line  spectrum  {H 2=330 


kOe,  52=43%,  &=0.02  mm/s,  A2=().02  mm/s)  correspond¬ 
ing  to  the  bcc  phase  for  the  Fe-Ni(30.3%  wt  %)  particles 
with  a  mean  diameter  of  15  nm  (see  Table  I). 

IV.  CONCLUSIONS 

As  in  the  case  of  the  small  particles  of  both  pure  iron  and 
Fe-Ni  alloy  the  Mossbauer  spectra  have  a  complex  structure 
indicating,  probably,  the  essential  role  of  a  high  temperature 
Fe  fee  modification  which  can  be  displayed  in  two  different 
states  depending  on  the  size,  the  particle  making  conditions, 
and  the  heat  treatment. 

Though  it  has  been  recently  shown  theoretically  that  the 
ferromagnetic  fee  Fe  was  unstable  relative  to  tetragonal  de¬ 
formation,  and  hence  it  could  not  exist  itself,'’  nevertheless  in 
the  case  of  pure  iron  the  experimental  resulhs'^  evidence  an 
availability  of  two  spin  states  in  the  fee  Fe.  As  for  the  Fe-Ni 
Invar  alloy  in  this  case  also  the  above  given  experimental 
results  indicate  the  existence,  at  least,  of  two  spin  states  in 
the  fee  phase,  So,  in  accordance  with  the  theory'  for  the 
Fe-Ni(30.3  wt  %)  and  Fe-Ni(35  wt  %)  particles  the  central 
paramagnetic  peak  in  Fig.  2(c)  apparently  belongs  to  an  an- 
tifcrromagnetic  low  spin  state  of  the  fee  phase  but  one  of  the 
two  Mossbauer  spectrum  components  [Fig.  2(c)]  with  the 
higher  hyperfine  field  (//i=345  kOe)  on  Fe  nuclei,  probably, 
corresponds  to  the  hereditary  high  spin  magnetic  structure  of 
the  fee  phase  in  a  crystalline  bcc  structure  of  small  particles. 
This  last  magnetic  structure  is  formed  during  a  particle  mak¬ 
ing  procedure.  At  the  same  time  after  the  powder  heat  treat¬ 
ment  at  a  temperature  of  900  “C  followed  by  a  quenching  to 
room  temperature  it  transforms  to  the  low  spin  state  of  the 
fee  phase  simultaneously  with  the  structural  bcc-fcc  transi¬ 
tion. 
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The  transverse  magnetoresistance  has  been  measured  for  the  newly  discovered  magnetically  ordered 
icosahedral  quasicrystals  Al7(,_;j.Pdi5Mn,5B,  ex' =0,2,4,6,8,10).  Experiments  were  conducted  ai  4.2 
K  in  magnetic  fields  up  to  5.5  T.  The  results  showed  a  systematic  change  as  a  function  of  boron 
concentration.  The  magnetoresistance  for  jr=0,2,4,6  showed  a  negative  field  dependence  which 
became  weak  with  increasing  x.  The  samples  with  jr=8,IO  showed  a  negative  magnetoresistance  at 
low  fields,  which  became  positive  for  higher  applied  fields.  The  minimum  in  the  magnetoresistance 
shifted  to  lower  field  value  with  increasing  boron  content  (to  about  0.5  T  for  10  at.  %B).  The 
analysis  of  the  results  has  been  based  on  the  theory  of  three-dimensional  weak  localization,  with  a 
strong  influence  of  spin-orbit  scattering.  The  magnetoresistance  is  negative  for  low  boron 
concentration  due  to  weak  spin-orbit  scattering,  and  is  positive  for  high  boron  concentration  due  to 
strong  spin-orbit  scattering. 


I.  INTRODUCTION 


III.  RESULTS  AND  DISCUSSION 


Since  the  first  discovery  of  quasicrystals  in  Al-Mn 
alloys'  the  influence  of  the  quasiperiodicity  on  the  physical 
properties  has  been  studied  extensively.  In  particular,  the  ef¬ 
fect  of  the  local  icosahedral  symmetry  on  the  magnetic  and 
electronic  properties  has  been  of  particular  interest.^''*  Ouasi- 
crystals  show  magnetic  behavior  that  ranges  from  diamag¬ 
netic  to  ferromagnetic.^  Most  quasicrystalline  materials  have 
been  reported  to  be  either  diamagnetic  or  paramagnetic, 
while  a  few  have  exhibited  spin  glasslike  behavior.^  Weak 
ferromagnetism  has  been  found  in  Al-Ce-Fe,'*  Al-Mn-Ge,'' 
and  Al-Mn-Si.®'^ 

Recently  a  new  class  of  Al-Pd-Mn-B  quasicrystals  with 
large  magnetization  (~5X10'^  Hm^kg“‘)  and  Curie  tem¬ 
peratures  around  500  K  have  been  reported.**  The  room- 
temperature  magnetization  was  found  to  increase  with  in¬ 
creasing  B  content  in  the  series  of  alloys  of  the  composition 
Al7o_^Pdi5Mni,B;f ,  The  magnetization  is  ob.served  only  in 
the  metastable  quasicrystalline  phase  and  is  not  present  in  the 
equilibrium  crystalline  phase.  In  this  work  the  magnetoresis¬ 
tance  of  Al7(j.,^.Pdi5Mni5Bf  has  been  investigated  at  4.2  K. 
Weak  localization  theory  is  used  to  analyze  the  result  and 
deduce  the  inelastic  scattering  time  t,  and  spin-orbit  scatter¬ 
ing  time  . 


II.  EXPERIMENTAL  METHODS 

A]7„_  jPdijMnisB,,  alloy  ingots  were  prepared  from  high 
purity  elements  by  arc  melting  followed  by  melt  .spinning 
onto  a  copper  roller  with  a  surface  speed  of  60  ms"'.  Re¬ 
sulting  ribbons  had  cross  sections  of  —25  /am  thick  by  —1.5 
mm  wide.  The  single  phase  quasicrystalline  nature  of  the 
ribbons  was  confirmed  by  room  temperature  x-ray  diffraction 
using  Cu-X„  radiation  on  a  Siemens  D50()  scanning  diffrac¬ 
tometer.  The  magnetoresistance  was  measured  at  4.2  K  in  a 
transverse  field  up  to  5.5  T  using  a  conventional  four-point 
dc  technique.  The  electrical  leads  were  attached  to  the 
sample  using  silver  loaded  epoxy. 


Weak  localization  (WL)  effects  are  manifested  at  low 
temperature  as  small  quantum  perturbations  of  the  classical 
Boltzmann  conductivity  and  can  provide  detailed  informa¬ 
tion  about  the  electron  scattering  processes.  The  theory  of 
WL  has  had  reasonable  success  in  explaining  the  anomalous 
behavior  of  the  transport  properties  of  three-dimensional  dis¬ 
ordered  systems.'*’"’  The  magnetoresistance  is  negative  in  the 
case  of  weak  spin-orbit  scattering  systems,  i.e.,  T,<rs„.  In 
the  case  of  .strong  spin-orbit  scattering  systems  the  magne¬ 
toresistance  is  positive  and  ri>T^. 

The  magnetoresistance,  Ap/p^,  due  to  WL  effects  is 
given  as  a  function  of  the  applied  magnetic  field,  B,  by  the 
model  of  Altshuler  eta/."  as 


Ap  ae^  j2'TTeB  1  ^  [  S  ^  3  ^  j  B  \ 

\  ~h  [2 


where 


(1) 


ZJ,= 


SttcDt,  ’ 


4  veD  T„, 


(2) 

(3) 


and  D  is  the  diffusion  coefficient  and  a  accounts  for  uncer¬ 
tainties  in  sample  geometry.  The  function  is  the  Kawa- 
bata  function  given  by'‘ 
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The  transverse  magnetoresistance  measured  at  4.2  K  for  the 
ALo  iPdi'iMnijB,.  (.v=(),2,4,6,8,I())  alloys  is  .shown  in  Fig. 
1.  The  magnetoresistance  is  negative  for  a  «6  and  positive 
forjf=8  and  10.  Data  have  been  fit  to  Eq.  (1)  using  standard 
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FIG.  1.  The  transverse  tnagnetoresistance  measured  at  4.2  K  for  the 
(jr=(),2,4,6,8,10)  alloys.  Least-squares  fits  to  Eq,  (1)  arc 
illustrated  by  the  solid  and  broken  lines. 


nonlinear  least-squares  methods.  The  slowly  converging 
function  /3(j:)  used  by  Kawabata’^  was  replaced  by  the  more 
compact  form  proposed  by  Baxter  et  al. 


The  diffusion  coefficient  is  taken  tc  be  0.075  cm^  from 
literature  values  for  similar  Al-Mn-Pd  based  quasicrystals. 
The  characteristic  scattering  times  r,  and  are  obtained  as 
free  parameters  in  the  fits.  The  parameters  obtained  from 
these  fits  are  summarized  in  Table  I  and  fitted  curves  arc 
illustrated  in  Fig.  1. 

Equation  (1)  gives  a  good  fit  to  the  data  for  the  two 
alloys  with  the  strongest  spin-orbit  scattering  and  positive 
Ap/p^,  i.e.,  alloys  with  8  and  10  at.  %  boron.  The  presence  of 
strong  spin-orbit  scattering  in  these  alloys  is  evidenced  by 
the  relative  values  obtained  from  the  fits  to  the  scattering 
times;  Ti>T^.  The  fit  for  alloys  with  weak  spin-orbit  scatter¬ 
ing,  i.e.,  alloys  v/ith  0,  2  and  4  at.  %  boron,  indicates  that  the 
relative  scattering  times  arc  Ti<T^a.  The  alloy  with  x=6 
at.  %  boron  exhibits  complex  behavior  of  Ap/p^  as  a  function 


TABLE  I.  Scattering  times  and  coefficient  values  obtained  by  fitting  mea¬ 
sured  magnetorcsistance  data  to  Eq.  (1). 


X  (at,  %) 

T,  (l()-"'s) 

r„(10  “s) 

0 

2.51 

9.8 

2 

1.96 

960 

4 

2.59 

0.57 

8 

0.30 

0.0015 

10 

0.22 

(),0()15 

of  applied  field.  Subsequently  the  function  given  in  Eq.  (1) 
does  not  provide  a  suitable  fit  to  the  experimental  data  for  the 
alloy  of  this  composition. 

IV.  CONCLUSIONS 

The  values  of  the  parameters  given  in  Table  I  as  well  as 
the  qualitative  behavior  of  the  experimental  data  as  illus¬ 
trated  in  Fig.  1  demonstrate  a  crossover  from  weak  spin-orbit 
scattering  to  strong  spin -orbit  scattering  as  a  function  of  in¬ 
creasing  boron  content  in  the  alloys.  This  crossover  corre¬ 
sponds  to  a  transition  from  Ti<T^  to  Tj>T^g  and  a  corre¬ 
sponding  loss  of  phase  coherence  in  the  scattering.  The 
present  experimental  results  have  demonstrated  that  the 
theory  of  WL  gives  at  least  a  semiquantitative  description  of 
the  magnetoresistance  of  magnetically  ordered 
Al7o-iPdi5Mni5B;t  quasicrystals;  in  particular  those  which 
exhibit  strong  spin-orbit  scattering.  WL  theory  gives  a  poorer 
quantitative  description  of  weak  and  intermediate  spin-orbit 
scattering.  The  breakdown  of  the  theory  for  similar  cases  in 
three-dimensional  systems  have  been  reported  by  other 
authors.'*  The  increase  in  the  spin-orbit  component  of  the 
scattering  which  results  from  the  increase  in  boron  content  of 
the  alloys  may  be  seen  as  an  increase  in  the  rf-band  density 
of  states  at  the  Fermi  energy.  This  is  consistent  with  the 
observed  increase  in  the  strength  of  the  magnetic  coupling  in 
these  alloys  as  indicated  by  an  increase  in  the  measured 
magnetization." 
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The  magnetic  and  electrical  transport  properties  of  amorphous  Fe-Zr  based  alloys  with  compositions 
near  10  at.  %  Zr  with  various  elements  substituted  for  Fe  are  of  particular  interest.  In  the  case  of  Mn 
substitutions  the  Curie  temperature  and  the  average  magnetic  moment  decrease  monotonically  with 
increasing  Mn  content  and  the  temperature  dependence  of  the  magnetization  is  significantly 
modified.  The  electrical  transport  properties  of  amorphous  Fe9o-.,Mn^Zri()  (for  j:=0,  4,  8,  and  12) 
over  the  temperature  range  of  4.2-300  K  and  the  magnetoresistance  for  fields  up  to  4.0  T  at  4.2  K 
are  reported  in  the  present  work.  A  broad  minimum  in  the  resistivity  is  observed  at  around  255,  235, 
200,  and  180  K  for  the  four  compositions,  respectively.  In  the  case  of  the  j:  =  8  sample  a  second 
minimum  occurs  at  around  50  K.  The  magnetoresistance  of  all  samples  shows  a  sharp  increase  for 
small  fields  and  a  linear  field  relationship  for  fields  above  about  0. 1  T. 


I.  INTRODUCTION 

The  amorphous  FcZr  (a-FeZr)  alloys  with  compositions 
near  10  at.  %  Zr  form  an  interesting  disordered  magnetic 
phase.  A  variety  of  unusual  properties,  e.g.,  small  Fe  mo¬ 
ment,  low  Curie  temperature  (T,^),  a  large  high  field  suscep¬ 
tibility,  etc.,  have  beer,  observed  in  these  materials.  The  re¬ 
placement  of  Fe  with  other  3d-transition  metals  (TM)  can 
introduce  significant  changes  in  the  magnetic  properties.  In 
particular  Mn  substitutions'  have  the  following  effects  on 
ti-FeZr:  (1)  a  monotonic  decrease  in  T,.  with  increasing  Mn 
content,  (2)  a  large  high  field  susceptibility  for  alloys  with  up 
to  at  least  10  at,  %  Mn,  and  (3)  re-entrant  behavior  of  the 
initial  susceptibility  for  samples  with  Mn  content  up  to  at 
le  \st  10  at.  %. 

As  the  Mn  substituted  alloys  show  re-entrant  magnetic 
bet  avior  over  a  wide  range  of  compositions,  i.e.,  0-10  at.  % 
Mn,  these  samples  are  a  suitable  means  for  investigating  the 
detai.'.r  of  the  magnetic  transitions  in  amorphous 
ferromi!gnets.^'’  Few  magnetic  and  electronic  transport  stud¬ 
ies  have  been  reported  for  Mn  substituted  a-FeZr  alloys  and 
these  do  not  allow  for  well-defined  conclusions  concerning 
the  iater-re!,itionship  of  magnetism  and  electronic  properties. 
In  the  presen*  wcrk  we  report  the  results  of  a  detailed  inves¬ 
tigation  of  resistivity  and  magnetoresistance  of 
a-Fe9o__,MnjZ  ,0  alloys  over  the  temperature  range  of  4.2- 
300  K.  Particul  r  emphasis  is  placed  on  the  regions  near 
magnetic  phase  .ransitions  with  the  idea  of  improving  our 
understanding  of  he  effects  of  magnetic  interactions  on  elec¬ 
tron  scattering  mechanisms. 

II.  experimental  methods 

Amorphous  a,"oys  of  the  composition  Feyo_^.Mn^Zrm 
with  .A=0,  4,  8.  airl  12  were  prepared  by  arc  melting  high 
purity  elemental  ci  mponents  followed  by  quenching  from 
the  melt  on  to  a  single  Cu  roller  in  an  argon  atmosphere. 


X  '•ay  diffraction  patterns  obtained  using  Cu  Ka  radiation 
confirmed  the  amorphous  nature  of  all  as-prepared  ribbons. 
The  magnetic  properties  of  the  alloys  were  characterized  by 
standard  ac  susceptibility  measurements,  and  will  be  pre¬ 
sented  in  detail  elsewhere."*  Four-point  resistivity  and  mag¬ 
netoresistance  measurements  were  carried  out  over  the  tem¬ 
perature  range  of  4.2-300  K  in  applied  magnetic  field  from  0 
to  4.5  T  using  standard  dc  techniques. 

III.  RESULTS  AND  DISCUSSION 

The  temperature  dependence  of  the  reduced  electrical 
resistivity,  p(T)/p(300  K)  for  the  a-Fe,,i)_^Mn^Zrm  samples 
is  illustrated  in  Fig.  1.  The  magnetic  data  (obserc-ed  Tc)  and 
the  resistivity  data  of  this  series  of  alloys  is  shown  in 
Fig.  2.  It  is  clear  ooi/i  the  figures  that 


FIG.  I.  p(r)/fp(4.2  K)]  as  a  function  of  temperature  for  u-Fe,,,,  ,Mn,Zr 
with  A- =0,  4,  8,  and  12, 
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X  (at%) 

FIG.  2.  (O)  and  Tc  (•)  as  a  function  of  Mn  concentration  (.t)  for 

a-Fe,„-iMn;,Zr,o. 


(1)  all  samples  show  a  resistivity  minimum  at  a  temperature 
(7’mm)  near  Tc, 

(2)  both  Tq  and  decrease  by  about  30%  as  x  increases 
to  12  at.  %, 

(3)  in  the  case  of  a:=0  and  x=4  a  small  anomaly  in  the 
resistivity  at  low  temperatures  (~20  K)  is  observed, 

(4)  a  second  minimum  is  observed  at  low  temperatures  for  8 
at.  %  of  Mn  and  a  broad  minimum  is  observed  in  the 
case  of  12  at,  %  of  Mn  alloy. 

These  observations  suggest  that  the  resistivity  minimum 
around  Tc  is  closely  correlated  to  the  magnetic  behavior. 
This  is  in  agreement  with  the  results  of  studies  of  pressure 
effects  on  Tc  and  r^in  in  similar  alloys.^ 

Magnetoresistance  data  provid.-  information  about  the 
microscopic  magnetization  and  can  aid  in  the  understanding 
of  the  relationship  between  magnetic  interactions  and  elec¬ 
tron  scattering  mechanisms.  Spin  disorder  scattering  and  the 
Kondo  effect  (in  the  case  of  dilute  magnetic  alloys)  can  ac¬ 
count  for  the  differences  between  the  zero  field  and  the  in¬ 
field  resistivity.  This  scattering  is  expected  to  be  sensitive  to 
magnetic  ordering  on  a  distance  scale  comparable  to  the 
electron  mean  free  path  in  the  alloys.  On  the  other  hand,  the 
coherent-exchange  scattering  (CES)  model,  which  is  well 
suited  to  magnetic  systems,  takes  into  account  the  contribu¬ 
tion  to  resistivity  from  coherent  exchange  scattering  by 
neighboring  ions  and  predicts  that  the  change  in  resistivity 
due  to  magnetic  ordering  is  either  positive  or  negative  de¬ 
pending  on  whether  the  interference  between  the  scattered 
waves  is  constructive  or  destructive. 

In  order  to  determine  the  effects  of  an  applied  magnetic 
field  on  the  resistivity  minimum,  we  have  carried  out  tem¬ 
perature  dependent  resistivity  measurements  in  external 
fields  of  0.7  and  4.0  T.  Figure  3  illustrates  that  there  is  a  shift 
in  Tmin  as  the  applied  field  is  increased.  It  is  also  evident  that 
the  external  field  suppresses  the  minimum.  Transverse  and 
longitudinal  magneloresistancc  measurements  were  carried 
out  in  a  field  of  4.5  T  at  4.2  K  and  the  results  for  samples 
with  0,  4,  8,  and  12  are  shown  in  Fig.  4.  The  magnetore¬ 
sistance  increases  monotonically  with  applied  field  and  the 
slope  is  observed  to  be  positive  for  both  geometries.  It  is  also 
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FIG.  3.  Normalized  resistivity,  p(r)/[p(70  K)],  as  a  function  of  temperature 
for  fl-Fe,o.,Mn,Zrio  wuS  (a)  jc=0  and  (b)  Jc=8  for  different  values  of  the 
applied  magnetic  field;  0  T  (■);  0.7  T  (O);  and  4.0  T  (•). 

seen  that  the  magnitude  of  the  spontaneous  resistive  anisot¬ 
ropy  decreases  with  increasing  Mn  concentration.  The  tech¬ 
nical  saturation  is  achieved  at  lower  applied  field  values  in 
the  longitudinal  mode  than  in  the  transverse  case  and  this  is 
an  indication  that  the  domain  rotation  process  occurs  at 
lower  fields  for  the  longitudinal  geometry. 

The  present  materials  are  concentrated  magnetic  alloys 
and  variations  in  the  exchange  interaction  between  localized 


0  12  3  4  5 

II  (  T) 


FIG.  4.  Ap/pi,=[p(//,7')-p(0,7’)|/[p(0,7')]  a,s  a  function  of  applied  mag¬ 
netic  field  for  (•,0):  x=4  (T.V);  a-8  {■,□);  and  x-12  (A, A). 
Closed  symbols  represent  the  transverse  mode  and  open  symbols  represent 
the  longitudinal  mode.  Inset;  magneloresistancc  as  a  function  of  temperature 
for  JC=0  (closed  symbols)  and  jr=8  (open  symbols)  in  an  applied  field  of  0.7 
T  (□,■)  and  4,0  T  (0,«). 

Srinivas  et  al. 


moments  at  the  first  nearest-neighbor  distance  will  result  in 
the  formation  of  regions  of  short  range  ferromagnetic  and 
antiferromagnetic  order.  The  large  values  of  high  field  sus¬ 
ceptibility  which  have  been  observed  for  the  present  series’ 
have  been  interpreted  in  terms  of  weakly  coupled  antiferro¬ 
magnetic  spins  and  are  a  prerequisite  for  the  existence  of  a 
Kondo  anomaly.  However,  the  longitudinal  magnetoresis¬ 
tance  as  measured  in  the  present  work  is  positive  at  all  tem¬ 
peratures  (see  insert  in  Fig.  4  for  and  8)  and  this  is 

inconsistent  with  the  assumption  that  is  due  to  Kondo 
behavior.  It  is  also  seen  that  the  magnetoresistance  shows  a 
maximum  at  a  temperature  near  7^-  Similar  behavior  has 
also  been  observed  in  rare  earth-transition  metal  alloy.s*’  and 
has  been  attributed  to  the  effects  of  coherent  exchange  scat¬ 


tering.  The  present  results  are,  therefore,  consistent  with  the 
CES  model  and  it  is  sugge.sted  that  the  magnetic  and  elec¬ 
tronic  transport  behavior  observed  for  the  series  of 
«-Fem,-AMn,.Zri()  alloys  can  be  explained  on  the  basis  of  this 
model. 
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An  initial  study  of  the  field  dependence  of  nuclear  magnetic  resonance  (NMR)  has  been 
undertaken  for  two  Co/Cu(lll)  multilayer  films  grown  by  molecular  beam  epitaxy.  The  multilayer 
structure  of  the  films  was  nominally  identical,  [Co(15  A)/Cu(7  A)]x2o>  however  by  growing  the 
multilayers  with  similar  structures  on  different  buffer  layers,  Cu(200  A)  and  Au(10  A),  saturation 
magnetoresistances  ^R/R  of  4%  and  22%,  respectively,  were  obtained.  The  NMR  signal  in 
ferromagnetic  materials  arises  due  to  the  enhancement  effect  from  the  electronic  magnetization. 

This  enhancement  effect  is  therefore  a  function  of  the  domain  structure  and  any  e.xternal  magnetic 
field.  By  applying  a  simple  model  of  how  the  NMR  enhancement  factor  varies  with  applied  field,  in 
the  absence  of  a  domain  structure,  the  anisotropy  fields  at  the  interfaces  and  in  the  bulk  were 
determined  separately  at  T =4.2  K.  These  were  then  compared  with  the  coercive  field  obtained  from 
magnetization  measurements.  Our  results  show  that  at  low  temperature  the  anisotropy  field  at  the 
interfaces  is  approximately  equal  to  tlie  coercivity  obtained  from  magnetization  measurements  (260 
Oe),  while  in  the  bulk  the  anisotropy  field  was  found  to  be  --SSO  Oe  for  the  low  magnetoresistance 
sample  with  A^/R=4%,  and  —1230  Oe  for  the  high  magnetoresistance  sample  with  AR//?=22%. 


I.  INTRODUCTION 

The  technique  of  spin  echo  nuclear  magnetic  resonance 
(NMR)  using  the  ^'*Co  nucleus  has  already  provided  signifi¬ 
cant  structural  information  on  Co/Cu(lll)  superlattices. In 
particular  it  has  been  established  that  sharp  interfaces  in  mo¬ 
lecular  beam  epitaxy  (MBE)  grown  Cq/Cu(111)  multilayers 
are  not  incompatible  with  giant  magnetoresistance  (GMR).”* 
This  article  extends  the  NMR  work  on  these  materials  by 
considering  the  field  dependence  of  the  NMR  at  a  tempera¬ 
ture  of  4.2  K.  Investigating  the  field  dependence  of  the  NMR 
in  ferromagnetic  materials  allows  the  change  in  the  enhance¬ 
ment  factor  of  the  signal  intensity  to  be  examined,  which  can 
then  be  related  to  the  domain  structure  and  anisotropy  fields. 

In  MBE  grown  Co/Cu(lll)  multilayers  the  NMR  fre¬ 
quency  of  the  nuclei  with  parent  atoms  at  a  plane  interface 
(nine  nearest-neighbor  Co  atoms  and  three  nearest-neighbor 
Cu  atoms)  is  —46  MHz  below  that  of  those  nuclei  in  the  bulk 
(12  nearest-neighbor  Co  atoms).  This  separation  allows  inde¬ 
pendent  investigation  of  the  magnetic  environment  associ¬ 
ated  with  the  interfaces  and  the  bulk.  If  a  magnetic  field  large 
enough  to  remove  the  domain  structure  is  applied,  the  anisot¬ 
ropy  field  can  be  determined  from  the  field  dependence  of 
the  NMR  signal.  Hence  the  anisotropy  field  can  be  deter¬ 
mined  separately  for  the  interfaces  and  the  bulk. 


II.  THEORY 

The  utility  of  ^^Co  NMR  arises  from  the  fact  that  the 
effective  field  (Bcff)  experienced  by  a  nucleus  depends  on  the 
atomic  environment  of  the  parent  atom.  When  applied  to 
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MBE  grown  Co/Cu(lll)  superlattices,  is  essentially  de¬ 
termined  by  the  parent  atom  and  the  surrounding  nearest- 
neighbor  atoms.  Thus  can  be  written  as 

^cff=«Ai,scif+^S/ai,  (1) 

where  the  first  term  is  due  to  the  parent  atom  and  the  second 
term  is  due  to  the  nearest  neighbors.  Work  on  Co/Cu  alloys 
and  multilayer  materials^'^’’’  has  shown  that  the  second  term 
contributes  a  discrete  shift  of  about  -16  MHz  per  atom 
v/hen  a  nearest-neighbor  Co  atom  is  replaced  by  a  Cu  atom. 

NMR  is  observable  in  ferromagnetic  materials  due  to  the 
enhancement  effect.^'**  The  amplitude  of  the  rf  field  experi¬ 
enced  by  a  nucleus  has  two  components;  a  regular  compo¬ 
nent  due  to  the  applied  rf  field,  and  an  enhanced  component 
due  to  the  oscillation  of  the  electronic  magnetization  induced 
by  the  applied  rf  field.  In  a  domain  wall  or  in  a  domain 
within  a  low  anisotropy  material  the  enhancement  factor  is  of 
the  order  of  77=“  10^.  Thus  the  response  of  the  nuclei  to  an 
applied  resonance  rf  field  is  largely  determined  by  the  elec¬ 
tronic  enhancement  factor  (77),  In  a  spin  echo  experiment  the 
magnitude  of  the  received  echo  is  also  proportional  to  77. 

The  enhancement  factor  varies  according  to  the  situation 
of  the  electron  spin  moments  responsible  for  the  electronic 
magnetization.  In  the  absence  of  domain  walls  the  strength 
of  the  NMR  signal  for  a  particular  environment  can  be  re¬ 
lated  to  the  domain  enhancement  factor  t/j  where  by 

signal®^  ?7,/a  - — ,  (2) 

^app'^^ani 

where  Bcrr  is  effective  field  at  the  nucleus,  Sapp 's  Ihe 

applied  field,  is  the  anisotropy  field  experienced  by  the 

atoms  under  consideration. 
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FIG.  1.  ”Co  NMR  spectrum  for  good  quality  Co/Cu(lll)  multilayer  tilms  (a)  sample  No.  66  M{/R=4%,  (b)  sample  No.  56  AR/R~22%. 


Thus  by  measuring  the  NMR  intensity  as  a  function  of 
field,  once  a  sufficiently  large  field  has  been  applied  to  en¬ 
sure  that  all  the  domain  walls  have  been  swept  out,  the  an¬ 
isotropy  field  can  be  determined. 

III.  EXPERIMENT 

IWo  samples.  Nos.  66  and  56,  were  produced  under 
similai'  ultrahigh  vacuum  conditions  by  MBE^  at  the  SERC 


I- 


facility  located  at  the  University  of  Leeds.  The  films  were 
grown  on  GaAs(llO)  substrates  with  a  Ge(500  A)/Co(15  A) 
buffer  layer,  a  Cu(200  A)  seed  layer  was  used  for  sample  No. 
66  and  an  Au(10  A)  seed  layer  for  sample  No.  56.  The 
multilayer  structure  consisted  of  [Co(15  A)Cu(7  A)]x2()  with 
a  thin  Au  cap  to  inhibit  oxidation.  The  progress  of  the  growth 
was  monitored  by  in  situ  reflection  high  energy  electron  dif¬ 
fraction  measurements  and  these  confirmed  that  they  were  no 
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Applied  field  (kOe) 


FIG.  2.  Field  dependence  of  ^"Co  NMR  integrated  area  for  (a)  sample  No.  66  main  peak  (b)  sample  No.  66  interlace  peak  (c)  sample  No.  56  main  peak,  (d) 
sample  No.  56  interface  peak.  A  saturating  field  of  9  kOe  was  applied  prior  to  each  measurement, 
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TABLE  I.  Anisotropy  fields  determined  from  field  dependence  of  NMR, 
coercivity  measured  on  a  VSM.  NMR  measured  at  4.2  K  and  at  8  K. 
Uncertainty  in  NMR  measurements  ~100  Oe, 


Anisotropy  field 

Coercive 

Held 

(Oe) 

Sample  No. 

4R/R 

Bulk 

(Oe) 

Interface 

66 

4% 

550 

340 

260 

5b 

22% 

1230 

360 

260 

gross  structural  differences  between  the  films.  However  re¬ 
cent  work*'^  has  confirmed  that  in  these  MBE  grown  materi¬ 
als  an  increase  in  the  GMR  is  correlated  with  less  interfacial 
roughness.  The  saturation  magnetoresistance  in  a  field  of  ~6 
T  and  a  temperature  of  T =4.2  K  was  dLR!R=4%  for  sample 
No.  66  while  for  No.  56,  ^RIR=22%. 

The  ^'^Co  NMR  was  measured  using  a  swept  frequency, 
coherently  detected  spin  echo  spectrometer.”  The  pulse 
power  was  adjusted  to  ensure  the  maximum  response  at  each 
field  and  frequency.  The  data  collected  were  corrected  for  oP' 
in  the  usual  way.  A  further  correction  to  allow  for  the  varia¬ 
tion  in  spin-spin  relaxation  time,  T2,  as  a  function  of  fre¬ 
quency  was  also  carried  out.  The  final  data  therefore  gave  an 
accurate  representation  of  the  product  of  the  enhancement 
effect  and  the  number  of  nuclei  in  a  particular  atomic  envi¬ 
ronment  at  all  frequencies  and  fields. 

The  coercivity  was  measured  at  T =8  K  in  a  PAR  4500 
vibrating  sample  magnetometer  (VSM)  fitted  with  a  CF1200 
cryostat  and  a  bipolar  power  supply. 

IV.  RESULTS  AND  DISCUSSION 

The  zero  applied  field  spectrum,  shown  in  Fig.  1  for  both 
sample  Nos.  66  and  56,  demonstrates  the  typical  features  of 
a  good  quality  Co/Cu(lll)  multilayer,  with  a  peak  at  —170 
MHz  associated  with  the  3XCu,  9XCo  nearest-neighbor 
configuration  of  a  perfect  interface,  and  a  main  peak  at  —215 
MHz  due  to  Co  atoms  in  a  bulk  fee  environment.  The  shift  in 
the  main  peak  frequency  from  the  value  of  217.4  MHz  f'ouivi 
in  free  fee  Co  powder  is  due  to  strain  caused  by  the  lattice 
mismatch  (2%)  between  Cu  and  Co  which  incie.'ses  the 
atomic  spacing  of  the  Co  in  the  plane  of  the  film.  The  small 
echo  intensity  between  these  peaks  is  probably  due  to  Co 
atoms  surrounded  by  one  or  two  Cu  atoms. 

Figure  2  shows  the  field  dependence  of  the  integrated 
echo  intensity  for  both  tlie  main  peak  and  interface  peak  of 
sample  Nos.  66  and  56.  The  parameters  obtained  from  fitting 
Eq.  (2)  are  summarized  in  Table  1.  In  order  to  ensure  that  the 


multilayer  was  ir  a  single  d  imain  state  the  data  was  fitted 
over  the  range  of  applied  field  for  which  the  gyromagnetic 
ratio  (y)  had  the  value  associated  with  free  Co.  The  gyro- 
magnetic  ratio  was  determined  from  the  shift  in  NMR  peak 
frequency  as  a  function  of  field.  This  shift  was  similar  for 
both  the  interface  and  bulk  peaks  in  a  particular  sample,  and 
in  the  absence  of  domain  structure  was  close  to  the  free  Co 
value  of  7=10.054  MHz/T. 

Table  I  shows  that  the  interfacial  anisotropy  field  deter¬ 
mined  from  NMR  measurements  is,  within  error,  the  same 
for  both  samples  and  is  similar  to  the  coercivity.  If  these  data 
are  correlated,  then  it  implies  that  magnetization  reversal  is 
nucleated  at  the  interfaces.  The  anisotropy  field  measured  for 
atoms  in  a  bulk  environment  is  larger  than  that  measured  at 
the  interfaces,  and  shows  significant  differences  between  the 
two  samples. 

V.  CONCLUSIONS 

By  examining  the  high  field  region  of  the  field  depen¬ 
dence  of  the  NMR  of  Co/Cu  multilayers,  the  NMR  response 
can  be  fitted  to  a  simple  model  that  allows  independent  de¬ 
termination  of  the  anisotropy  field  in  the  bulk  and  at  the 
interfaces.  Our  results  show  that  an  anisotropy  field,  approxi¬ 
mately  equal  to  the  coercivity,  exists  at  the  interfaces.  The 
ratio  of  bulk  to  interface  anisotropy  was  found  to  be  approxi¬ 
mately  double  for  the  sample  exhibiting  a  stronger  GMR 
effect. 
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Dependence  of  giant  magnetoresistance  in  Co/Cu  muitiiayers  on  the 
thickness  of  the  Co  layers 

A.  M.  Shukh  D.  H.  Shin,  and  H,  Hoffmann 

Institut  fur  Angewandte  Pliysik  111,  Univarsital  Regensburg,  93053  Regensburg,  Germany 

The  dependence  of  the  giant  magnetoresistance  (GMR)  on  the  thickness  of  the  Co  layers  in  Co/Cu 
multilayers  was  investigated  experimentally.  The  thickness  of  the  Cu  layer  was  held  constant  at 
/q,=  19  a,  which  corresponds  to  the  second  maximum  of  the  GMR  ratio  oscillating  dependence  on 
The  Co  layer  thickness  was  varied  from  4.8  to  79.0  A.  High  resolution  transmission  electron 
microscopy  showed  the  existence  of  the  two-dimensional  artificial  superstructure  with  defined 
periodicity  as  well  as  sharp  and  flat  interfaces.  From  wide  angle  x-ray  diffraction  it  was  concluded 
that  at  Co  layer  thickness  below  40  A  the  multilayers  arc  polycrystallinc  with  mainly  fee  lattice 
structure  and  (111)  texture.  In  the  case  of  thicker  Co  layers  indications  of  hep  Co  could  be  found. 

The  GMR  ratio  reaches  a  maximum  at  Co  layer  thickness  about  1 1  A.  It  was  shown  that  the  GMR 
in  sputtered  Co/Cu  multilayers  is  due  to  spin  scattering  at  the  interfaces  and  resistance  is  strongly 


influenced  by  interface  scattering. 

I.  INTRODUCTION 

Considerable  attention  is  paid  in  the  literature  to  the  gi¬ 
ant  magnetoresistance  (GMR)  effect  observed  in  multilayers 
composed  of  alternating  metai  and  ferromagnetic  layers  of 
special  thickne.sses.  Since  the  discovery  of  GMR  in  Fe/Cr 
multilayers,’  the  effect  has  been  observed  in  a  variety  of 
multilayer  systems,  At  present  the  Co/Cu  multilayers  seem  to 
be  of  the  greatest  interest  becau.se  of  the  large  GMR  and  of 
its  weak  temperature  dependence. Because  of  these  prop¬ 
erties  this  .system  could  be  a  candidate  for  an  application. 

The  dependence  of  the  GMR  in  Co/Cu  multilayers  on 
the  thickness  of  the  Cu  interlayers  is  well  known  from  the 
previous  publications.^''''^  However  the  influence  of  the  Co 
layer  thickness  on  the  amount  of  the  GMR  has  not  been 
clarified  yet.  In  this  article  we  report  about  such  experiments 
and  their  resuits. 


II.  EXPERIMENT 

The  multilayers  Fe(10()  A)/[Co(/t'„)/Cu(r(^u)]2(/Fe(5()  A) 
were  deposited  onto  glass  substrates  (diameter  10  mm)  at 
room  temperature.  The  base  pressure  before  the  deposition 
was  below  8X10  ''  Torr  and  the  Ar  pressure  during  sputter¬ 
ing  was  kept  6.0  inTorr.  The  glass  substrates  were  chemically 
cleaned  and  plasma  etched  just  before  the  deposition. 

An  Fe  buffer  layer  with  the  thickness  /(;,,=  100  A  and  Fe 
protective  layer  at  rF,.=5()  A  were  dc  magnetron  sputtered, 
while  the  Co/Cu  multilayers  were  deposited  by  rf  sputtering. 
By  experience,  Co/Cu  multilayers  with  the  Fe  buffer  layer 
usually  exhibit  a  much  larger  GMR  ratio''''’’’  than  systems 
without  an  Fe  buffer,  especially  in  the  case  of  Cu  layer  thick¬ 
ness  below  10  A.  The  deposition  rates  were  between  1.8  and 
3.0  A/s,  calibrated  by  x-ray  fluorescence  measurements.  The 
thicknesses  re,,,  /q,,  and  were  determined  from  the  cali¬ 
brated  deposition  rates  and  sputtering  time  as  well  as 
multilayer  cross-sectional  investigations  by  transmi.ssion 
electron  microscopy  (TEM).  The  multilayers  showed  the  ex- 
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istcnce  of  a  two-dimensional  artificial  superstructure  with  de¬ 
fined  periodicity,  as  well  as  sharp  and  flat  interfaces. 

The  magnetoresistance  of  the  multilayers  was  investi¬ 
gated  at  room  temperature  by  a  four-point  method.  The  elec¬ 
trical  current  was  oriented  in  plane  of  the  multilayers.  The 
external  magnetic  field  was  applied  in  plane  perpendicular  to 
the  current.  The  magnetoresistance  ratio  A/?//?^  is  defined  by 
A/f/W,  =  (R,,,  -  W,v)//< V .  where  R,„  is  a  maximum  value  of  the 
resistance,  and  is  resistance  of  multilayer  at  magnetic 
.saturation  in  the  applied  magnetic  field.  The  magnetization 
loops  of  the  samples  were  taken  by  a  vibrating  sample  mag¬ 
netometer  at  room  temperature.  The  structure  of  the  multi¬ 
layers  was  investigated  using  x-ray  diffraction. 

III.  RESULTS  AND  DISCUSSION 

For  constant  thickness  of  the  Co  layers  (/(•„=  10.8  A)  the 
oscillation  of  the  GMR  ratio  A/?//?,,  with  variation  of  the  Cu 
interlayer  thickness  coincides  with  the  oscillation  of  the 
saturation  field  7/^ .  In  the  thickness  interval  6.6 
A  we  found  three  maxima  for  the  GMR  ratio 
A/f/R,  and  the  saturation  field  //,.  at  /(•„  equal  to  9,  19,  and 
30  A,  respectively.  Our  results  are  in  good  agreement  with 
the  results  of  other  authors. The  maximum  of  the  GMR 
ratio  (ranging  up  to  A/<//?,=36%  at  room  temperature)  was 
always  observed  for  the  multilayers  with  the  interlayer  thick¬ 
ness  r(„=«9  A.  Regarding  the  thickness  of  the  Cu  layer  the 
oscillation  period  is  about  1(1  A. 

In  this  article  the  dependence  of  the  GMR  on  the  thick¬ 
ness  of  the  Co  layers  at  constant  thickness  of  the  Cu 
interlayers  /(■„  should  be  investigated.  A  thickness  /(•„=  19  A 
(second  maximum  of  the  GMR  ratio  dependence  on  (c,,)  has 
been  selected.  By  experience,  at  this  thickness  the  experi¬ 
ments  siiowed  good  reproducibility.  Typical  niagnetoresis- 
tance  loops  for  three  samples  with  various  thicknesses  of  the 
Co  layers  are  given  in  Fig.  1  for  /(■„=4.8,  18,  and  79  A, 
respectively. 

Figure  2  shows  the  wide  angle  x-ray  diffraction  patterns 
of  Co/Cu  multilayers  witli  various  Co  layer  lliicknesses.  At 
/^■,,<4()  A  multilayers  are  fee  with  predominantly  (11 1)  tex¬ 
ture.  The  same  was  found  in  Co/Cu  multilayers  grown  by 
molecular  beam  epitaxy."  With  increasing  /( „  all  peaks  shift 
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FIG.  1.  Transverse  magneturesistance  vs  in-plane  field  for  three  multilayers 
of  the  form  Fe(100  A)/JCo(rc„)/Cu(19  A)]2i/Fc(50  A)  fur  Co  layer  thick¬ 
nesses  4.8,  18,  and  79  A  at  room  temperature. 


FIG.  3.  GMR  ratio  A/f/R,  and  resistance  at  magnetic  saturation  vs  Co 
layer  thickness  for  Fc(l(K)  A)/[Co(/c„)/Cu(19  A)]2i)/Fe(.‘'()  A)  multilayers. 


toward  the  higher  29  values  (smaller  value  of  the  lattice, 
peculiar  to  the  Co  layers).  The  intensities  of  (111),  (200),  and 
other  fee  peaks  decrease  but  the  intensity  of  a  left-side  sat¬ 
ellite  peak  of  (111)  increases  with  /co  increase.  This  peak 
approximately  corresponds  to  (100)  peak  of  hep  Co.  The 
presence  of  the  hep  phase  in  sputtered  Co/Cu  multilayers  at 
rQ,=30  A  was  observed  by  nuclear  magnetic  resonance  spin- 
echo  investigation.' 

The  dependences  of  the  GMR  ratio  ARIR^  and  the  total 
resistance  of  the  multilayers  at  magnetic  saturation  R  ,  on  the 
thickness  of  the  Co  layers  are  given  in  Fig.  3.  As  can  be  seen 
from  Fig.  3  the  GMR  ratio  reaches  a  maximum 
(AR/Rj=25%)  at  ^  decreases  with  increasing 


thickness  of  the  Co  layers.  The  GMR  ratio  AR/R,  depends 
on  AR  as  well  as  on  /?, .  Due  to  the  film  structure  both  values 
depend  on  different  ways  on  the  thickness  ff,,  of  the  Co 
layers.  This  needs  to  separate  A/?  and  /?,.  for  the  discussion. 

The  change  of  the  resistance  A/?  of  the  multilayers  is 
given  by  the  difference  of  the  resistance  of  the  multilayer 
system  at  antiparallel  and  parallel  alignme*’*'  of  die  magne¬ 
tization  of  the  adjacent  ferromagnetic  Co  layers.  This  differ¬ 
ence  AR  =  should  be  solely  caused  by  the  difference 

of  the  spin  scattering  due  to  the  orientation  of  the  magneti¬ 
zation.  Figure  4  shows  the  dependence  of  AR  on  the  recip¬ 
rocal  thickness  l//o,  of  the  Co  layers.  From  the  straight  line 
for  all  thicknesses  above  A  it  has  to  concluded  that 

the  observed  GMR  is  due  to  interface  spin  scattering.  This 
finding  agrees  with  former  results."*  The  decrease  of  AR  at 
layer  thickness  ^  will  be  discussed 

below. 

The  dependence  of  the  resistance  R  ,.  of  the  multilayer  at 
magnetic  saturation  on  the  thickness  /(;„  of  the  single  Co 
layers  is  given  in  Fig.  3.  Magnetic  saturation  means  that  the 
magnetic  moment  of  all  single  layer  Co  films  are  parallel 
aligned,  due  to  the  applied  external  magnetic  field.  In  this 
case  we  do  not  need  to  separate  the  spin-dependent  part  of 
scattering.  The  application  of  a  model  of  parallel  resistors 
allows  us  to  obtain  for  the  total  conductance  1/R,, 
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FIG.  2.  Wide  angle  x-ray  diffraction  patterns  of  Co/Cu  muitilayers  with  FIG.  4.  Magnetorcsislancc  change  A/<  as  a  function  ot  inverse  Co  layer 
various  thickness  of  Co  layers  (Cu  K„  radiation).  thickness  tor  the  multilayers  Fe(UK)  A)/ICo(/(.„)/Cu(19  A)]2(/Fe(.50  A). 
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^Fc  buffer  ^Fc  prot  \^Cu  ^Col 

where  buffer  ^Fc  ptot  resistances  of  the  Fe  buffer 
and  Fe  protection  layers,  respectively,  N  is  the  number  of  the 
Co/Cu  periods  of  the  multilayers,  and  ®nd  /?q,  are  resis¬ 
tances  of  the  single  Cu  and  Co  layers,  respectively. 

Since  in  the  present  experiments  the  thicknesses  of  the 
Fe  buffer  layer,  of  the  Fe  protection  layer,  of  the  Cu  layers, 
and  the  number  of  periods  were  constant  it  is  assumed  in  a 
first  approximation 

l//J,=A-t-Af//?co  (2) 

with  a  constant  value 

^  =  (l/^Fc  buffer) +  (l/^Fc  pro.)  +  (W«Cu)-  0) 

This  constant  value  needs  a  special  investigation,  which  has 
been  shown  in  other  publications.*^'" 

The  dependence  of  the  total  rcsi.stance  on  the  thickness 
of  the  Co  layers  has  to  be  discussed  on  the  thickness 
dependence  of  the  resistivity  of  the  films,  including  surface 
scattering  and  the  fluctuation  of  the  film  thickness.  These 
discussions  have  been  given  in  the  past."  For  a  very  first 
approach  it  is  assumed  that  the  Co  layers  are  continuous  and 
of  constant  thickness.  (The  lower  thicknesses  will  be  dis¬ 
cussed  below.)  In  this  case  the  resistance  f?co  of  a  single  Co 
layer  depends  on  its  thickness  and  is  given  by 

^Co~PCo^Co/^Cofco<  W 

where  L  Co  and  IVco  are  the  length  and  width  of  the  Co  layers, 
respectively.  Due  to  Sondheimer*^  approximation  of  Fuchs’ *•’ 
theory 

Pco=Pco(l+8  ^).  (5) 

where  l^o  and  Pco  are  the  mean  free  path  of  the  electrons  and 
the  resistivity  of  infinite  thick  Co  films,  respectively.  In  the 
case  /co^^Co  which  can  be  assumed  in  a  very  first  approxi¬ 
mation  one  obtains 


Pco=3/coPy8fc„, 

(6) 

and 

(7) 

where 

,  3  Lq,  ^ 

^=8  •Jy^/coPQ.  =  const. 

(8) 

This  leads  to 

\IR,=A  +  {Nlb)tl^. 

(9) 

In  Fig.  5  the  inverse  1//?,  of  the  resistance  /?,  is  plotted 
against  the  square  fco  of  the  thickness  of  the  Co  layers. 


FIG.  5.  Inverse  resistance  l//f ,  at  magnetic  saturation  vs  square  thickness  of 
Co  layer  for  Fe(l()0  A)/tCo(f(.„)/Cu(I9  Afia/Fet.iO  Al  multilayers, 


which  leads  to  a  straight  line.  Deviation  at  large  thickness  are 
explained  since  there  the  approximation  /cu^^Co  r^ot 
longer  valid. 

At  small  thickness  A  of  the  Co  layer  one  has  to 

take  care  of  the  layer  roughness,  which  on  mesoscopic  .scale 
leads  to  fluctuation  of  the  layer  thickness  and  increases  the 
resistance.  This  effect  is  not  included  in  the  foregoing  con¬ 
siderations.  The  system  then  is  described  by  Co  islands  in  a 
Cu  matrix,  which  can  be  seen  from  Fig.  2. 
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Vertical  inhomogenelty  of  the  magnetization  reversal  in 
antiferromagnetically  coupled  Co/Cu  multilayers  at  the  first  maximum 

R.  Mattheis,  W.  Andra,  L.  Fritzsch,  J.  Langer,  and  S.  Schmidt 

Institut  fur  Physikalische  Hochtechnologie  Jena,  PF  100  239,  D-07702  Jena,  Germany 

Magnetization  behavior  in  antiferromagnetically  (AFM)  coupled  multilayer  systems  was  calculated 
by  using  an  atomic  layer  model.  Comparisons  with  the  experimental  results  obtained  on  sputtered 
Co/Cu  multilayers  reveal  remarkable  differences  in  the  magnetization  reversal  and  in  the  field 
dependence  of  the  magnetoresistance.  Kerr  loops  measured  from  both  sides  of  the  stack  display 
strong  vertical  differences.  At  the  lower  side  near  the  Fe  seed  layer  the  magnetization  reversal  is  in 
good  agreement  with  that  of  our  calculations  whereas  near  the  surface  in  large  portions  of  the  stack 
the  AFM  coupling  is  destroyed  or  varied.  These  effects  are  presumably  caused  by  magnetic  short 
circuits  at  defects  in  the  multilayer  structure.  Cross-section  transmission  electron  microscopy 
reveals  growth  defects  which  seem  to  be  responsible  for  the  deviations  from  the  calculated  ideal 
behavior. 


I.  INTRODUCTION 

Due  to  their  large  magnetoresistance  (MR)  value  up  to 
80%  at  room  temperature,'  Co/Cu  multilayers  are  favored 
candidates  for  advanced  magnetoresistive  applications.  A 
large  scatter  in  the  amplitude  of  the  MR  and  also  the  satura¬ 
tion  field,  W,  has  been  found.^'*'’  Defects  in  the  multilayer 
stack  causing  magnetic  short  circuits  (MSC)  seem  to  be  re¬ 
sponsible.  A  linear  correlation  between  the  amplitude  of  the 
giant  magnetoresistance  (GMR)  and  the  antiferromagneti¬ 
cally  (AFM)  coupled  part  of  the  stack  was  found.'' 

We  prepared  Co/Cu  stacks  on  thermally  oxidized  Si  wa¬ 
fers  and  glass  plates.  Details  of  the  preparation  are  reported 
elsewhere.''  Each  Co/Cu  stack  consists  of  24  pairs  of  1 .7  nm 
Co  and  x  nm  Cu  with  a  3.4  nm  Co  covering  layer.  In  some 
samples  a  5  nm  Fe  buffer  layer  was  used.  Magneto-optical 
investigations  were  performed  using  the  longitudinal  Kerr 
effect.  For  transmission  electron  microscopy  a  Philips  CM 
20  was  used. 

II.  RESULTS  AND  DISCUSSION 

A.  Magnetization  reversal  and  GMR  calculated  for 
Ideal  multilayers 

Calculations  of  the  magnetization  reversal  were  per¬ 
formed  using  the  atomic  layer  model  (ALM).^  Both  systems, 
Co/Cu  multilayers  with  and  without  Fe  seed  layer,  were  cal¬ 
culated  assuming  constant  AFM  coupling  C,  between  all  Co 
layers  and  vanishing  in-plane  anisotropy.  The  field  depen¬ 
dence  of  the  MR  was  estimated  by  using  the  angle  differ¬ 
ences  between  nearest  Co  layers  and  their  parallel  connection 
to  determine  the  total  resistance. 

A  linear  dependence  of  the  magnetization  and  a  para¬ 
bolic  dependence  of  the  MR  were  obtained  only  for  a  stack 
with  two  Co  layers  (/i  =  2)  with  no  Fe  buffer.  In  Fig.  1  the 
angle  of  magnetization  of  each  individual  Co  layer  for  sys¬ 
tems  with  even  numbers  of  Co  (4  and  24)  layers  is  shown. 
The  outermost  Co  layers,  with  only  one  neighboring  Co 
layer,  react  most  sensitively  and  strongly  deviate  from  the 
cosine  law  throughout  the  whole  magnetization  process.  The 


inner  layers  show  strong  differences  only  at  low  fields 
(<0.25  /////,.).  Systems  with  an  odd  number  of  Co  layers 
possess  a  nonvanishing  residual  magnetization  at  zero  field, 
stable  up  to  a  threshold  field  (Fig.  2).  The  value  for 
decreases  with  increasing  number  of  Co  layers.  The  resulting 
M{H)  curves  are  very  similar  to  tltose  with  even  number  of 
bilayers  for  fields  higher  than  //,|, .  Our  MR  curves  are  nor¬ 
malized  with  respect  to  the  ordinate  (at  H=0)  as  well  as  to 
the  abscissa  (at  //  =  //,),  The  deviation  from  the  parabolic 
curve  is  small  for  even  n  (Fig.  2).  For  odd  n  it  decreases  with 
increasing  number  n , 

In  the  case  of  an  Fe  buffer  the  state  at  the  remancnce  is 
determined  by  the  Fe  layer  independent  of  the  number  n. 
Therefore,  the  angle  dependence  resembles  that  of  one  of  the 
systems  without  an  Fe  buffer  and  odd  n  (Fig.  3).  With  in¬ 
creasing  n  the  curves  become  more  and  more  similar  to  those 
without  an  Fe  buffer.  In  general,  a  nearly  linear  behavior  of 
the  AFM-coupled  Co  magnetization  with  increasing  field  is 
obtained  with  small  deviations  at  low  and  high  fields.  A  simi¬ 
lar  tendency  was  found  for  the  magnetoresistivity. 


FIO.  1.  Angle  of  the  nutgiielizatiim  of  each  individual  Co  layer  vs  normal¬ 
ized  field  in  a  four  bilayer  (a)  and  a  24  bilayer  (b)  slack  without  an  I'e  buffer. 
'Ilic  numbers  indicated  on  the  cuives  refer  to  the  individual  C’o  layer  begin¬ 
ning  from  the  substrate  surface.  In  (a)  the  cosine  law  is  shown  as  a  dotted 
line.  This  is  the  exact  solution  obtained  for  ;i  =  2. 
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FIG,  2,  Relative  magnetization  and  normalized  MR  vs  normalized  field  fur 
different  numbers  of  Co/Cu  bllayers.  Tlie  MR  values  were  normalized  to  a 
value  of  2  and  1  for  zero  field  and  saturation  field  H, ,  respectively. 


FIG.  5.  Kerr  loops  from  frontside  (solid  line)  and  backside  (dotted  line)  of 
our  Co/Cu  system  with  Fe  buffer.  Backside  means  substrate  side.  The  small 
Faraday  rotation  caused  by  the  glass  substrate  was  taken  away.  It  is  obvious 
that  the  APM  fraction  measured  from  the  backside  is  larger  than  that  mea¬ 
sured  from  the  frontside.  The  ferromagnetic  fraction  detected  from  the  back¬ 
side  is  due  to  the  Fc  buffer. 


H/H,  WH^ 

FIG.  3.  Angle  of  the  magnetization  of  each  individual  Co  layer  vs  normal¬ 
ized  field  in  a  five  bilayer  stack  without  Fc  buffer  (a)  and  four  bilayer  stack 
with  Fc  buffer  (b).  In  the  stack  without  Fe  buffer  (a)  the  magnetization  in  the 
first  and  fifth  layer  as  well  as  in  the  second  and  fourth  layer  is  identical. 
Additional!  i  in  (a)  the  position  of  the  threshold  field  is  indicated. 


Field /Oe 

FIG.  4.  Resistance  vs  applied  field  for  our  Co/Cu  system  with  and  without 
Fe  buffer  at  the  first  maximum.  The  inset  shows  the  amplitude  of  the  GMR 
vs  the  thickness  of  the  Cu  spacer  layer. 


B.  Experimental  results 

An  Fe  buffer  causes  a  strong  increase  in  the  amplitude  of 
GMR  and  also  of  the  saturation  field  //,  (Fig,  4),  The  mea¬ 
sured  dependence  of  R{H)  in  both  systems  is  different  from 
the  one  calcula<ed  in  A  but  nearly  the  same  on  glass  and 
thermally  oxidized  silicon. 

The  magnetization  reversal  was  studied  by  Kerr  loops 
taken  from  both  sides  of  the  multilayers  on  glass  substrates 
(information  depth  “25  nm).’  For  a  multilayer  with  an  Fe 
buffer  (Fig.  5)  the  Kerr  angle  rotation  resembles  the  calcu¬ 
lated  magnetization  curve  only  at  the  lower  part  of  the  stack 
near  the  Fe  buffer.  Due  to  differences  in  for  Fe  and  Co 
(Fig.  5)  we  estimated  that  100%  of  the  lower  and  60%  of  the 
upper  part  are  AFM  coupled.  Bearing  in  mind  the  results  of 
our  structural  investigations,  layer  defects  concentrated  in 
the  upper  part  may  be  responsible  for  the  observed  behavior. 
The  Kerr  loops  on  Co/Cu  multilayers  without  Fe  buffers 
(Fig.  6)  show  a  remarkable  proportion  of  ferromagnetically 
coupled  Co  even  near  the  substrate. 

Cross-section  transmission  electron  microscopy  (XTEM) 
on  stacks  with  Fe  buffers  (Fig.  7)  reveals  that  the  interfaces 
between  Co  and  Cu  get  rougher  with  increasing  distance 
from  the  substrate  surface.  At  the  arrow  the  metallic  layers 
are  interrupted  and  slightly  shifted  due  to  a  grain  boundary. 


Field  /  Oe 

FIG.  6.  Kerr  loops  from  frontside  (solid  line)  and  backside  (dotted  line)  of 
our  Co/Cu  system  without  Fe  buffer.  The  small  Faraday  rotation  caused  by 
the  glass  substrate  was  taken  away. 


J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Matthels  et  at. 


6511 


FIG.  7.  Low  niagnilk'ulioii  criiss-scolioniil  imago  of  tlio  sysiciii 
Si/SiOj/Fci-^O  A)/[Co(17  A)/Cu(22  Aili.v/D'l-^'t  A),  uiidorfocus.  The  arrow 
irrclicatcs  a  rlofoi:!  induced  by  a  grain  boundary.  Co  layers  appear  darker,  Cit 
layers  lighter. 

In  all  other  areas  the  metallic  layers  exhibit  continuous 
straight  lines  without  defects.  The  cross  sections  of  multilay¬ 
ers  without  Fc  buffers  show  smaller  grains  both  in  lateral  and 
vertical  dimension.  Because  of  the  greater  number  of  grain 
boundaries  it  is  reasonable  thiU  these  systems  contain  more 
defects  in  their  layer  structure.  Moreover,  the  interfaces  be¬ 
tween  the  layers  are  rougher  compared  to  systems  with  Fe 
buffers. 

C.  Influence  of  structural  defects 

To  check  the  influence  of  a  lateral  defect  causing  a  MSC 
between  neighboring  Co  layers  a  model  similar  to  the  ALM 
was  used.  The  MSC  was  assumed  to  have  the  shape  of  a 
nearly  straight  line  with  a  width  of  a  few  lattice  constants. 
This  may  be  caused  by  grain  grooving  at  the  grain  boundary 


as  is  depicted  in  the  marked  region  in  Fig.  7.  The  two  Co 
layers  are  magnetized  in  antiparallel  directions  for  f/=()  a 
great  distance  from  the  MSC.  Due  to  the  ferromagnetic  ex¬ 
change  coupling  at  the  MSC  the  magnetization  directions  arc 
locally  rotated  towards  the  defect  line.  Taking  into  account 
the  coupling  between  the  two  short  circuited  layers  and  in¬ 
cluding  their  nearest  Co  neighbors,  the  local  magnetization 
distribution  can  be  calculated.  First  estimations  yielded  a 
width  of  the  magnetization  distortion  in  the  range  of  10-100 
nm  depending  on  the  coefficient  of  a  AFM  coupling. 

III.  CONCLUSIONS 

Deviations  from  the  simple  cosine  law  for  the  calculated 
field  dependence  of  the  direction  of  magnetization  were 
found  in  all  systems  with  Fe  buffer  layer  and  in  systems 
without  Fe  for  n>2.  These  deviations  are  primarily  limited 
to  the  outer  layers  on  both  sides.  Comparisons  between  the 
calculated  and  measured  magnetization  and  MR  curves  dis¬ 
play  remarkable  differences.  Depth  selective  Kerr  loops 
.show  strong  indications  for  vertical  inhomogeneities.  These 
are  probably  caused  by  defect  regions  responsible  for  the 
ferromagnetic  part  of  the  magnetic  reversal  of  the  upper  lay¬ 
ers.  XTEM  investigations  reveal  MSCs  at  grain  boundaries 
which  could  be  a  possible  source  for  the  observed  effects. 
The  use  of  the  Fe  buffer  layer  .seems  to  improve  the  perfec¬ 
tion  of  the  multilayer  structure,  at  least  for  the  first  layers  of 
the  stack. 
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The  structure  and  magnetic  properties  of  sputtered  Co/Cu  multilayer  films  with  various  layer 
thicknesses  have  been  studied.  X-ray  diffractometry  and  high  resolution  electron  microscopy  show 
the  films  to  be  polycrystalline  with  a  fee  structure  and  strong  [111]  texture  in  the  growth  direction. 

The  magnetoresistance  (MR)  of  the  films  depends  critically  on  Cu  layer  thickness  (rcu),  with 
maximum  values  for  films  with  tcu  around  1  nm.  Large  differences  in  saturating  field  are  seen  for 
films  with  /cu  3nd  f^o  differing  by  a  nominal  0.1  nm.  The  magnetic  domain  structure,  studied  using 
Lorentz  microscopy,  shows  strong  dependence  on  /cu  •  High  MR-value  films  showed  evidence  of 
antiphase  magnetic  domain  boundaries.  The  high  MR  samples  show  antiferromagnetic  coupling, 
with  higher  saturating  fields  than  seen  in  the  ferromagnetically  coupled  films. 


I.  INTRODUCTION 

Multilayer  films  (MLFs)  exhibiting  giant  magnetoresis- 
tance  (GMR)  are  of  interest  both  because  of  their  fundamen¬ 
tal  properties  and  because  of  their  potential  development  as 
magnetoresistive  read  heads  and  sensors.  GMR  was  first  dis¬ 
covered  in  Fe/Cr  MLFs  grown  by  molecular  beam  epitaxy,' 
and  is  attributed  to  the  spin  dependent  scattering  of  conduc¬ 
tion  electrons,  arising  from  the  antiferromagnetic  (AFM) 
alignment  of  the  magnetization  in  adjacent  Fe  layers  across 
the  Cr  layers.  The  interlayer  exchange  coupling  associated 
with  the  AFM  alignment  is  oscillatory  with  increasing  non¬ 
magnetic  layer  thickness.^  Parkin  et  al  reported  resistance 
changes  up  to  65%  at  room  temperature,  in  an  applied  mag¬ 
netic  field  of  10  kOe,  for  Co/Cu  MLFs,^  and  in  addition,  the 
interlayer  coupling  constant  of  the  Co/Cu  MLFs  has  been 
reported  to  be  about  8  times  smaller  than  that  of 
Fe(001)/Cr(001).^  These  properties  make  Co/Cu  a  promising 
system  for  magnetic  sensors  or  magnetoresistive  read  heads 
to  replace  conventional  inductive  read  heads. 

In  this  article,  we  report  the  results  of  a  study  of  the 
correlation  of  the  microstructure  and  magnetic  domain  struc¬ 
ture  of  sputtered  polycrystalline  Co/Cu  MLFs  with  the  MR 
and  interlayer  magnetic  coupling. 


II.  EXPERIMENTAL  TECHNIQUES 

Co/Cu  MLFs  were  deposited  onto  native  oxide-coated  Si 
(100)  wafers  in  an  UHV  dc-magnetron  sputtering  system  at 
the  University  of  Cambridge.  A  series  of  40  period  MLF.s, 
with  Co  layer  thickness,  fco.  of  1'9  and  2.0  nm  and  /cu 
between  0.5  and  1.3  nm,  were  grown  under  0.68  Pa  of  argon. 

The  crystallographic  structure  and  periodicity  of  the 
MLFs  were  studied  using  a  Philips  x-ray  diffractometer.  The 
atomic-scale  structure  of  the  films,  and  the  layer  thicknesses, 
were  determined  from  cross-sectional  transmission  electron 
microscopy  (TEM)  specimens  using  a  JEOL  4000  EX 
HREM.  Plan-view  specimens  were  prepared  for  TEM  and 
Lorentz  microscopy  by  chemical  or  argon  ion  etching,  or  by 
floating  the  films  off  the  substrates.  Optical  diffractogram 


(ODM)  analysis  of  the  high-resolution  electron  microscopy 
(HREM)  negatives  was  used  to  determine  the  crystal  struc¬ 
ture  of  individual  crystallites. 

The  magnetic  domain  structure  was  investigated  by  Lor¬ 
entz  microscopy,  using  the  Foucault  mode  which  reveals  the 
magnetic  domains  as  areas  of  different  intensity.  Use  of  a 
specially  designed  objective  aperture  mechanism^  enabled 
high  quality  Foucault  images  to  be  obtained.  Hysteresis 
curves  were  obtained  at  room  temperature  using  an  alternat¬ 
ing  gradient  force  magnetometer  (AGFM)  at  Bangor  Univer¬ 
sity.  An  applied  magnetic  field  of  up  to  3  kOe  was  used  both 
parallel  to  and  perpendicular  to  the  film  plane. 

The  MR  of  the  Co/Cu  MLFs  was  measured  by  the  four- 
point  probe  method  with  magnetic  fields  parallel  to  both  the 
film  plane  and  the  measuring  current  at  room  temperature. 
The  MR  ratio  was  calculated  according  to 

r(W)  =  (/?„-«s„,)/Rs„, 

where  /?//  is  the  resistance  in  an  applied  magnetic  field  H, 
and  is  the  resistance  under  a  saturating  magnetic  field. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  (a)  small-angle  and  (b)  high-angle  x-ray 
diffraction  (XRD)  patterns  from  two  Co/Cu  MLFs  with 
f(;o=2.0  nm,  and  f(_-u  =  0.5  and  1.0  nm.  The  strong  low-angle 
peaks  confirm  the  clear  compositional  modulation  of  the 
films,  and  the  bilayer  thicknesses  calculated  from  the  peaks 
using  Bragg’s  law  agree  well  with  the  nominal  values.  The 
high-angle  patterns  show  a  single  strong  peak  between  the 
bulk  Cu  and  Co  fee  111  peak  positions  (calibrated  against  the 
Si  200  peak).  With  increasing  Cu  layer  thickness  the  peak 
shifts  toward  lower  angles.  This  shift,  combined  with  the 
small  peak  width,  suggests  that  large  areas  of  the  Co/Cu 
interfaces  are  coherent.  The  Co/Cu  MLFs  have  a  strong  crys¬ 
tallographic  texture,  with  a  predominantly  fee  structure  and 
{111}  parallel  to  the  film  plane.  The  difference  in  peak 
heights  between  curves  A  and  B  is  due  to  differences  in 
specimen  area  and  is  therefore  not  significant. 

The  [111]  texture  was  confirmed  by  selected  area  elec¬ 
tron  diffraction  of  both  plan-view  and  cross-.scctional  speci- 
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PIG.  1.  (a)  Low-angle  and  (b)  high-angle  XHD  patterns  from 

(C02.(|  „„/CU|,i,  (curve  A)  and  (Coju  „„/Cun5  »)«!  (turve  B)  MLFs. 
Vertical  scale  is  the  intensity  in  arbitrary  units.  A  and  B  have  been  displaced 
vertically  for  clarity. 


mens.  ODM  anttlysis  of  the  HR.EM  images  show  a  dominant 
fee  strueture  with  a  lattice  spacing  in  agreement  with  the 
high-angle  XRD  data.  A  typical  HREM  image  of  a  cross- 
sectional  specimen  of  a  (Co2.(i  nm/Cui  (,  „n,)4()  MLF  is  shown 
in  Fig.  2(a).  Textured  columnar  grains  growing  normal  to  the 
him  plane  are  visible  with  a  constant  crystal  structure  across 
several  layers  and  coherent  Co/Cu  interfaces.  The  columnar 
grain  size,  determined  from  both  the  XRD  peak  widths  and 
the  HREM  images,  has  a  value  of  about  1 1  nm  for  the  film 
shown  in  Fig.  2.  The  film  quality  in  all  cases  is  very  similar, 
as  expected  since  the  growth  conditions  were  similar.  Figure 
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FIG.  3.  Plots  of  r  vs  H  (in  kOc)  for  (a)  (Co;,,  „„,/Cii,  „  |,„|)4ii  (closed  circles), 
(b)  (Co, ,  „„,/Cu| ,  „„)4||  (closed  squares),  and  (c)  (Co, ,  „,„/Cu,  „  „„,)4„  (open 
circles)  MLFs.  Note  the  decrease  in  saturating  field  for  (b)  and  (c). 


2(b)  shows  part  of  the  same  area  of  film,  taken  out  of  focus, 
to  show  the  layers. 

The  MR  ratio  varies  greatly  for  the  films,  depending  on 
the  thickness  of  the  Cu  layers,  as  has  been  observed  by  other 
authors.**  The  (C020  nm/Cuo  j  „„,)4,)  film  shows  zero  MR, 
while  films  with  ((■„  around  1  nm  show  saturation  MR  values 
around  15%,  as  can  be  seen  in  Fig.  3.  Each  curve  is  the 
average  of  three  measurements  on  each  of  a  number  of 
samples  with  the  same  nominal  layer  thicknesses  (circles — 
two  samples,  squares — three  samples).  The  error  bars  are 
only  shown  for  points  for  which  they  are  larger  than  the 
symbols  used.  The  most  striking  ob.servation  is  the  large  de¬ 
crease  in  saturating  field  for  a  change  in  nominal  layer  thick¬ 
ness  of  0.1  nm,  resulting  in  an  increase  in  slope  of  the  r  vs  H 


FIG.  2.  (a)  HREM  image  of  cross-scctional  specimen  of  (Cojn 
Cui.o  „m)4(i  MLF.  Columnar  grain  boundary  is  marked,  (b)  Part  of  same  area 
shown  in  (a)  taken  out  of  focus  to  show  position  of  layers,  l.ight  contrast  Cu 
layers  arc  arrowed. 


FIG.  4.  Foucault  images  of  magnetic  domain  structure  h 
nm/Cu,  I  „,„)4„  MLF  showing  AFM  coupling,  (a)  and  (b),  and 
11111)411  Mt-P  showing  FM  coupling  (c)  and  (d).  Easy  axis  of 
magnetization  in  lilm  plane  for  both  iilms. 
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FIG.  5.  Hysteresis  loop,s  (magnetic  moment  m  in  /icmu  against  field  H  in 
kOe)  obtained  using  an  AGFM  for  (a)  (CO|g  „m/Cui,i  „Jao  MLK  showing 
AFM  coupling,  and  (b)  (Coj  o  nm)4()  MLF  showing  FM  coupling. 


curve  (a  steep  slope  to  this  curve  is  required  for  films  to  be 
used  as  MR  sensors  and  heads).  The  differences  in  r  vs  H 
may  be  related  to  differences  in  layer  quality.  TEM  images  of 
the  (Co2,o  nm^Cu]  0  nn,)4o  films  show  the  layers  to  be  less  flat 
than  those  in  the  <^0— 1-9  nm  MLFs  with  more  “faults”  in 
the  layers. 

The  value  of  MR  ratio  shown  by  the  Co/Cu  MLFs  can 
be  determined  qualitatively  from  the  type  of  magnetic  do¬ 
main  structure  observed.  Figures  4(a)  and  4(b)  show  the 
magnetic  domain  stmeture  of  a  (C019  „m/Cui  ,  |,n,)4o  MLF 
(r  =  l.‘?%)  imaged  using  the  Foucault  technique.  The  transi¬ 
tion  between  areas  showing  bright  and  dark  contrast  occurs 
gradually  rather  than  abruptly,  with  wavy  rather  than  smooth 
boundaries.  In  addition,  the  overall  change  in  contrast  is  rela¬ 
tively  low.  We  attribute  these  features  to  the  fact  that  the 


domain  walls  are  in  different  positions  in  different  layers, 
and  to  a  relatively  low  degree  of  ferromagnetic  (FM)  cou¬ 
pling  between  the  Co  layers.  The  geometry  of  the  domain 
pattern  suggest  that  domains  do  not  extend  through  the 
whole  thickness  of  the  MLF.  This  effect  has  also  been  ob¬ 
served  in  Fe/Cr  MLFs.’  The  fact  that  domain  contrast  is  vis¬ 
ible  is  in  agreement  with  the  suggestion  that  antiphase  do¬ 
main  boundaries  parallel  to  the  substrate  are  present,*^  and 
explains  the  fact  that  /  (O)  is  smaller  than  the  ideal  value  for 
Co/Cu  MLFs.  In  comparison.  Figs.  4(c)  and  4(d)  show  a  pair 
of  Foucault  images  illustrating  the  typical  magnetic  domain 
structure  of  a  (C02.0  nir/Cuo  5  „n,)4()  MLF,  which  shows  a  low 
MR.  The  strong  magnetic  domain  contrast  and  regular  do¬ 
main  shape  show  that  the  layer  coupling  is  predominantly 
FM.  Further  evidence  for  the  magnetic  layer  coupling  is 
given  by  the  shape  of  the  hysteresis  loops,  as  seen  in  Fig.  5 
for  films  showing  high  (Coi.cj  „m/Cui ,  „„,)  and  low  MR 

nm)‘ 

IV.  CONCLUSIONS 

The  Co/Cu  MLFs  show  a  clear  composition  modulation 
and  are  polycrystalline,  with  columnar  grains  extending 
across  several  layers.  The  films  have  a  strong  (111)  crystal¬ 
lographic  texture  with  all  layers  showing  a  predominantly 
fee  structure.  Coherent  interfaces  are  observed  between  the 
Co  and  Cu  layers  over  large  areas.  The  magnetic  domain 
contrast  depends  strongly  on  f c,, ,  which  determines  the  state 
of  magnetic  coupling.  The  samples  with  /q,«*2.0  nm  and 
leu'll -0  show  the  highest  MR,  and  weak  and  irregular 
magnetic  domain  contrast.  The  magnetization  measurements 
confirm  that  samples  showing  negligible  MR  exhibit  FM 
coupling. 
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Epitaxial  Co/Cr  multilayers,  and  single-crystal  Co  thin  films  etc.  have  been  grown  on  MgO  and 
AI2O3  substrates  with  Cr  and  Mo  as  buffer  layers  by  molecular  beam  epitaxy  technique.  From  the 
structure  and  magnetoresistance  studies,  we  have  found  that  the  ferromagnetic  anisotropy  of 
resistance  (AMR)  is  strongly  influenced  by  the  buffer  layer,  but  with  negligible  effect  due  to  the 
variation  of  the  structure  of  Co  films.  The  AMR  of  Co  film  on  Cr  buffer  layer  is  quite  small  (0.1%); 
however,  the  MR  of  Co/Cr  multilayers  is  almost  one  order  larger  than  the  AMR  of  Co  film  on  Cr 
buffer  layer.  An  enhancement  factor  of  4  for  the  MR  in  Co/Cr  multilayers  by  the  interface  roughness 
has  been  observed.  This  suggests  that  the  effect  due  to  the  spin  dependent  scattering  at  the  interfacial 
regions  of  the  superlattice  is  larger  than  that  due  to  the  spin  dependent  scattering  in  the 
ferromagnetic  layers  for  the  MR  in  the  Co/Cr  multilayer  system. 


During  the  past  several  years,  the  magnetoresistance  all  the  growth,  by  reflection  high  energy  electron  diffraction 

(MR)  behaviors  in  many  metallic  multilayers  have  become  (RHEED).  The  interface  roughness  and  the  thickness  of  the 

the  subject  of  considerable  interest.  Large  (or  giant)  MR  was  superlattice  structures  were  determined  by  the  x-ray  reflec- 

first  realized  in  Fe/Cr  multilayer  system,*  and  has  been  re-  tivity  analyses. 

ferred  to  as  GMR.  Relatively  small  MR  occurs  in  the  Co/Ci  The  magnetic  properties  of  all  the  samples  were  studied 

multilayers.^  The  MR  in  multilayers  results  from  the  spin  by  using  a  SQUID  magnetometer.  The  AMR  and  MR  mca- 
dependent  scattering  of  the  conduction  electrons  which  oc-  surements  were  carried  out  by  the  conventional  four  probe 
curs  both  in  the  ferromagnetic  layers  and  at  the  interfacial  technique, 

regions  between  the  ferromagnetic  and  nonferromagnetic  Before  discussing  the  experimental  data  of  AMR  and 

layers.  It  is  quite  different  from  the  ferromagnetic  anisotropy  MR  in  the  CoCr  system,  we  have  to  clarify  their  definition, 

of  resistance  (AMR)  in  ferromagnetic  systems,  which  de-  The  AMR  in  ferromagnetic  films  is  defined  by  (W||-Rj^)/R(), 

pends  on  the  direction  of  the  magnetization.’  where  Rq  is  the  electrical  resistance  in  zero  internal  magnetic 

Epitaxial  Co/Cr  multilayers  as  well  as  single-crystal  hep-  field,  and  R||  and  are  the  resistances  when  the  saturated 

Co,  fcc-Co,  and  polycrystal  Co  thin  films  have  been  grown  magnetization  is  parallel  and  perpendicular  to  the  current, 

on  both  MgO  and  AI2O3  substracts  with  Cr  and  Mo  as  buffer  respectively. 

layers  using  an  Eiko  EL- lOA  molecular  beam  epitaxy  (MBE)  The  MR  (or  GMR)  in  multilayers  is  defined  as 

system  with  base  pressure  of  ~2XlO“'‘’Torr.  Pure  elements  where  is  the  electrical  resistance  at  satu- 

(99.99%)  of  Co,  Cr,  and  Mo  were  evaporated  from  three  rated  high  magnetic  field,  and  the  spins  in  Co  layers  align  in 

independent  e-beam  evaporators.  During  deposition  of  the  the  field  direr  Mon,  is  the  electrical  resistance  when  the 

elements,  the  growth  pressure  was  controlled  at  below  field  is  removed,  the  Co  layers  idjacent  to  the  Cr  layer  in- 

SXIO”'^  Torr,  and  the  deposition  rate  at  —0.1  A/s.  To  enable  between  exhibit  antiferromagnetic  coupling, 

the  growth  of  high-quality  samples,  polished  and  epitaxial  Crystal  structures  of  thin  films  or  multilayers  may  be 

grade  MgO  and  AI2O3  substrates  were  chemically  precleaned  considerably  affected  by  the  choice  of  buffer  layers,  sub- 

and  rinsed  in  an  ultrasonic  cleaner,  They  were  then  outgassed  strates,  and  their  orientations.  In  this  study,  we  chose 

at  900  to  1000  °C  for  at  least  1/2  h  under  ultra  high  vacuum  MgO(lOO),  AI2O3  (1102),  and  Al203(0001)  as  substrates,  and 

in  the  MBE  system.  For  samples  with  a  Mo  (or  Co)  buffer  Cr  and  Mo  as  buffer  layers  to  study  the  variation  of  AMR  for 

layer.  Mo  (or  Co)  was  deposited  on  the  substrates  at  900  (or  Co  films.  In  general,  for  Co  grown  on  MgO(lOO)  suhsiiate 

500)  “C.  The  substrate  temperature  for  all  films  during  without  a  buffer  layer,  an  epitaxial  fcc-Co  film  with  (100) 

evaporating  was  kept  between  300  and  350  “C.  The  crystal-  growth  plane  can  be  formed  for  Co  thicknesses  larger  than 

lographic  structure  of  the  films  were  examined,  throughout  about  60  A,  but  for  Co  grown  on  an  Al203(0001)  substrate 
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FIG.  1,  Typical  RHEED  patterns  of  (a)  licp-Cc)(112())  plane  viewed  along 
[0001],  and  (b)  fcc-Co(lOO)  plane  viewed  along  [Oil],  The  surface  with 
solid  circles  cutting  with  the  unit  cell  of  both  hepd  120)  and  fcc{l()0)  Co  are 
schematically  illustrated  below  each  RHEED  pictures. 


without  a  buffer  layer,  a  polycrystal  Co  film  was  observed.  In 
addition  when  we  grow  a  thin  buffer  layer  of  Cr(lOO)  about 
20  A  on  either  MgO(lOO)  or  AlzO^C  1 102),  then  both  RHEED 
and  x-ray  diffraction  (XRD)  studies  show  an  hep-Co  struc¬ 
ture  with  (1120)  plane  parallel  to  the  (100)  surface  of  Cr.  For 
example,  Fig.  1  shows  the  typical  RHEED  patterns  of  (a) 
hcp-Co(1120)  plane  viewed  along  [0001],  and  (b)  fcc- 
Co(lOO)  plane  viewed  along  [011].  The  surfaces  with  solid 
circles  cutting  with  unit  cell  of  hcp(1120)  and  feed  00)  are 
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FIG.  2.  The  normulizcd  magnclizutinn  us  a  functidii  of  magnetic  Held  at 
room  temperature  for  (ii)  Co/ ADO,,  (b)  Co/MgO,  (c)  Co/Cr/Mgo,  (d)  Co/ 
Mo/MgO,  and  (e)  Co/Cr/Mo/Ab'o, . 


schematically  illustrated  below  each  of  the  RHEED  pictures. 

Figure  2  shows  the  normalized  magnetization  as  a  func¬ 
tion  of  the  magnetic  field  at  room  temperature  for  5  thin  film 
samples  (C0/AI2O3,  Co/MgO,  Co/Cr/MgO,  Co/Mo/MgO, 
and  Co/Cr/Mo/Al203).  Generally  speaking,  the  magnetiza¬ 
tion  is  saturated  after  roughly  6  kG  for  all  the  samples.  Fig¬ 
ure  3  presents  the  normalized  difference  of  resistance  as 
function  of  the  magnetic  field  at  room  temperature  for  5  thin 
film  samples:  (a)  polycrystal  Co  on  AI2O3  (0001),  (b)  fcc- 
Co(lOO)  on  MgO(lOO),  (c)  hep-Co(1120)  on  Cr(lOO)  which 
is  on  MgO(lOO),  (d)  hcp-Co(112())  on  Mo(lOO)  which  is  on 
MgO(lOO),  and  (e)  hcp-Co(1120)  on  Cr(lOO)  and  Mo(lOO) 
which  is  on  Al2O3(li02).  One  can  see  that  the  values  of 
AMR  for  both  polycrystal-  and  fcc-Co  films  without  a  buffer 
layer  are  roughly  equal  to  1 .3%.  However,  the  AMRs  of  all 
the  Co  films  with  either  Cr  or  Mo  as  a  buffer  layer  are 
roughly  one  order  of  magnitude  smaller  than  that  of  Co  films 
without  a  buffer  layer.  Therefore,  we  conclude  that  the  effect 
to  the  AMR  for  Co  films  with  different  structure  is  negli- 
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FIG.  .1.  The  normulizcd  dilfcrcricc  ol'clcctricul  resistance  between  magnetic 
Held  and  zero  Held  as  a  i'unclion  of  magnetic  Held  at  room  temperature  for 
(a)  polyerystal  Co/AEO,,  (b)  fcc-C'tr/MgO.  (c)  hep-Co/Cr/MgO,  (d)  hep-Co/ 
Mo/MgO,  and  (e)  hcp-C'o/C'r/Mo/ADO, . 
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FIG.  4.  X-ray  reflectivity  measurement  of  the  samples  (a) 
(Co/Crljj/Mo/AljOj,  and  (b)  (Co/Crljj/Mo/MgO,  The  arrow  indicates  the 
peak  due  to  the  period  of  the  superlattice.  The  oscillation  fringes  pattern  is 
due  to  the  interference  of  the  x-ray  reflection  between  the  two  interfaces  of 
Mo  buffer  layer  d  the  interfaces  of  the  total  growth  thickness. 


gible,  if  it  is  compared  with  the  variation  due  to  the  addition 
of  buffer  layers  of  Cr  and  Mo.  However,  the  exact  mecha¬ 
nism  of  this  reduction  in  AMR  is  not  clear  at  present.  It  is 
noted  that  the  buffer  layers  are  not  thick  enough  to  shunt 
enough  current  to  explain  this  reduction. 

For  Co/Cr  multilayer  samples,  we  have  selected 
MgO(]00),  and  Al2O3(1102)  as  substrates.  The  thickness  of 
each  layer  is  varied  from  4  to  30  A  for  Cr,  and  from  20  to  40 
A  for  Co.  We  chose  Cr  as  the  first  layer  to  form  the 
multilayer  structures.  For  samples  without  a  Mo  buffer  layer, 
we  found  that  the  multilayers  we  made  always  had  polycry.s- 
tal  structure  if  the  thickness  of  the  first  Cr  layer  was  less  than 
20  A.  This  result  tells  us  that  it  is  difficult  to  grow  epitaxial 
Co/Cr  multilayers  on  either  MgO  or  AI2O3  with  Cr  thickness 
less  than  20  A  and  Co  thickness  less  than  60  A.  Therefore, 
we  selected  Mo  as  a  buffer  layer  (about  100  A)  on  both  MgO 
and  AI2O3  substrates  to  study  the  epitaxial  behavior  of  the 
Co/Cr  multilayer  system.  From  the  RHEED  and  XRD  stud¬ 
ies,  both  hep-Co  and  bcc-Cr  layers  were  identified  for  all  the 
multilayer  samples  on  either  MgO  or  AI2O3  substrates.  For 
the  sake  of  comparison,  Co/Cr  multilayer  samples  with  either 
MgO  or  A1203  as  substrate  were  epitaxially  grown  side  by 
side  under  the  same  batch  of  crystal  growth  process.  Any 
difference  between  these  two  samples  should  be  due  to  the 
different  substrate  only;  e.g.,  the  interface  roughness  of  the 
multilayers  is  one  of  the  important  factors.  For  explanation, 
Fig.  4  shows  result  of  the  x-ray  reflectivity  measurement  on 
two  samples:  (a)  (C034  ^/Ct^  A)22''f^088  A''Al203,  and  (b) 
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FIG.  5.  The  Normalized  rcsistivily  as  a  function  of  applied  magnetic  lield  at 
to  K  for  (a)  (Co/Cr)22/Mo/Al20j ,  and  (b)  (Co/Cr)22/Mo/MgO  supcrlatticc.s. 


(C034  A/Cr4  a)22/M088  a/^SO-  We  can  readily  see  that  the 
reflectivity  intensity  drops  more  rapidly  for  the  sample 
grown  on  MgO  substrate.  The  reflectivity  formula  originally 
derived  by  Parratt'*  was  used  for  the  calculation  of  intensity 
reflected  from  a  multiple-layer  film  on  a  substrate,  Interfacial 
inhomogeneity  due  to  roughness  was  included  by  adding  ef¬ 
fective  Debye-Waller  factors  to  each  of  the  layers.^'®  From 
this  analysis  the  interface  roughness  of  the  sample  grown  on 
MgO  is  roughly  8  times  larger  than  that  on  AI2O3 . 

The  normalized  electricii  resistance  as  a  function  of  ap¬ 
plied  field  at  10  K  for  the  above  two  superlattice  samples  are 
shown  in  Fig.  5.  The  MR,  i.e.,  (R-RJ/Rj ,  is  roughly  about 
2.72%,  and  0.65%  for  (Co/Crljz/Mo/MgO  and  (Co/Cr)22/ 
M0/AI2O3,  respectively.  This  tells  us  that,  roughly  speaking, 
the  MR  is  enhanced  by  a  factor  of  4  in  the  Co/Cr  multilayers 
by  the  interface  roughness.  It  is  suggested  that  the  effect  by 
the  spin  dependent  scattering  at  the  interfacial  regions  of  the 
superlattice  is  larger  than  that  due  to  the  spin  dependent  scat¬ 
tering  in  the  ferromagnetic  layers  for  the  magnetoresistance 
in  the  Co/Cr  multilayer  system. 
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Giant  magnetoresistance  (GMR)  of  CoNiCu/Cu  multilayers  grown  by  eiectrodeposition  was 
measured  as  a  function  of  the  copper  layer  thickness  and  effects  of  the  order  of  14%  were  obtained, 
The  copper  layer  thickness  ranged  from  0.7  to  3.5  nm.  Two  peaks  in  the  rnagnetoresistance  were 
observed.  One  was  centered  at  a  copper  thickness  of  ~1.0  nm  and  the  second  was  centered  at  ~2.3 
nm.  Comparison  of  the  field  dependence  of  the  rnagnetoresistance  with  the  field  dependence  of  the 
magnetization,  as  determined  by  vibrating-sample  magnetometer,  suggests  that  the  saturation  field 
for  GMR  and  the  magnetization  are  similar  for  the  larger  copper  thicknesses,  but  are  strikingly 
different  near  1.0  nm  copper  thickness.  This  observation  suggests  that  the  GMR  is  affected  by 
different  factors  depending  on  the  thickness  of  the  copper  layer. 


1.  INTRODUCTION 

Since  the  discovery  of  giant  rnagnetoresistance  (GMR), 
a  considerable  amount  of  research  has  been  focused  on  the 
origin  of  the  GMR  effect  and  on  understanding  oscillatory 
exchange  coupling  mechanisms.'"^  In  Fe/Cr  multilayers,  it  is 
generally  accepted  that  spin-dependent  scattering  causes  the 
GMR  effect  and  is  related  to  interface  roughness. How¬ 
ever,  recent  studies  indicated  that  spin-independent  scattering 
at  interfaces  reduces  the  GMR.'^  In  the  Co/Cu  or  CoNi/Cu 
systems,  the  GMR  depends  on  substrate  type,  surface  rough¬ 
ness  and  the  nature  of  the  underlayers  and  overlayers.  There 
have  been  many  reports'’’^  of  observations  of  GMR  in  sput¬ 
tered  Co/Cu  multilayers  suggesting  strong  antiferromagnctic 
(AFM)  coupling.  Typically  three  oscillations  of  GMR  were 
observed  as  the  spacer  thickness  varied  from  0.6  to  4.0  nm. 
In  molecular  beam  epitaxy  (MBE)  grown  Co/Cu 
multilayers,®  the  magnetization  shows  significant  hysteresis. 
It  also  appears  that  incomplete  AFM  coupling  exists  al¬ 
though  the  GMR  effect  is  still  large.  No  oscillations  are  re¬ 
ported  in  some  (111)  oriented  epitaxial  Co/Cu  multilayers,’' 
while  other  textures  of  Co/Cu,  apparently  with  nearly  com¬ 
parable  structures  and  perfection,  exhibit  different  AFM  cou¬ 
pling  strength  with  GMR  values  that  are  attributed  to  the 
nature  of  the  buffer  layers  as  well  as  to  the  texture."’  These 
results  suggest  that  the  magnetic  properties  of  Co/Cu  are 
sensitive  to:  (1)  interface  roughness,  (2)  nature  of  buffer 
layer  and  (3)  texture.  In  none  of  these  early  studies  was  strain 
explicitly  considered. 


We  present  GMR  and  vibrating-sample  magnetometer 
(VSM)  results  of  studies  on  CoNiCu/Cu  multilayers  grown 
elcctrochcmically.  The  AFM  and  ferromagnetic  (FM)  cou¬ 
pling  states  were  also  studied  by  analysis  of;  (1)  the  field 
dependence  of  GMR  and  (2)  the  magnetization  curves  as  a 
function  of  spacer  layer  thickness.  Finally,  our  data  suggest 
that  the  GMR  behavior  is  affected  by  interfacial  alloying  at 
low  copper  thickness  and  by  strain  at  large  copper  layer 
thickness. 


II.  EXPERIMENT 

Multilayers  were  electrochemically  deposited  on  a  (100) 
textured  electropolished  thin  copper  foil  (0.127  mm  thick)  at 
room  temperature,  Eiectrodeposition  was  performed  from  a 
sulfamate  electrolyte  containing  Co"^,  Ni‘^,  and  Cu*^  ions 
in  a  single  cell.  The  procedure  has  been  described 
previously.""’^  We  used  a  cathode  potential  of  -1.8  V  vs 
.saturated  calomel  electrode  (SCE)  for  NiCo  alloy  deposition 
and  a  potential  of  -0.26  V  vs  SCE  for  copper  deposition. 
Copper  is  codeposited  with  CoNi  so  that  the  real  composi¬ 
tion  of  magnetic  layers  is  about  COf,4Ni3iCu5.  Finally,  the 
copper  substrate  was  dissolved  by  chemical  etching,  and  the 
free  standing  multilayer  was  glued  on  glass  to  facilitate  han¬ 
dling.  In  this  study  the  CoNiCu  layer  thickness  was  held 
constant  and  the  copper  layer  thickness  was  varied. 

The  composition  of  the  films  was  measured  using  x-ray 
fluorescence  which  confirmed  that  the  cobalt  to  nickel  ratio 
in  all  the  magnetic  multilayers  was  about  2:1.  Structure  and 
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FIG.  1.  A  high  angle  x-ray  diffraction  pattern  of  [CoNiCu(2.2 
nm/Cu((cu)]X400  multilayers  with  a  of  1.0  nm  and  (b)  of  2.3  nm. 
The  vertical  displacement  is  for  clarity. 


FIG.  2.  Magnctoresistance  of  clcctrodeposited  [CoNiCu(l..‘i  nm)/Cu(4.5 
nm)]x25()  multilayers  measured  at  room  temperature.  The  solid  and  dashed 
line  show  the  data  for  longitudinal  and  transverse  mode,  respectively.  Note 
that  some  drift  was  apparent  at  high  Helds  for  the  transver.se  measurements. 


periodicity  of  the  multilayers  were  characterized  by  high 
angle  x-ray  diffraction  and  the  MR  measurement  was  per¬ 
formed  by  a  four  point  probe  technique  at  room  temperature. 
Magnetic  fields  up  to  0.8  T  were  applied  in  the  film  plane, 
both  parallel  and  perpendicular  to  the  current  direction.  Mag¬ 
netization  loops  were  obtained  using  a  vibrating-sample 
magnetometer  at  room  temperature. 

III.  RESULTS 

High  angle  x-ray  diffraction  patterns  from  two  of  the 
CoNiCu/Cu  multilayers  are  shown  in  Fig.  1.  The  high  inten¬ 
sity  (200)  Bragg  peak  suggests  a  predominant  (100)  texture 
epitaxial  to  the  substrate  with  some  (111)  contribution.  The 
first  order  satellites  indicate  the  presence  of  layers  of  well 
defined  periodicity.  In  most  samples  the  second  order  satel¬ 
lite  was  too  weak  to  be  observed.  The  superlattice  period  A 
is  calculated  from  the  satellite  positions.'^  The  observed  in¬ 
crease  in  the  Bragg  peak  width  is  believed  due  to  an  increase 
in  coherence  strain.'"* 

A  typical  MR  curve  of  a  [CoNiCu(1.5  nm)/Cu(4.5  nm)] 
X250  multilayer  measured  at  room  temperature  is  shown  in 
Fig.  2.  A  10%  change  resistivity  was  observed  by  changing 
the  applied  field  from  0  to  0.1  T  with  a  maximum  sensitivity 
~0.6%/mT  in  the  linear  slope  region.  Both  longitudinal  and 
transverse  orientations  were  measured  (Fig.  2).  A  symmetric 
change  of  almost  the  same  amplitude  was  observed  for  both 
cases.  The  large  isotropic  magnetoresistance  in  both  modes 
implies  GMR  behavior  rather  than  isotropic  normal  magne¬ 
toresistance. 

The  variation  of  the  maximum  change  in  MR  of 
[CoNiCu(2.2  nm)/Cu(rc,,)]  multilayers  as  a  function  of  cop¬ 
per  thickness  fcu  shown  in  Fig.  3.  When  the  GMR  satura¬ 
tion  field  exceeded  the  maximum  0.8  T  available,  the  satura¬ 
tion  value  was  determined  by  extrapolation.  We  observed  a 
first  GMR  peak  at  a  copper  thickness  of  ~  1.0  nm.  Instead  of 
a  second  o.scillation  of  lower  value,  a  large  increase  of  GMR 
is  observed  at  a  copper  layer  thickness  greater  than  2.0  nm, 
giving  rise  to  a  broad  peak  centered  at  2.3  nm.  This  result 
differs  both  from  the  results  obtained  from  sputtered 
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CoNi/Cu  multilayers'"’  and  previous  work  for  MBE  grown 
Co/Cu  (111)  multilayers  in  which  no  oscillations  were  ob¬ 
served  and  in  which  the  GMR  decayed  continuously  with 
increasing  copper  thickness. 

Further  invest’  ations  of  scattering  mechanisms  were 
carried  out  by  a  comparison  of  the  GMR  with  the  magneti¬ 
zation  loops  obtained  by  VSM.  The  magnetic  field  depen" 
dence  of  the  GMR  and  of  the  corresponding  magnetization 
are  shown  for  the  samples  with  copper  layer  thickness  of  1.0 
nm  in  Fig.  4(a)  and  2.3  nm  in  Fig.  4(b).  The  shapes  of  the 
GMR  curves  observed  with  thin  (—l.O  nm)  and  thick  (~2.0 
nm)  copper  layers  [Figs.  4(al)  and  4(bl)]  differ  considerably. 
For  the  thinner  copper  layers,  the  GMR  peak  is  broad  with  a 
small  hysteresis  suggesting  stronger  AFM  coupling.  As  can 
be  seen  in  Figs.  4(a2)  and  4(b2),  the  coercivity  increases  with 
increasing  copper  thickness.  Magnetization  loops  of  these 
samples  were  measured  at  room  temperature  at  fields  up  to 
0.8  T  [Figs.  4(a2)  and  4(b2)],  As  expected,  incomplete  AFM 
coupling  is  suggested  in  Figs.  4(a2)  and  4(b2)  by  the  gradu- 
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FIG.  3.  Oscillation  of  GMR  with  variation  of  copper  layer  thickness.  The 
thickness  of  the  CoNiCu  layer  is  2.2  nm  with  400  pairs  of  layers  for  all  the 
samples.  The  squares  indicate  the  measured  maximum  GMR  data  for  ap¬ 
plied  field  up  to  0.8  T,  and  the  triangle  gives  the  extrapolated  saturation 
GMR. 
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FIG.  4.  The  magnetic  field  dependence  of  GMR  and  magnetization  of 
[CoNiCu(2.2  nm)/Cu((^.u)]x400  multilayers  for  (a)  /(■„  =  1.0  nm,  (b)  /f„=2..T 
nm.  All  the  measurement.s  have  been  carried  out  at  room  tcmperuture  and 
with  the  field  parallel  to  the  plane  of  the  multilayer  except  when  indicated. 

ally  increasing  magnetization  with  increasing  applied  field  as 
well  as  by  the  large  remanent  magnetization  at  low  fields  in 
all  the  samples.  Remanent  magnetization  of  around  70%- 
80%  of  saturation  is  consistent  with  the  existence  of  some 
FM  coupling  between  the  magnetic  layers.  However,  from 
previous  work,*''”  c  small  fraction  of  AFM  coupling  (~30% 
saturation  magnetization)  can  still  produce  a  reasonable 
GMR  (—40%),  which  suggests  that  the  AFM  coupling  may 
still  be  contributing  to  the  GMR  in  our  samples. 


IV.  DISCUSSION 

We  have  observed  a  small  increase  in  the  GMR  ratio 
(dRlR)  at  1.0  nm  copper  thickness.  We  believe  that  this  first 
peak  *s  possibly  due  to  AFM  coupling  and  is  analogous  to 
that  commonly  observed  in  many  Co/Cu  and  CoNi/Cu  sput¬ 
tered  specimens.”'’’'^  The  electrochemical  process  used  in 
this  s  udy  results  in  copper  codepositing  in  the  cobalt  alloy 
lay'’*.  The  copper  content  of  the  solution  adjacent  to  the  cath¬ 
ode  is  reduced  during  the  deposition  of  copper  and  a  gradient 
in  this  copper  concentration  will  exist  whose  magnitude  will 
be  proportional  to  the  thickness  of  the  copper  layer  being 
deposited."’  The  subsequent  cobalt  layer  will  have  a  copper 
content  inversely  proportional  to  this  gradient  so  that  for  thin 
copper  layers  the  next  cobalt  alloy  will  be  enriched  in  cop¬ 
per.  The  low  OMR  value  of  these  thin  (Cu)  samples  may  be 
attributed  to  significant  copper  alloying  while  the  thicker 
tCu)  specimens  will  have  less  copper  contamination  in  the 
ferromagnetic  layers  and  therefore  larger  GMR  values. 

The  second  GMR  peak  was  found  at  —2.3  nm,  at  a  po¬ 
sition  consistent  with  predictions  of  Stiles^  for  a  (200)  tex¬ 
tured  copper  spacer  layer.  The  low  frequency  oscillation  pre¬ 
dicted  by  Stiles  was  not  observed  due,  we  believe,  to  surface 
roughness.  However,  unlike  data  presented  for  sputtered 
multilayers,  our  second  peak  is  both  higher  and  is  signifi¬ 
cantly  broader  than  reported  in  the  published  data  for  binary 
(Zo/Cu  multilayers  produced  by  sputtering.'’'^  The  high  angle 
x-ray  diffraction  patterns  of  the  electrochemically  produced 


specimens  suggest  that  all  the  samples  are  epitaxial  with  low 
intensity  symmetrical  satellites  around  the  [200]  Bragg  peak 
a  small  copper  layer  spacings,  and  well  defined  and  high 
intensity  but  asymmetric  satellites  at  larger  copper  layer 
spacings.  The  width  of  the  Bragg  peak  increases  with  copper 
spacer  thickness  and  may  be  due  to  increasing  coherency 
strains  as  the  copper  layer  thickness  increases. Both  nickel 
and  cobalt  are  magnetostrictive  and  so  are  sensitive  to  strains 
therefore,  the  broadening  of  the  second  peak  is  consistent 
with  both  a  magnetorestrictivc  effect  and  to  decreasing 
AFM/FM  coupling  strength  as  the  copper  thickness  and  re¬ 
sultant  coherency  strain  increases. 

The  comparison  of  magnetization  data  with  MR  data  for 
thin  copper  spacer  layers  (see  Fig.  4)  shows  that  a  much 
higher  field  is  required  to  saturate  the  MR  suggesting  strong 
AFM  coupling.  The  small  coercive  field  required  to  reverse 
the  magnetization  is  consistent  with  this  explanation,  At 
higher  copper  layer  thickness,  good  agreement  between  the 
saturation  field  of  MR  and  the  magnetization  is  obtained, 
possibly  due  to  weaker  AFM  coupling.  The  large  coercive 
field  is  consistent  with  decreased  coupling  for  the  thick  cop¬ 
per  spacer  layers. 
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High  sensitivity  GMR  in  NiFeCo/Cu  multilayers 
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Magnetoresistance  and  magnetic  liysteresis  in  NiFcCo/Cu  soft  magnetic  multilayers  with  a  fixed 
number  of  bilayers  (six)  and  magnetic  and  spacer  layer  thickness  but  varying  composition  has  been 
studied.  The  highest  value  of  the  transverse  GMR  obtained  is  6.8%  in  a  saturation  field  of  =^40  Oe 
at  room  temperature.  Very  high  sensitivity,  around  1%-2%/Oc  and  unconventional  easy-axis 
hy.steresis  and  GMR  loop  shapes  have  been  observed.  The  analysis  of  the  GMR  effects  and  the 
associated  hysteretic  behavior  by  using  a  model  that  includes  biquadratic  exchange  coupling 
suggests  that  the  samples  arc  composed  of  at  least  two  distinctively  different  parts. 


Much  interest  has  focused,  in  recent  months,  on  the  de¬ 
velopment  of  giant  magnetoresistive  (GMR)  thin  film  mate¬ 
rials  with  high  magnetic  field  sensitivity.  High  sensitivity 
here  means  a  relatively  large  percentage  change  in  electrical 
resistance  per  unit  applied  magnetic  field.  One  recently  de¬ 
scribed  approach  to  high  sensitivity''*  has  been  the  fabrica¬ 
tion  of  quasigranular  NiFe/Ag  multilayers  with  sensitivities 
approaching  1%/Oe.  A  major  difficulty  with  this  system  is 
that  these  high  sensitivities  are  only  achieved  after  a  high- 
temperature  (~3()()  ®C)  anneal.  High  sensitivities  liavc  also 
been  demonstrated  in  spin-valve  structures.'’  but  here  again, 
some  technical  difficulties  arc  apparent  in  the  rcali'/.ation  of 
effective  anliferromagnetic  exchange  layers. 

The  thin  film  alloy  system  discussed  in  the  present  paper 
has  been  described  elsewhere'*'^  in  terms  of  its  transverse  (or 
hard-axis)  GMR  characteristics.'’  The  system  in  question  is 
NiFeCo/Cu  in  a  six-bilayer  configuration  prepared  by  high 
rate  dc  magnetron  sputtering,  its  longitudinal  (or  easy-axis) 
GMR  effect  is  characterized  by  an  extremely  sharp  spin 
flop’’"  transition  of  high  field  sensitivity  in  the  range  (typi¬ 
cally,  for  these  particular  alloys)  of  1%  to  2%/Oe.  A  phenom¬ 
enological  model''  of  biquadratic  coupling  in  GMR  multilay¬ 
ers  has  been  used  to  describe  the  data. 

dc  magnetron  sputtering  was  used  to  prepare  NiFeCo/Cu 
multilayers,  using  high  purity  argon  (^9.99%)  gas  at  a  base 
pressure  =s3Xl()“’  Torn  Samples  were  sputtered  at  a  power 
of  100  W  and  the  argon  pressure  during  sputtering  was  fixed 
at  2  mTorr.  Corning  7059  glass  at  ambient  temperature  was 
used  as  the  substrate  and  a  permanent  magnet  (field  ~60  Oe) 
was  held  behind  the  glass  to  induce  uniaxial  anisotropy.  A 
split  target  consisting  of  a  4  in,  Ni^oFei,,  disk,  partially  cov¬ 
ered  with  a  Co  foil,  was  used  to  sputter  the  magnetic  layer, 
and  an  8  in.  Cu  target  was  used  for  the  spacer  layer.  The 
thickness  of  the  magnetic  and  Cu  layers  was  16  and  23  A, 
respectively.  Sputtering  rates  were  calculated  from  thickness 
measurements  of  reference  films.  Multilayer  and  crystal 
structure  were  studied  using  low  and  high  angle  x-ray  dif¬ 
fraction  (XRD),  MR  measurements  were  made  using  a  linear 
four-point  probe  method  with  the  current  flowing  in  the  film 
plane  and  along  the  induced  easy-axis  direction.  The  most 
widely  used  definition  of  GMR  is  as  follows: 
A/f//< ==[/{(//) -/?(/7)„ii)]/W(f/.j,ii).  A  vibrating  sample  mag¬ 
netometer  (VSM)  was  u.sed  for  other  magnetic  characteriza¬ 
tion. 


Eight  samples  with  composition  of  the  magnetic  layer 
varying  between  Nif,7Fe|7Co2i  (sample  No.  1)  and 
Ni44FciiCo4^  (sample  No.  8)  were  obtained  using  the  split 
target  geometry,  which  v/as  comprised  of  a  NiH()Fe2()  4  in. 
disk  covered  partially  with  a  Co  foil.'"  Figure  I  shows  a 
typical  low  and  high  angle  (in.sert)  XRD  spectra  for  these 
multilayer  structures.  LXRD  shows  the  first  and  second  order 
Bragg  reflections  due  the  chemical  modulation  of  the  sample 
structure  in  addition  to  the  intermediate  reflections,  which 
indicates  good  multilayer  structure.  The  high  angle  XRD 
shows  that  the  films  have  (111)  texture.  A  .single  broad  dif¬ 
fraction  peak  which  is  slightly  shifted  from  the  fcc-Cu  (111) 
d  spacing  is  observed  (the  film  is  60%  Cu  by  volume  frac¬ 
tion).  Small  shifts  in  d  spacing  away  from  bulk  values  are 
common  in  as-deposited  multilayers  which  arc  likely  to  be 
.strained. 

Figure  2  shows  the  easy  (EA)  and  hard-axis  (HA)  hys¬ 
teresis  loops  for  four  different  compositions  of  the  magf.ciic 
layer.  As  the  Co  concentration  increa.ses,  a  canted  and/or  an- 
tiparallcl  spin  alignment  starts  to  develop.  This  is  shown  by 
the  arrows  in  Fig,  2(b).  Also,  notice  the  evolution  of  the 
“double”  hysteresis  loop  and  consequent  vanishing  of  rema- 
ncnce  as  the  composition  approaches  that  of  sample  No.  6 
and  its  reappearance  with  any  further  increase  in  the  Co  con¬ 
centration  (sample  No.  8).  Although  the  cocrcivity  along  the 
HA  increases  monotonically  from  sample  No.  1  to  No.  8,  the 
EA  cocrcivity  and  remanence  have  a  minimum  for  sample 
No.  6.  The  length  of  the  exchange  coupled  region  "cd,” 
marked  in  Fig.  2(c)  also  increases  with  Co  concentration. 

The  change  in  the  magnitude  of  HA  and  EA  GMR  and 
the  length  of  region  "cd"  arc  plotted  as  a  function  of  the 
sample  position  (or  composition)  in  Fig.  3.  A  representative 
error  bar  resulting  due  to  the  gradient  sample  composition 
along  the  x  axis  and  causing  an  associated  error  in  the  GMR 
value  is  marked  on  sample  No.  1  (open  circle).  The  length  of 
the  region  “cd,"  which  is  related  to  the  canted  and/or  anti- 
parallel  spin  alignment  in  the  sample  is  found  to  scale  with 
the  composition  of  the  magnetic  layer.  Al.so,  as  the  Co  con¬ 
tent  increases  (or  from  sample  No.  1  to  No,  8),  GMR  in¬ 
creases  until  sample  No.  6,  whereupon  any  further  increase 
in  Co  cau,scs  a  slight  decrease  in  OMR.  The  sharp  spin  tran¬ 
sitions  [Fig,  2(h)]  ob.served  along  the  EA  direction  result  in 
an  extremely  high  sensitivity.  This  is  shown  in  Fig.  4,  where 
the  EA  OMR  for  sample  No.  5  (Ni5(d'C|4ro2n/Cu)  along  with 
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FIG.  1.  A  typical  low-  and  high-angle  XRD  pattern  of  NiFeCo/Cu  multilayer  sample  (No.  3).  The  relative  position  of  the  fcc-Ni  (111),  bcc-Fc(llO), 
fcc-Co(lll),  and  fcc-Cu(lll)  diffraction  peaks  arc  also  marked. 

its  first  derivative  or  A/?/^  per  unit  change  in  the  field  is  40-50  Oe  and  sensitivity  of  about  0.2%/Oe.  The  smooth 

plotted.  To  our  knowledge,  2%/Oe  is  the  highest  sensitivity  variation  in  the  MR  along  the  HA  indicates  uniform  magne- 

observed  in  magnetic  multilayer  or  spin  valve  structures.  But  tization  rotation. 

it  should  be  pointed  out  that  such  a  high  sensitivity  is  only  Figure  6  correlates  the  EA  GMR  and  hysteresis  curve 

observed  along  the  easy  axis  of  the  sample  and  it  also  fea-  profiles.  The  fields  at  which  a  change  in  the  angle  between 

tures  some  hysteresis.  Figure  5  compares  the  EA  and  HA  the  adjacent  magnetic  layers  (marked  with  two  arrows)  takes 

GMR  profiles.  The  HA  GMR  profile  in  this  figure  is  typical  place  is  marked  by  lower  case  letters  o  through  /  on  the 

of  all  the  compositions  studied,  with  a  saturation  field  of  hysteresis  loop.  The  corresponding  transitions  in  the  GMR 

loop  arc  marked  by  the  respective  capital  letters.  The  ob¬ 
served  shape  of  the  longitudinal  GMR  and  hysteresis  curve 


FIG.  3.  Change  in  Ihc  magnilude  of  GMR  along  the  easy  and  hard  axis,  and 
FIG.  2.  Hysteresis  loop  profiles  alon'-  .,ic  easy-  anci  hard-axis  directions  for  the  length  of  region  “cr/”  (defined  in  Fig.  2),  as  a  function  of  the  sample 

different  compositions  (markid  or,  each  figure)  of  the  magnetic  layer.  No.  (or  composition).  The  .solid  and  dashed  lines  arc  drawn  to  guide  the  eye. 
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FIG.  4.  EA  GMR  and  scnsiti'dty  for  .samplr  No.  Nij^FcijCoji/Cu  six 
bilaycrs. 


tern.  The  total  energy  per  I'iiit  volume  of  any  one  of  the 
phases  is  approximately  oiven^  by 


^{^1  fli  +  sin^  62) 


Iri 

+  COS(0,-02)+W2  C0S^(^1-<>2)] 


- -^[cos(V/-fli)  +  cos((A-(92)],  (1) 

where  di  and  62  are  the  angles  between  the  magnetizations 
and  the  easy-axes,  depending  on  whether  they  are  in  the  odd 
or  even  numbered  layer,  respectively.  The  angle  between  the 
magnetic  field  and  the  easy  axis  is  ip,  and  H^,  //, ,  and  H2 
are  the  effective  uniaxial  anisotropy,  and  first-  and  second- 
order  (biquadratic)  exchange  fields,  respectively.  Minimiza¬ 
tion  of  the  total  energy  [Eq.  (1)]  with  respect  to  0\  and  02 
results  in  a  qualitative  fit  to  the  observ  H  hysteresis  and 
GMR  loop  shapes.  For  samples  2  to  8  this  is  t  ihieved  when 
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FIG.  5.  Comparison  of  easy-  and  hard-axis  GMR  loop  profiles  for  sample 
No.  .S. 


I  n  i 


0  .1,2 

•40  -20  0  20  40 

Field  (Oe) 


FIG.  6.  GMR  and  hy.slcresis  loop  profiles  for  sample  No.  6 
(Ni5iFe|jCo,4/Cu),  measured  along  the  EA. 

the  ratios  //*///]  and  H2IH  ^  are  >0.5.  The  scaling  phenom¬ 
enon  of  the  length  “cd”  [in  Fig.  2(c)]  with  the  sample  com- 
poMtion  is  ascribed  to  the  increase  of  the  ratio  Hh/H^ .  The 
.sharp  spin  flops  from  b  to  c,  which  consequently  causes  a 
double  hysteresis  loop,  arc  also  predicted  by  this  model. ^ 
However,  only  one  magnetic  phase  described  by  Eq.  (1)  can¬ 
not  explain  certain  features  of  the  hysteresis  and  GMR  loop 
shown  in  Fig.  6,  such  as  the  opening  of  the  region  o  to  a  and 
e  to  /  and  the  corre.sponding  regions  of  the  GMR  loop  la¬ 
beled  by  the  capital  letters.  One  way  of  explaining  this  is  to 
consider  an  independent  magnetic  phase  de.scribed  also  by 
Eq.  (1)  with  an  independent  set  of  variables  //* ,  //j ,  and  //2 . 
An  overlap  of  two  such  phases  can  simulate  the  hysteresis 
and  GMR  loops  observed  in  this  study. 

We  have  shown  clearly  in  as-deposited  sputtered 
NiFeCo/Cu  multilayers  a  sharp,  highly  distinctive  spin-flop 
transition  of  extremely  high  OMR  sensitivity  (>l%/Oe) 
along  the  easy  axis.  This  study  has  also  shown  that  this 
switching  mechanism  can  be  controlled  by  varying  the  Co 
concentration.  A  direct  observation  of  the  domains  or  mag¬ 
netization  direction  at  various  fields  may  prove  the  presence 
of  the  biquadratic  coupling  and  a  two  phase  system  as  dis¬ 
cussed  in  the  text  and  predicted  by  theory. 
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The  element  specific  magnetic  hysteresis  curves  of  Fe/Cu/Co  trilayer  structures  can  be  used  in 
conjunction  with  the  measured  magnetoresistance  curves  to  extract  the  coefficient  of  the  giant 
magnetoresistance  (GMR)  independent  of  magnetic  domain  effects  and  incomplete  alignment 
effects,  allowing  for  a  measure  of  tiie  maximum  attainable  GMR  for  that  trilayer.  Information 
concerning  the  details  of  the  trilayer  switching  can  be  extracted  showing  that  sputtered 
polycrystallinc  films  of  Fe/Cu/Co  deposited  on  Si  switch  their  magnetization  directions  like 
multidomain  Ising  magnets. 


1.  INTRODUCTION 


To  understand  and  optimize  trilayer  and  multilayer  sys¬ 
tems  which  exhibit  giant  magnetoresistance  (OMR),  an  ap¬ 
preciable  change  of  the  resistance  of  the  multilayer  in  re¬ 
sponse  to  an  applied  magnetic  field,  it  is  important  to 
separate  the  intrinsic  GMR,  the  maximum  achievable  change 
in  the  resistance,  from  extrinsic  variations  to  the  measured 
GMR.  A  clear  example  of  an  extrinsic  modification  to  the 
magnetoresistance  is  the  dependence  of  the  resistance  on  mi- 
cromagnetic  details  of  the  ferromagnetic  film  reversal. 

The  giant  magnetoresistance  as  a  function  of  the  applied 
magnetic  field,  H,  is  typically  defined  as' 


MR(//)- 


R{H,) 


(1) 


where  R(H,)  is  the  film  resistance  at  the  saturation  field  H, 
(the  field  where  all  ferromagnetic  layers  are  fully  aligned 
with  each  other).  In  the  ab.sence  of  anisotropic  magnetoresis¬ 
tance,  the  maximum  attainable  magnetoresistance  for  a 
simple  sandwich  structure  is  understood  to  be  the  difference 
between  the  low  resistance  state  of  the  sandwich,  when  the 
two  films  are  fully  aligned  (at  high  field  >f/,),  and  the  high 
resistance  state  when  the  two  films  are  fully  anti-aligned  (at 
low  or  zero  field).  For  trilayer  (sandwich)  structures,  an  ideal 
switching  behavior  would  result  in  square  magnetic  hyster¬ 
esis  loops  and  GMR  curves  with  abrupt  transitions  separated 
by  well  defined  plateau  regions.^  Unfortunately,  the  majority 
of  reported  systems  display  rounded  hysteresis  loops  and 
peaks  in  the  GMR  curves. Since  the  low  resistance 
aligned  film  configuration  can  be  achieved  by  application  of 
a  sufficiently  large  positive  or  negative  magnetic  field,  the 
absence  of  plateaus  in  the  GMR  indicate  that  the  fully  anti¬ 


aligned  magnetic  film  orientation  is  never  achieved.  Instead, 
during  the  moment  reversal  process,  before  the  first  ferro¬ 
magnetic  film  has  completely  switched  its  magnetic  orienta¬ 
tion  (establishing  the  anti-aligned  state),  the  second  magnetic 
film  has  already  begun  to  reverse  its  moment  direction. 

There  have  been  a  large  number  of  comparative  .studies 
which  have  attempted  to  determine  variations  of  the  intrinsic 
GMR  on  material  and  interface  parameters  (including  mag¬ 
netic  layer  and  interlayer  composition,  layer  thicknesses,  and 
film  and  interface  quality).  Unfortunately,  modifying  these 
parameters  may  also  dramatically  affect  the  details  of  the 
film  reversal  process  including  the  degree  to  which  the  two 
films  are  not  completely  anti-aligned.  Any  comparative  stud¬ 
ies  of  the  GMR  must  first  correct  for,  or  eliminate  these 
incomplete  anti-alignment  effects.  To  this  end,  we  have  de¬ 
veloped  a  method  to  extract  the  coefficient  of  GMR,  the 
maximum  achievable  GMR,  from  the  nonidcal  magnetoresis¬ 
tance  data,  provided  that  the  details  of  the  magnetization 
rever.sal  process  of  the  two  ferromagnetic  films  is  known. 
For  simplicity,  we  will  consider  only  two  models  for  the 
magnetization  reversal  process — the  single  domain  xy  model 
and  the  multidomain  Ising  model. 


II.  SINGLE  DOMAIN  xy  MODEL 

The  single  domain  xy  model  treats  each  ferromagnetic 
film  as  a  single  magnetic  domain  with  a  constant  total  mo¬ 
ment  which  can  point  in  any  direction  in  the  film  plane,  but 
must  remain  in  the  film  plane.  The  magnetization  reversal  is 
therefore  accomplished  by  an  in-plane  rotation  of  the  mo¬ 
ment  direction.  Since  magnetometry  measures  the  projection 
of  the  magnetic  moment  along  an  analysis  direction,  typi¬ 
cally  coincident  with  the  applied  field  direction,  the  mea- 
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Single  Domain  xy  Model  Multidomain  Ising  Model 


FIG.  1.  Models  fur  the  magnetization  reversal. 


sured  hysteresis  loop  can  be  used  to  determine  the  angle,  9, 
that  the  moment  makes  with  the  applied  field  direction 

yW, ,,(//)  =  Mo  cos[0(//)],  (2) 

where  Mo  is  the  constant  magnitude  of  the  film  magnetiza¬ 
tion  vector. 

If  independent  hysteresis  loops  of  each  of  the  magnetic 
films  can  be  obtained,  then  a  determination  of  the  relative 
angles  of  both  films  as  a  function  of  applied  field,  and  there¬ 
fore  the  angle  between  the  two  magnetic  films,  can  be  made 
(a  schematic  of  the  two  films  is  shown  in  the  left-hand  panel 
of  Fig.  1),  From  the  relative  angles  of  each  film,  we  can 
determine  the  magnetoresistance,  given  by'*'*’ 


MR,v(W)  =  G  sin^ — r —  =  G  sin^ 


2  )• 


(3) 


where  G  is  the  coefficient  of  the  OMR  and  is  the  angle 
between  the  magnetic  moments  of  the  two  single  domain 
films.  From  the  measured  hysteresis  curves  of  the  two  mag¬ 
netic  layers,  we  can  then  calculate  the  form  of  the  magne- 
toresistance  curve.  By  comparing  this  curve  with  the  mea¬ 
sured  hysteresis  curve,  we  can  extract  a  value  for  G,  the 
coefficient  of  magnetoresistance,  which  corresponds  to  the 
maximum  achievable  magnetoresistance. 


III.  MULTIDOMAIN  ISING  MODEL 

The  multidomain  Ising  model  treats  each  magnetic  film 
as  if  it  were  composed  of  many  magnetic  domains,  each 
allowed  to  be  oriented  along  with  or  opposed  to  the  applied 
field  direction.  Now  the  magnetization  reversal  is  accom¬ 
plished  through  the  abrupt  magnetization  reversal  of  the 
separate  domains.  The  hysteresis  loops,  which  reflect  the  net 
moment,  are  a  measure  of  the  fraction  of  the  film  pointing 
along  the  applied  field 

M„i„g(//)  =  M(, [/'(//)-/'(//)],  (4) 

where  Mq  is  the  maximum  moment  and  /'(/')  is  the  fraction 
of  the  film  pointing  along  (oppo.sed  to)  the  field.  For  two 
magnetic  layers,  if  the  moment  direction  of  domains  in  the 
two  films  are  uncorrelated  (i.e.,  the  direction  of  the  moment 
of  a  domain  in  one  film  is  independent  of  the  direction  of  the 
moment  in  a  domain  of  the  other  film),  then  the  measure¬ 
ments  of  the  two  independent  hysteresis  loops  can  be  used  to 
determine  what  fraction  of  the  films  are  aligned  and  anti¬ 
aligned  with  each  other.  (A  schematic  of  this  model  is  shown 
in  the  right-hand  panel  of  Fig.  1.) 


In  the  simplest  view,  there  are  only  two  domain  configu¬ 
rations  which  contribute  to  the  overall  resistivity,  when  the 
current  flows  between  two  domains  of  opposite  orientation 
or  between  two  domains  of  aligned  orientf'tion.  Because 
these  two  configurations  represent  two  well  defined  resis¬ 
tance  states  in  parallel  with  each  other,  then  if  the  domains 
are  large  compared  to  the  mean  spin  scattering  length**  and  if 
we  ignore  the  additional  resistivity  associated  with  current 
flow  between  domains  within  the  same  magnetic  layer 
(which  would  also  depend  on  the  distribution  of  domain 
.sizes  and  domain  configurations),  then  the  total  film  resis¬ 
tance  is  just  given  by 


Ra 

fAiH) 


Rp 

fpun 


RaRp 

RAfp~RpfA  ' 


(5) 


where  Rp(Ra)  is  the  resistance  of  the  film  in  the  completely 
aligned  (anti-aligned)  configuration  and  >8  the  fraction 

of  the  film  in  the  aligned  (anti-aligned)  state.  The  magnetore- 
sLstance  can  be  expressed  as  (noting /;.-l-/^  =  l) 


R{H)-Rp 

where  G  =  (R^ - R ,,)//?;, .  If  R/^—Rp  (i.e.,  G  is  small)  then 

MRisi„s(W)~G^  =  C[/l(//)/‘(//)-F/i(W)/l(//)],  (7) 

where  the  term  in  the  brackets  is  the  fraction  of  the  two  films 
which  are  anti-aligned  (in  the  absence  of  domain  correla¬ 
tion). 


IV.  INDEPENDENT  HYSTERESIS  LOOPS 

The  major  difficulty  is  of  course  in  determining  indepen¬ 
dently  the  hysteresis  loops  of  the  two  magnetic  films.  Most 
niagnetometry  techniques  determine  the  total  hysteretic  be¬ 
havior  of  the  system.  Recently,  we  have  developed  a  method 
to  determine  element-specific  hysteresis  loops  of  hetcromag- 
netic  materials.^  By  recording  the  absorption  intensity  of  cir¬ 
cularly  polarized  soft  x-rays  at  each  transition  metal  ab¬ 
sorption  edge  as  a  function  of  applied  field,  the  hysteretic 
behavior  of  each  magnetic  clement  in  a  compound  or 
multilayer  structure  can  be  determined  using  magnetic  circu¬ 
lar  dichroism  (MCD).**"'^  In  this  way,  the  complicated  con¬ 
ventional  hysteresis  curves  can  be  resolved  as  a  linear  com¬ 
bination  of  simple  elemental  hysteresis  curves.  In  the  case  of 
a  multilayer  system  with  different  magnetic  elements  in  each 
ferromagnetic  layer,  the  separate  element-specific  magnetic 
hysteresis  (ESMH)  curves  are  now  equivalent  to  the  hyster¬ 
etic  behavior  of  the  individuai  ferromagnetic  layers. 

To  demonstrate  this,  an  Fe/Cu/Co  triiayer  structure, 
known  to  exhibit  a  reasonable  GMR  effect,'’  was  sputter 
deposited  onto  a  Si(lOO)  surface  which  was  chemically  de¬ 
greased  prior  to  the  dcpo.sition.  The  multilayer  film  consists 
of  50  A  Fe  film  and  a  50  A  Co  film  separated  by  50  A  of  Cu 
and  capped  with  an  additional  30  A  of  Cu  to  prevent  oxida¬ 
tion.  The  films  were  deposited  in  an  argon  gas  of  —3X10"’ 
Torr  at  a  rate  of  a  few  angstroms  per  second.  X-ray  absorp¬ 
tion  spectroscopy  measurements  showed  that  no  oxidation  of 
the  buried  Fe  or  Co  layers  has  occurred.  Details  of  the  MCD 
setup  have  been  described  previously. 
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FIG.  2.  Top  panel;  conventional  total  moment  VSM  hysteresis  loop  (solid 
line)  and  the  summed  element  specific  magnetic  hysteresis  loops  for  Fc  and 
Co  (dotted  line).  Bottom  panel;  ESMM  loops  for  Fc  and  Co.  The  scaling 
values  were  determined  by  a  best-fit  of  the  summed  data  to  the  VSM  data. 


The  conventional,  total  magnetic  hysteresis  behavior  of 
this  trilayer  is  shown  in  the  top  panel  of  Fig.  2.  This  hyster¬ 
esis  loop  shows  rounded  transitions  and  is  characteristic  of 
non-ideal  switching  behavior.  In  the  bottom  panel  arc  the 
scaled  ESMH  loops  for  Pe  and  Co.  The  weighting  factors 
were  determined  by  a  least-squares-best  fit  of  the  summed 
data  to  the  VSM  data.  These  weighting  factors,  included  in 
the  ESMH  loops  of  the  lower  panel  of  Fig.  2,  give  good 
agreement  between  the  VSM  spectra  and  the  summed  spec¬ 
tra,  displayed  as  the  dotted  line  in  the  top  panel  of  Fig.  2.  The 
differences  in  the  spectra  are  attributed  to  film  inhomogene¬ 
ity  and  the  different  analyzed  areas  of  the  two  magnetometry 
techniques. 

From  these  elemental  hysteresis  loops,  we  can  ca'.ulate 
the  OMR  curves  for  the  single  domain  xy  model  and  the 
multidomain  Ising  model.  By  comparing  to  the  measured 
GMR  curves  (shown  scaled  to  be  aligned  at  the  peaks  in  Fig. 
3),  not  only  are  we  able  to  extract  a  value  for  the  coefficient 
of  magnetoresistance,  but  we  can  differentiate  which  model 
is  applicable  to  our  multilayer.  The  two  vertical  axes  are 
displayed  in  normalized  MR  values  (MR/G)  and  vividly 
demonstrate  the  effects  of  the  incomplete  alignment.  It  is 
clear  from  these  spectra  that  these  films  arc  best  described  by 
a  multidomain  Ising  model  (which  is  consistent  with  the 
polycrystalline  nature  of  these  films).  From  the  value  of  the 
maximum  measured  GMR  of  2.1%  (corresponding  to  the 
peaks  in  the  measured  data  in  Fig.  3),  we  can  extract  a  co¬ 
efficient  of  GMR  of  0.031  (3.1%),  an  increase  of  almost 
50%.  It  is  interesting  to  note  that  had  the  single  domain  xy 
model  been  the  applicable  description  of  the  magnetization 
reversal,  the  extracted  coefficient  of  GMR  would  be  0.068 
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FIG.  3.  Comparison  of  the  mea.sured  magnclorcsistance  data  (solid  line)  to 
the  multidomain  Ising  model  (dotted  line)  and  the  single  domain  xy  model 
(dashed  line).  The  coordinates  arc  normalized  values  for  the  calculated  spec¬ 
tra  and  the  measured  data  is  arbitrarily  scaled  to  61. 

(6.8%)  an  increase  of  200%!  (The  anisotropic  magnetoresis- 
tance  for  this  film  is  measured  to  be  0.4%.) 

In  summary,  we  have  shown  that  in  nonideal  systems 
with  peaked  magnetoresistance  curves  and  rounded  hyster¬ 
esis  loops,  the  maximum  measured  GMR  is  reduced  from  the 
maximum  attainable  value  by  multidomain  and  incomplete 
alignment  effects.  We  have  also  used  ESMH  measurements, 
in  conjunction  with  the  measured  magnetoresistance  curves, 
to  extract  the  coefficient  of  GMR.  In  any  comparative  study 
of  the  GMR,  it  is  this  larger  extracted  coefficient  which 
should  be  used. 
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Rh(20  A)/^’Fe(rp5)  multilayers  with  Fe  thicknesses  tp,.  of  2,  5,  10,  and  15  A  prepared  by  alternate 
evaporation  in  UHV  have  been  investigated  by  x-ray  diffraction  (XRD),  Mbssbauer  spectroscopy, 
and  SQUID  magnetometry.  First-  and  second-order  superstructure  Bragg  peaks  (but  no  higher-order 
peaks)  in  small-angle  XRD  patterns  suggest  some  compositional  modulation.  Mbssb.iucr  spectra 
taken  at  4.2  K  are  characterized  by  a  distribution  P(Bhf)  ‘'f  hyperfine  fields  B|,f .  Peaks  obser\'cd  in 
the  F’(Bhf)  curves  near  17  and  35  T  are  assigned  to  an  fcc-RhFc  interface  alloy  (~7-24  at.  %  Fe) 
with  spin-glasslike  properties  and  to  a  disordered  ferromagnetic  bcc-FeRh  alloy  (—96  at.  %  Fe), 
respectively.  The  magnetic  transition  temperature  of  the  fee  alloy  was  Tound  to  be  23  and  45  K  for 
tpc=2  and  5  A,  respectively,  and  Bhf  follows  a  law.  For  A,  spin-glasslike  behavior  was 
obser\'ed  by  magnetometry. 


Metallic  multilayered  films  offer  an  exciting  field  for  the 
exploration  of  magnetic  properties  in  novel  .systems  and  at 
interfaces.'  In  a  search  for  new  multilayers  with  interesting 
magnetic  behavior  we  have  studied  the  Fe-Rh  system.  Ac¬ 
cording  to  the  thermodynamic  Fe-Rh  phase  diagram^  a  wide 
solubility  range  exists  at  rather  low  temperatures  on  both  the 
Fe-rich  and  Rh-rich  side.  Therefore,  a  tendency  for  interface- 
alloy  formation  may  be  expected  in  these  multilayers.  The 
properties  of  Fe/Rh  interfaces  are  unknown  so  far. 

We  have  prepared  a  series  of  Rh/Fe  multilayers  with 
constant  Rh  thickness  (20  A)  by  alternating  evaporation  of 
Rh  and  •^''Fe  isotope  (95%  enriched)  in  an  UHV  system.  The 
pressure  during  evaporation  was  <5X10"''  mbar.  The  sub¬ 
strates  were  polyimid  foils  for  Mbssbauer  and  magnetomet¬ 
ric  studies  and  Si  wafers  for  small-  and  large-angle  x-ray 
diffraction  (XRD).  To  reduce  intermixing,  the  .substrate  tem¬ 
perature  was  held  at  —100  K  during  multilayer  growth.  Rh 
and  *^Fe  were  evaporated  from  a  2-kW  electron-beam  gun 
and  a  small  resistively  heated  evaporation  cell  with  alumina 
crucible,  respectively.  Four  different  types  of  multilayers 
have  been  prepared,  namely  [Rh(20  A)/‘’''Fe(2  A)]i,x)+Rh(20 
A),  [Rh(20  A/’Fe(5  A)]s2+Rh(20  A),  [Rh(20  Al/^^FedO 
A)]3o+Rh(20  A),  and  [R'h(2()  A)/Fe(15  A)]2„+Rh(20  A), 
(All  samples  were  coated  by  20  A  Rh  for  protection.) 

The  small-angle  XRD  patterns  (Fig.  1)  exhibit  a  clear 
first-order  superstructure  Bragg  peak  for  all  samples,  and  an 
additional  second-order  peak  for  ^nd  15  A.  This  and 

the  fact  that  no  higher-order  superstructure  peaks  have  been 
detected  (not  shown  in  Fig.  1 )  demonstrates  qualitatively  that 
our  samples  are  compositionally  modulated  structures  with 
some  degree  of  intermixing  at  the  interfaces.  The  multilayer 
periodicity  determined  from  Fig.  1  is  23.7,  24.9,  29.7,  and 
37.7  A  for  /pc=2,  5,  10,  and  15  A,  respectively,  being  in 
agreement  with  the  nominal  periodicity  within  7%  or  better. 
The  large-angle  XRD  patterns  from  our  samples  (not  shown) 
exhibit  a  dominant  fee  Rh(ll  1)-Bragg  peak  and  weaker 
peaks  from  hurher-indexed  Rh  planes.  However,  the  Rh 
peaks  were  fe  *  to  be  shifted  slightly  to  higher  Bragg 
angles  upon  itir  ase  of  /pj,  implying  a  fcc-lattice  parameter 
(flo)  reduction  with  increasing  Fe-film  thickness  from 
«„=  3.808  A  (pure  Rh  film)  to  3.793,  3.780,  3.738,  and 
3.713  A  for  tp\.-  2,  5,  10,  and  15  A,  respectively.  No  pure 


bcc-Fe  Bragg  peaks  could  be  detected.  However,  a  shoulder 
(near  2/^=40“)  on  the  low-angle  side  of  the  Rh(lll)  peak 
observed  for  the  thicker  Fe  films  (10  and  15  A)  may  be 
assigned  to  a  bcc  (110)  reflex  with  a  corresponding  bcc- 
lattice  parameter  which  is  enhanced  (relative  to  that  of  pure 
bcc  Fe)  by  11.4%  (for  /p^.=  10  A)  and  10.0%  (for  rp5=15  A). 
In  view  of  the  small-angle  XRD  and  Mbssbauer  results  (be¬ 
low)  the  ob.served  reduction  or  increase  in  lattice  parameter 
is  interpreted  by  the  main  effect  of  interface-fcc-alloy  forma¬ 
tion  or  bcc-alloy  formation,  respectively.  For  fee  Fe-Rh  al¬ 
loys,  our  interpretation  is  qualitatively  supported  by  the 
known  decrease  of  a„  with  rising  Fe  content  in  the  bulk.-' 

Mbssbauer  spectra  measured  at  4.2  K  (Fig.  2)  indicate 
ntagnetic  hyperfine  (hf)  splitting  at  all  Fe  thicknesses.  These 
spectra  were  least-squares  fitted  using  a  histogram 
distribution,'*  F(B|,f),  of  hyperfine  fields  was  found 

neces.sary  to  include  a  small  linear  correlation  between  iso¬ 
mer  shift  5  and  given  by  about  4-0.004  mm  s“'/T. 

For  /pc=2  A,  the  most-probable  (peak)  hf  field,  B[f^ , 
has  a  value  of  16.8  T  (Fig.  2)  which  is  typical  for  that  of  a 
~7  at.  %  Fe  disordered  fcc-Fc-Rh  bulk  alloy  at  4.2  K.*’  This 


201'! 


FIG.  !.  Small-angle  XRD  pallcrns  ol'  Rh(2()  Al.^^’l-eOi.t)  nuillilaycrs  with 
4,.=2.  .S.  1(1,  and  l.S  A  (from  top)  (Cii  Kct  radiation). 
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FIG.  2.  Mossbauet  spectra  measured  at  4.2  K  ar.d  distributions  /’(Bhf)  of 
Rh(20  A)/”Fe(ff()  multilayers  for  tfc=2,  S,  10,  and  15  A  (from  top). 

suggests  that  the  2  A  ^^Fe  film  [-I  monolayer  (ML)  bcc 
Fe(llO)]  is  completely  alloyed  with  Rh  resulting  in  an  fcc- 
Fe-Rh  alloy  of  average  Fe  concentration  of  ~7  at.  %.  In 
the  case  of  A,  F’(5hf)  2  shows  a  pronounced 

peak  at  18.2  T  which  demonstrates  that  this  is  also  a  pure 
fcc-RhFe  multilayer.  This  hf  field  corresponds  to  Cp“ 
~  19  at.  %,  according  to  Ref.  5.  We  have  also  estimated  the 
Fe  concentration  (Cp^)  in  the  fcc-alloy  layer  by  comparing 
the  measured  lattice  parameters  (ag)  with  those  of  bulk 
alloys.^  Table  I  shows  that  Cp"  values  for  2  and  5  A  Fe  are  in 
rough  agreement  with  corresponding  Cp^^'  values.  The  calcu¬ 
lated  Rh  thicknesses,  «  required  for  explaining  the 

obtained  Cp^^'  or  Cp°  values  are  given  in  Table  I,  too.  (It  was 
assumed  that  and  5  A  are  completely  alloyed).  The 
f  Rh  values  obtained  from  appear  somewhat  too  large 

as  compared  to  the  deposited  20  A-Rh  layer,  while  those 
values  deduced  from  Cp”  appear  to  be  reasonable.  Table  1 
indicates  also  the  Fe  concentration  (Cpp  obtained  by  com- 


TABLE  1.  Estimated  Fc  concentrations  and  c“.JJ  of  the  fee  and  bcc 

Rh-Fe  ailoy  phase  in  Rh/Fc  multilayers.  /rS  is  the  calculated  Rh  thick¬ 
ness  consumed  in  fcc-alloy  formation. 


Rh(20  A)/Fc(rp,) 

(pj— 2  A 

4c=5  A 

rp,=  l(!A 

/p5=15  A 

fee  phase 

Cp{/a;.  % 

OEri*"”') 

7 

(25  A?) 

12 

(34  A?) 

24 

(9.4  A?) 

Cp“/at.  % 

(,(«  allay) 

~7 

(25  A?) 

-19 

(20  A?| 

>25 

>25 

Cp“/at,  % 

allay) 

10 

(17  A) 

24 

(14.8  A) 

50 

(3.0  A) 

62 

(1.2  A) 

hcc  phase 

CflU.  % 

-96 

-96 

FIG.  3.  Temperature  dependence  of  for  /j,c~2  A  (A),  5  A  (V),  10  A 
(•)  and  15  A  (O).  Crosses  (x);  for  /|.■,=  15  A  after  annealing  at  355  K. 

paring  the  measured  (average)  magnetic  transition  tempera¬ 
ture  Tf  of  our  films  (7’^=23±4  K  for  t^^~2  A  and 
Tf-A5±l  K  for  A,  respectively,  see  Fig.  3) 

with  the  Tf  \s  Cpc  behavior  of  disordered  fcc-RhFe  alloys;*’ 
however,  the  corresponding  (calculated)  values 

(Table  I)  are  unreasonably  high  (e.g.,  34  A  for  fpj— 5  A). 
This  very  likely  indicates  that  the  Tf  cp^  behavior  in  ul- 
trathin  RhFe  alloy  layers  deviates  from  that  in  bulk  alloys  as 
is  the  case  for  other  spin  glasses.'*  From  the  Mossbauer-line- 
intensity  ratios  the  Fe-spin  orientation  in  these  samples  was 
found  to  be  nearly  random  which  can  be  expected  for  spin- 
glass-type  magnetism  where  a  magnetic  shape  anisotropy  is 
absent. 

One  can  notice  in  Fig.  2  that  the  F’(flhf)  curves  (and  the 
spectra)  change  drastically  with  increasing  Fe  thickness:  the 
fcc-alloy  distribution  peak  near  ~17  T  decreases  gradually  in 
relative  intensity  and  shifts  to  slightly  higher  values,  while 
simultaneously  a  new  peak  near  36  T  (35  T)  evolves  and 
dominates  at  fpe"^10  A  (or  fp^-lS  A).  This  new  perk  is 
assigned  to  a  disordered  ferromagnetic  bcc-Fe-Rh  alloy.  This 
follows  from  a  comparison  of  our  flCp’'  values  with  those  of 
Fe-rich  disordered  bcc-Fe-Rh  bulk  alloys.^  We  may  estimate 
the  average  composition  c  p^  of  the  bcc  alloy  in  our  multilay¬ 
ers  by  using  the  vs  Cp^  curve  in  Ref.  7  (with  S|,f  in  Ref. 
7  corrected  by  a  factoi  of  1.03  for  the  low  temperature  (4.2 
K)  ased  in  our  case).  This  leads  to  Cp,,  —yfi  at.  %  for  /pL.=  l() 
and  15  A  in  the  bcc  alloy  (Table  I). 

The  shape  of  the  distribution  for  /pc=10  A  (Fig. 

2)  demonstrates  that  fee  and  bcc  alloy  phases  coexist  in  this 
multilayer,  (with  the  fcc-alloy  distribution  peak  located  at 
19.8  T).  Even  for  rpc=15  A,  the  fcc-alloy  distribution  peak 
(at  20.0  T)  is  still  present,  together  with  a  low-field  distribu¬ 
tion  part  (for  J3(,f<28  T).  The  relative  area  of  the  low-field  or 
high-field  (fli,f>28  T)  distribution  part  provides  values  for 
the  relative  phase  content  (fee  or  bcc)  in  the  multilayer.  In 
the  case  of  /p,,— '10  Awe  find  that  (36±15)%  of  the  Fe  atoms 
form  the  fcc-interface  alloy  (and  64%  the  bcc  phase);  for 
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FIG.  5.  Tcmpcraluri:  dependence  of  magnetizaiion  in  a  Rh(2()  A)/” 
FIG  4.  BlT'‘  vs  7"''^  for  l,,  =2  A  (O)  and  5  A  (•).  multilayer  measured  in  T,  zero-field  cooled  (•)  and  field 

'  '  cooled  (O). 


/Fe=15  A,  the  corresponding  values  are  (30±5)%  (fee)  and 
70%  (bee).  This  means  that  in  the  average  a  thickness  of  3.6 
A  Fe  of  the  original  10  A  bcc-Fe  layer  is  transformed  to  the 
fee-interface  alloy  by  interdiffusion;  for  the  15  A  Fe  film,  the 
corresponding  value  is  4.5  A  Fe.  The  Fe-spin  direction  of  the 
bee  phase  was  observed  to  be  preferentially  oriented  in  the 
film  plane  indicating  a  shape  anisotropy  due  to  ferromag¬ 
netism. 

It  follows  from  the  temperature  dependence  of 
(Fig.  3)  that  the  magnetic  transition  temperatures  of  the  bcc 
phase  (in  multilayers  with  rpj=10  and  15  A)  are  much  higher 
than  those  of  the  fee  phase  (with  /fc~2  and  5  A).  For 
and  5  A,  flt|f“'‘(r)  follows  closely  a  T'^^^-spin  wave  law  over 
the  whole  temperature  range  (Fig.  4).  For  A, 

shows  a  remarkable  linear  T  dependence  over  a  wide  T 
range.  It  has  been  suggested  that  such  a  behavior  is  related  to 
superparamagnetic  relaxation  of  bcc-phase  clusters.**  How¬ 
ever,  as  we  have  not  observed  a  remarkable  change  at  150  K 
in  the  central  component  of  the  spectrum  (not  shown)  even 
by  applying  fields  up  to  1  T,  we  may  exclude  superparamag¬ 
netism.  Therefore,  the  linear  T  dependence  observed  can  be 
explained  by  quasi-two-dimensional  behavior  of  the  bcc 
phase  in  the  15-A  sample,  as  predicted  theoretically.**  In  con¬ 
trast,  the  fpc^lO  A  multilayer  has  been  observed  to  be  su- 
perparam^gnetic  by  applying  a  magnetic  field.  After  a  .mea¬ 
surement  at  355  K  and  recooling  to  295  K,  an  irreversible 
drop  of  at  295  K  occured.  As  we  did  not  observe  a 
change  in  P(B|,f)  at  4.2  K  after  annealing,  this  drop  in  Bjjf"*' 


could  be  due  to  a  change  in  bcc  Fe-film  morphology  (island 
formation)  and  a  resulting  change  in  the  T  dependence  of 
BiJf***  (possibly  due  to  superparamagnetism). 

The  temperature  dependence  of  the  magnetization  in  the 
multilayer  with  <fc“2  A  (Fig.  5)  indicates  typical  spin¬ 
glasslike  behavior,  i.e.,  different  branches  after  zero-field 
cooling  and  during  field  cooling.  It  can  be  seen  that  the  tem¬ 
perature  of  the  maximum  in  the  zero-field  cooled  magnetiza¬ 
tion  (23  ±2  K)  is  in  very  good  agreement  with  the  magnetic 
transition  temperature  obtained  from  Mossbauer  spectros¬ 
copy.  This  proves  that  interface  fee  alloys  with  spin-glasslike 
properties  can  be  obtained  in  Rh/Fe  multilayers. 

We  are  grateful  to  U.  von  Horsten  for  technical  assis¬ 
tance  and  sample  preparation.  This  work  was  supported  by 
the  DFG  (SFB166). 
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Heat  treatment  to  control  the  coercivity  of  Pt/Co  multilayers 
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We  report  on  controlled  changes  in  the  coercivity  of  sputter  deposited  Pt/Co  multilayer  films  by 
thermal  treatment  under  controlled  atmospheres.  The  as-sputtered  coercivities  of  typically  3.3  kOe 
can  be  increased  to  10.5  kOe  by  annealing  in  air,  however  for  coercivities  greater  than  6  kOe  the 
rectangular  ratio  of  the  multilayer  decreases  with  increasing  coercivity.  The  loop  shape  can  be 
regained  and  the  coercivity  decreased  by  annealing  in  a  Hj/Nj  atmosphere. 


I.  INTRODUCTION 

Pt/Co  multilayers  are  a  promising  candidate  for  the  next 
generation  of  magneto-optical  recording  material.''^  These 
multilayers  have  been  found  to  have  large  polar  Kerr  rota¬ 
tions  and  coercivities  in  both  evaporated  and  sputtered 

In  this  article  we  report  on  the  effect  on  annealing  in 
controlled  atmospheres  on  the  coercivity  of  sputtered  Pt/Co 
multilayers. 

II.  EXPERIMENT 

Pt/Co  multilayers  were  magnetron  sputtered  using  dual 
source  deposition  in  an  Ar  atmosphere  onto  glass  substrates. 
The  multilayers  all  consisted  of  9.5  periods  of  8  A  Pt/3  A  Co 
(the  Pt  layer  was  deposited  first  and  last).  Pt/Co  individual 
layer  thicknesses  were  confirmed  using  x-ray  diffraction  and 
inductively  coupled  plasma  emission  spectrometry. 

The  magnetic  and  magneto-optical  properties  of  the  mul¬ 
tilayers  were  examined  using  a  polar  Kerr  loop  plotter  and  a 
vibrating  sample  magnetometer  (VSN'"  *be  maximum  ap¬ 
plied  field  was  8  kOe  so  VSM  m  •  ‘s  could  not  be 

done  on  the  higher  coercivity  .s.  ■ii'-  ’  dtilayer  micro¬ 
structure  was  examined  u  ti.  ^  x  .  .jn  (XRD)  and 

transmission  electron  micr '.‘cofy  'C 

A  post-deposition  ann.  il  neru,  '  on  the  multilay¬ 
ers,  the  atmosphere  was  eii’i  r  air  or  ■  i%  Hi  in  N2,  the 
annealing  temperature  was  vaiicd  betv/een  100  and  400  °C. 
The  air  annealed  multilayers  were  heated  by  placing  on  a 
heater  block  at  the  required  temperature.  The  transition  from 
room  temperature  to  the  anneal  temperature  was  achieved  in 
under  2  min.  Samples  were  cooled  to  room  temperature  by 
placing  them  on  a  large  aluminum  block.  Cooling  took  less 
than  a  minute.  The  multilayers  annealed  in  H2/N2  atmo¬ 
spheres  typically  reached  the  anneal  temperature  in  under  5 
min  and  were  force  cooled  reaching  room  temperature  in 
under  5  min. 

III.  RESULTS  AND  DISCUSSION 

The  as-sputtered  multilayers  typically  had  coercivities  of 
3.3  kOe  and  hysteresis  loops  with  a  high  rectangular  ratio 
r(  =  //„///,.),  as  shown  in  Fig.  1(a),  The  coercivity  was  found 
to  increase  on  heating  the  multilayer  in  an  atmosphere  con¬ 
taining  oxygen.  Figures  1(b)- 1(d)  show  the  room  tempera¬ 
ture  polar  Kerr  hysteresis  loops  obtain  I  after  the  multilayers 
had  been  heated  in  air  to  200  °C  for  2,  8,  and  240  min. 
Initially  both  the  coercivity  (//,.)  and  the  nucleation  field 


(//„)  increase  with  annealing  time  and  the  hysteresis  loops 
maintain  a  high  rectangular  ratio  (r),  however  the 
reaches  a  maximum  at  6.2  kOe  while  the  H,.  continues  to 
increase  to  a  maximum  of  10.5  kOe  (Fig.  2)  resulting  in  a 
skewing  of  the  hysteresis  loop.  The  increase  could  be 
reversed  and  the  loop’s  original  rectangular  ratio  regained  by 
heating  in  a  reducing  atmosphere  of  10%  H2/90%  N2.  An 
as-sputtered  multilayer  had  its  coercivity  increased  from  3.3 
to  8.2  kOe  by  heating  in  air  to  160  and  185  °C  for  20  and  27 
min,  respectively.  The  before  and  after  polar  Kerr  loops  be¬ 
ing  almost  identical  to  those  of  Figs.  1(a)  and  1(c).  The  co¬ 
ercivity  was  then  reduced  from  8.2  to  3.3  kOe  and  the  origi¬ 
nal  loop  shape  regained  by  heating  for  30  min  at  185  °C  in  a 
10%  H2/90%  Nj  gas  mix. 

The  mechanism  for  the  coercivity  increase  is  thought  to 
be  related  to  oxygen  incorporation  into  the  film  structure. 
Coercivity  increases  after  annealing  the  sample  in  air^'*^’  and 
also  in  vacuum  have  previously  been  reported.^  Yamane 
et  al.^  obtained  increases  from  0.2  to  2  kOe  in  the  coercivity 
of  sputtered  Pt/Co  multilayers  with  a  500  A  Pt  capping  film. 
They  concluded  from  similar  work  with  thicker  Pd/Co 
multilayer  films  that  oxygen  incorporation  at  the  grain 
boundaries  of  the  columnar  microstructure  caused  domain 
wall  binding  resulting  in  the  increase  in  the  multilayer 
oercivity.*’  The  reversible  nature  of  the  coercivity  in  a  re¬ 
ducing  atmosphere  suggests  a  similar  mechanism  causes  the 
coercivity  increases  observed  in  our  films.  The  saturation 


l]tas  Ftelj  (kOi;)  nias  I  leld  IkOe) 


I-Ki.  1,  I’liliii  Kerr  loops  of  Pt/C'o  niullilayor.s  niter  imitetiliiiii  at  2tH)“C,  (a) 
as-spiitteied,  (It)  2  min,  (e)  S  mitt,  (rl)  240  niin. 
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FIG,  2.  Cocrcivity  and  nuclcation  variation  with  anncui  time  at  200  °C. 
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magnetization  of  our  multilayers  decreased  as  the  multilayer 
coercivity  increased  from  3  to  6  kOe,  this  further  suggests 
cobalt  oxide  formation  as  the  cause  of  the  increased  coerciv- 
ity. 

A  bright  field  TEM  image  of  an  as-sputtered  multilayer 
is  shown  in  Fig.  3.  The  muitilayers  are  polycrystalline  with  a 
grain  size  of  approximately  10  nm. 

To  examine  the  effect  of  the  coercivity  increase  on  the 
magnetization  reversal  mechanism  initial  magnetization 
curves  were  examined.  A  set  of  multilayers  was  demagne¬ 
tized  by  heating  to  400  °C  for  15  s,  the  dwell  time  had  to  be 
short  to  avoid  damaging  the  multilayer  structure.  Hashimoto 
et  al}  have  previously  found  that  a  30  min  anneal  at  400  °C 
resulted  in  loss  of  perpendicular  magnetic  anisotropy  and 
multilayer  structure.  However  XRD  measurements  of  our  de¬ 
magnetized  multilayers  showed  that  the  satellite  peaks  of  the 
multilayers  were  unchanged  after  thermal  demagnetization. 
Figure  4  shows  the  initial  magnetization  curves  for  these 
multilayers.  In  Figs.  4(a)-4(c)  the  coercivity  is  a  result  of  the 
difficulty  in  creating  a  reversed  domain,  since  the  magneti¬ 
zation  initially  increases  from  the  demagnetized  state  at 


FIG.  4.  Initial  magnetization  curves  of  thermally  demagnetized  Pt/Co  mul. 
liiaycrs. 
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FIG.  3,  TEM  bright  field  image  of  an  as-sputtered  Pt/Co  multilayer. 


fields  smaller  than  the  nucleation  field.  In  contrast  the  coer¬ 
civity  of  the  high  coercivity  multilayer  in  4d  is  dominated  by 
domain  wall  pinning.  This  demonstrated  by  differentiating 
the  polar  Kerr  signal  with  respect  to  the  applied  field,  Figs. 
5(a)  and  5(b)  are  the  ditferentials  of  Figs.  4(a)  and  4(d)  re¬ 
spectively.  The  rate  of  change  of  the  initial  magnetization  as 
a  function  of  applied  field  is  different  to  that  of  the  magne¬ 
tization  reversal  in  Fig.  5(a),  where  as  in  Fig.  5(b)  both  dis¬ 
tributions  are  the  same. 

In  summary  the  initial  magnetization  loops  show  that  the 
coercivity  increase  is  initially  caused  by  an  increase  in  the 
nucleation  field.  As  the  coercivity  increases  further,  wall  pin¬ 
ning  becomes  the  dominant  effect  in  determining  the 
multilayer  coercivity. 
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PIG.  5.  Differential  with  respect  to  applied  field  of  the  initial  mugnetization 
curves. 


IV.  CONCLUSION 

We  have  found  that  we  can  increase  the  coercivity  of 
sputtered  multilayers  by  annealing  in  air.  The  coercivity  in¬ 
crease  can  be  reversed  by  annealing  in  a  10%  H2  in  Nj.  The 


cause  of  the  coercivity  increase  is  thought  to  be  oxygen  in¬ 
corporation  in  the  multilayer,  initially  the  effect  is  to  increase 
the  nucleation  field  of  the  multilayer  however  further  coer¬ 
civity  increases  are  caused  by  domain  wall  pinning. 
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Commercially  available  Fe-Co  alloys  with  Co  contents  of  50  and  24  wt.  %  have  been  rf  sputtered 
to  produce  multilayers  with  noble  metal  (Ag  or  Cu)  interlayers.  Series  with  fixed  Fe-Co  or  noble 
metal  thicknesses  have  been  produced,  as  have  plain  Fe-Co  films.  In  all  cases,  the  coercivities  of  the 
multilayers  are  significantly  reduced  from  those  exhibited  by  the  plain  alloy  films.  For  exam.ple,  a 
film  of  the  alloy  containing  50  wt.  %  Co  had  //,,=i6.y  k.Am~‘,  whereas  a  multilayer  with  12  nm 
Fe-Co  layers  and  2  nm  Ag  layers  had  Am''.  The  saturation  magnetostriction  is  also 

enhanced,  in  some  cases  increasing  by  60%  over  the  expected  bulk  polycrystalline  alloy  value.  For 
example,  the  literature  X.,.  value  for  a  Fe-Co  alloy  containing  24%  Co  is  about  28  ppm;  in  a 
multilayer  with  12  nm  alloy  layers  and  8  nm  Ag  layers,  Xf=45  ppm.  The  combination  of  high 
magnetostriction  and  low  coercivity  makes  such  materials  as  Ihe.sv';  attractive  for  their  potential  as 
stress  sensor  and  actuation  transducer  elements. 


I.  INTRODUCTION 

There  is  currently  interest  in  many  aspects  of  magnetic 
multilayers  (e.g.,  giant  niagnetore.sistance  and  magnetic  and 
magneto-optic  recording  media).  For  sensor  and  transducer 
applications,  high  saturation  magnetostriction,  X,,  in  soft 
materials  is  desirable.  Our  investigations  began  with  an  iron- 
cobalt  alloy  of  a  composition  known  to  have  a  value  of 
X,(‘=«53  ppm)  comparable  with  most  conventional  soft  mate¬ 
rials.  Ag  and  Cu  were  chosen  as  the  interlayers  because  they 
are  noble  metals,  immiscible  with  Fe  and  Co,  nonmagnetic, 
and  are  larger  than  Fe  or  Co  atoms.  Wo  found  that  Ag  inter¬ 
layers  in  films  sputtered  from  this  alloy  softened  them  con¬ 
siderably  and,  in  some  cases,  caused  enhancement  of  the 
magnetostriction.'  Here,  we  report  further  investigations  into 
the  Fe-Co  alloy/noblc  metal  multilayer  systems,  including 
two  types  of  alloy  and  various  thicknes.ses.  Results  for  Ag 
interlayers  will  be  compared  to  those  for  multilayers  contain¬ 
ing  Cu  in  order  to  give  the  first  indication  of  an  explanation 
for  the  observations. 

II.  EXPERIMENTAL  METHODS 

The  multilayers  were  rf  magnetron  sputtered  from  alter¬ 
nate  targets  of  commercially  available  alloys:  HiSatSO® 
(50%  Fe,  50%  Co  with  less  than  0.2%  Ta)  or  Permendur24® 
(24%  Co,  75,4%  Fe,  0,6%  Cr)  (Telcon  Metals  Ltd.,  U.K.); 
and  Ag  (99.99%)  at  75  W.  The  background  pressure  was 
2-5x10“’  Torr;  during  sputtering,  the  Ar  pressure  was  5 
mTorr.  The  substrates  were  26-/Am-thick  Kapton®  polyimide 
(DuPont  Ltd.,  U.K.);  the  substrate  platen  was  water  cooled. 
Typically  50  bilayers  were  deposited  on  each  side  of  the 
substrate  to  equalize  any  film  stresses.  TVo  series  types  were 
made.  (1)  t^g—2  nm,  2— 12  nm  or  tp(.,nicndiir24~^“i^ 

nm,  (2)  0.5—10  tim,  12  nm,  or  10 

nm.  Results  for  the  first  HiSatSO  series  will  be  compared 
with  those  from  multilayers  with  Cu  in  place  of  Ag  inter- 


luyers  (Cu  target  99.99%).  Plain  alloy  films  were  also  depos¬ 
ited,  600  nm  thick  for  HiSatSO  on  one  side  of  the  substrate 
and  2X600  nm  thick  for  Permendur24,  i.e.,  600  nm  on  each 
side  of  the  siibstrate.  These  thicknesses  are  comparable  to  the 
typical  total  thickness  of  Fe-Co  alloy  in  the  multilayers. 

in-plane  magnetic  hysteresis  loops  were  measured  using 
a  quasi-dc  inductive  magnetometer,^  //„,„* =22  kAm'  '. 
Saturation  magnetostriction  was  measured  by  small  angle 
magnetization  rotation  (SAMR)’  (see  Ref.  1  for  application 
to  deposited  samples)  and  strain-modulated  ferromagnetic 
resonance  (SMFMR)."'  The  films  were  examined  structurally 
using  high-angle  x-ray  diffraction  (XRD)  in  the  0-20  mode 
with  Cu-/Ca  radiation. 


III.  RESULTS  AND  DISCUSSION 

Electron  probe  microanalysis  of  sputtered  HiSatSO  films 
shows  that  they  contain  45  wt  %  Fc,  55  wt.  %  Co,  and  ap¬ 
proximately  0.2  wt.  %  Ta.  A  bulk  polycrystalline  alloy  of  this 
composition  would  have  Xj^ST  ppm;  this  is  true  for  compo¬ 
sitions  ““±5%  of  the  nominal.'* 

XRD  traces  of  the  Fe-Co/Ag  and  Fe-Co/Cu  multilayers 
show  that  the  alloy  layers  are  polycrystalline,  with  bcc  struc¬ 
ture  and  no  significant  crystallographic  texture.  Peaks  due  to 
fee  Ag  generally  coincide  with  alloy  peaks,  so  it  is  not  pos¬ 
sible  to  say  whether  the  Ag  layers  are  textured.  No  XRD 
satellite  peaks  are  seen,  indicating  that  the  alloy-noble  metal 
interfaces  are  rough.  This  is  supported  by  low-angle  XRD 
and  kinematic  modeling.  Ag  layers  are  possibly  not  continu¬ 
ous  for  /Ag<"*5  nm.^’ 

The  Scherrer  equation’  has  been  used  with  the  bcc  (110) 
peak  widths  to  estimate  the  grain  sizes  in  the  films.  (No 
account  was  taken  of  any  po.ssible  inhomogeneous  lattice 
strains,  which  also  contribute  to  peak  broadening.)  Grain 
sizes  in  the  HiSat50/2  nm  Ag  multilayers  are  3-14  nm;  in 
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FIG.  1.  Saturation  magnetostriction  of  HiSatSO/Ag  raultiluyers.  nm. 
•  X, ,  SAMR  data;  ■  X, ,  SMFMR  data;  O  bulk  polycrysitiilino  X,  (Ref.  5); 
L  He.  plain  alloy  film =6.9  kA  nr'. 


HiSat50/2  nm  Cu,  5-14  nm.  Thicker  alloy  layers  produce 
larger  grains  in  both  cases. 

Average  lattice  strain  was  calculated  from  the  XRD  peak 
positions  by  comparison  with  bulk  Ag  t/m  or  the  r/n,,  spac¬ 
ing  for  the  thick  Fc-Co  films.  In  tlic  scries  with  constant 
t/^^=2  nm,  for  thinner  alloy  layers,  the  average  Fe-Co  d,|„ 
spacing  perpendicular  to  the  film  plane  is  expanded  (up  to 
1.0%  for  HiSatSO,  1.6%  for  Pertnendur24).  The  spacing  re¬ 
laxes  towards  the  plain  film  value  for  thicker  alloy  layers. 
The  Ag(lll)  spacings  show  no  trend  with  but  the  lat¬ 
tice  is  contracted  up  to  -1.0%.  In  multilayers  with  fixed 
^Fc-Co  varied  there  is  contraction  up  to  -1.0%  in 
thinner  Ag  layers,  tending  weakly  towards  the  bulk  value  as 
r^g  increases.  The  Fe-Co  duo  spacings  follow  the  same  pat¬ 
tern  as  Ag  dill  “s  r^g  varies.  The  HiSatSO  duo  strain  rises  to 
-HO.3%  as  /^g  increases:  similarly,  the  Permendur24  duo 
strain  ri.se.s  to  +1.1%.  Please  note  that  although  the.se  strains 
are  perpendicular  to  the  film  plane,  it  dues  not  follow  that  the 
in-plane  strains  are  ncce.ssarily  of  opposite  sign.'* 

We  have  already  reported  some  results  on  HiSat5()/2  nm 
Ag  multilayers.'  Here  we  add  data  obtained  SMFMR 
measurements  (Fig.  1),  which  confirm  the  validity  of  the 
S.AMR  technique  for  such  samples.  Enhancement  of  is 
observed  for  multilayers  with  thicker  fHiSui.so  ^Ag~2  nm; 
83  ppm  is  the  highest  seen,  compared  with  53  ppm  for  bulk.’’ 
A  significant  reduction  of  Wj,  is  seen  for  all  the  multilayers, 
compared  to  that  of  a  plain  600  nm  HiSatSO  sputtered  film.' 
//j=450  Am"'  is  observed  for  a  multilayer  containing  12 
nm  HiSatSO  layers  and  2  nm  Ag  layers  (this  is  also  (he  mo.si 
magnetostrictive  sample)  compared  to  6.9  k A  m  '  for  the 
plain  HiSatSO  film.  values  for  plain  alloy  films  given  here 
are  underestimates,  since  these  films  were  not  saturated  in 
the  field  available  in  the  dc  magnetometer.  The  values  given 
are  those  for  which  M=0  on  reducing  the  applied  field  from 
//,„j,  =  22kAm  '. 

//f  and  X,  for  HiSat50/2  nm  Cu  multilayers  are  pre.sented 
in  Fig.  2.  The  softening  effect  of  interlayers  is  again  seen 
with  similarly  low  cocrcivities  obtained,  although  the  trend  is 
opposite  to  that  seen  in  the  HiSat50/2  nm  Ag  multilayers 
(i.e.,  for  Cu  interlayers,  thinner  HiSatSO  layers,  with  .smaller 
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Flo.  2.  Saturiition  miigiiL'lDstriclioii  mid  coercivily  for  HiSiit.SO  (Ref.  .S).  /f,. 
plain  alloy  iilni=6.9  kA  m  '. 


grain  sizes,  give  the  softer  films).  X,.  is  slightly  enhanced 
over  the  bulk  value''  but  the  increase  is  not  us  large  as  that 
seen  for  thicker  HiSatSO  layers  with  Ag  interlayers. 

Figure  3  shows  the  effects  of  different  thicknesses  of  Ag 
interlayers  on  the  properties  of  multilayers  with  fHiSut.'5n=12 
nm.  It  is  thought  that  Ag  layers  become  continuous  only  for 
rAg>"“5  nm*’  and  this  may  account  for  the  dip  in  X,,.  at  around 
that  value.  The  maximum  f/,.  in  this  series  occurs  around 
fAg^b  nm. 

These  results  are  to  be  compared  with  those  for  multi¬ 
layers  containing  Permendur24  (Figs.  4  and  5),  which  con¬ 
tains  a  greater  proportion  of  Fe  and  has  a  lower  bulk  poly- 
cry.stullinc  X^.  than  HiSat50  (around  28  ppm).'*  Again,  the 
alloy  films  are  softened  by  the  presence  of  Ag  interlayers  and 
X,  is  enhanced.  /7,.=56()  Am'  for  a  multilayer  with  12  nm 
Permcndur24  layers  and  2  nm  Ag  layers,  compared  with  4.6 
kAm~'  for  a  2X600  nm  plain  film.  The  highest  X,.  value 
observed  is  45 ±3  ppm  an  increase  of  about  60%  over  the 
bulk  value,  for  the  multilayer  2X40  (10  nm  Permendur24/1() 
nm  Ag).  A  similar  value  is  found  for  2X50(10  nm 
Perniendur24/2  nm  Ag),  which  has  low  //,. .  The  differences 
in  behavior  between  the  .\g  and  Cu  series  may  result  from 


l'■Ki.  .a.  Saluniliiin  mayiicloslriclion  imd  ciicrcivity  of  I  liSat.‘i()/Ag  mullilay- 
ers  with  lixcti  fliSalSO  lliickiics.s  (/|ii.s,iimi'"  12  imi).  •  X, .  ■//,..  Open  .syiii- 
bol.s:  hulk  alloy  X,  (lU'f.  .S)  and  //,  . 
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FIO.  4.  Saturation  magnctuatriction  and  cocrcivity  of  Pcrmcndur24/Ag  mul¬ 
tilayers.  (Ag=2  nm,  •  ■  Wp  O  bulk  polycrystalline  alloy  k,  (Ref.  5). 

Plain  alloy  Him  Hc=4.6  kA  m“  . 


the  different  wetting  characteristics  of  Cu  and  Ag  on  Fe  and 
Co.  The  crystallographic  strain  perpendicular  in  the  film 
plane  in  multilayers  of  HiSat50/2  nm  Cu  is  slightly  greater 
than  in  HiSatSO/2  nm  Ag  multilayers.  Although  Ag  is  a  larger 


FIO.  5,  Saturation  mugnctostrietion  and  coercivity  of  I’crincndur24/Ag  mul¬ 
tilayers  with  fixed  Pcrmendur24  layer  thickness  (<|i„„,„jur24-  ***  '»")•  •  K  • 
■  He .  Open  symbols;  bulk  polycryslalline  alloy  (Ref.  5)  and  He . 


atom  than  Cu  (Ag  a()=0.41  nm,  Cu  nm)  Cu  has  a 

larger  Young’s  modulus  (£cu=118  GPa,  GPa)'^  so  it 

strains  less  readily,  forcing  the  alloy  layer  to  strain  more.  The 
data  we  have  do  not  permit  a  comparison  of  the  roughness  of 
the  interfaces  in  the  two  systems,  although  we  can  state  that 
neither  is  smooth.  It  appears  that  lattice  strain  is  not  the 
mechanism  for  enhancing  ;  work  is  in  progress  regarding 
magnetization  orientation  effects. 

IV.  SUMMARY 

Both  Ag  and  Cu  interlayers  of  various  thicknesses  re¬ 
duce  the  coercivity  of  Fe-Co  alloy  sputtered  films  by  up  to  an 
order  of  magnitude.  In  certain  cases,  is  enhanced  by 
nearly  60%  over  the  value  expected  for  bulk  polycrystalline 
alloys  of  similar  compositions.  Some  Xj.  results  taken  by 
SAMR  have  been  independently  confirmed  by  SMFMR. 
Greater  effects  arc  seen  in  multilayers  containing  Ag  inter¬ 
layers  than  in  those  containing  Cu  interlayers;  this  difference 
is  tentatively  attributed  to  the  difference  in  wetting  of  Ag  and 
Cu  on  Fc  and  Co.  It  has  been  demonstrated  that  multilayers 
can  be  deposited  which  are  simultaneously  magnetically  soft 
and  highly  magnetostrictivc,  a  characteristic  desirable  in  sen¬ 
sor  and  transducer  applications. 
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The  structure  of  thin  cobalt  films  sputtered  on  a  rhenium  buffer  was  analyzed  from  room 
temperature  to  963  K,  using  the  perturbed  angular  correlation  technique  with  the  "‘ln/"'Cd  probe. 
The  hyperfine  field  corresponding  to  the  fee  phase,  which  is  the  stable  one  above  704  K,  is  never 
observed,  and  the  measured  hyperfine  field  follows  closely  a  theoretical  prediction  for  the  hep  phase. 
This  is  a  consequence  of  the  good  match  between  the  cobalt  and  the  Re  hep  lattices  that  leads  to  the 
stabilization  of  the  hep  phase  up  to  963  K. 


I.  INTRODUClioN 

As  the  structure  of  magnetic  thin  films  and  superlattices 
(SLs)  determines  their  magnetic  properties,  it  becomes  im¬ 
portant  to  control  it  on  a  inicroseopic  level,  leading  to  the 
tailoring  of  materials  with  prespecified  properties.  Cobalt  is 
one  of  the  elements  more  frequently  used  in  magnetic  SLs. 
While  its  stable  phase  has  a  hep  structure  below  704  K, 
above  that  temperature  a  phase  transition  to  fee  is  observed.' 
Total-energy  bund  structure  calculations  at  0  K  predict  cor¬ 
rectly  the  hep  phase  as  the  stable  one,^  with  the  fee  and  bcc 
phases  slightly  higher  in  energy.  The  small  energy  differ¬ 
ences  suggest  however  the  po.ssibility  of  occurrence  of  the 
fee  and  bcc  metastable  phases,  even  at  room  temperature. 
The  bcc  phase  was  first  obtained'^  by  epitaxial  growth  of  Co 
on  (110)  GaAs,  and  later''  by  epitaxial  growth  on  (100)  Fe. 
The  fee  structure  is  generally  presented  in  samples  submitted 
to  mechanical  or  thermal  treatments.'  Although  the  mecha¬ 
nism  of  the  phase  transition  at  704  K  is  well  known'’  and 
explained  as  corresponding  to  the  slip  of  planes  normal  to 
the  (0001)  hep  and  (111)  fee  axes,  its  cause  is  still  not  yet 
understood.  Temperature-dependent  calculations  of  the  total 
energy  should  be  able  to  determine  whether  an  energy  cross¬ 
over  between  the  hep  and  fee  phases  exists. 

in  this  work,  the  704  K  phase  transition  in  Co  thin  films 
grown  on  a  hep  rhenium  buffer  is  investigated.  Re  was  cho¬ 
sen  due  to  the  small  mismatch  A{c/a)-().5%  relative  to  the 
Co  hep  lattice.  Measurements  were  carried  out  at  tempera¬ 
tures  up  to  963  K,  using  the  perturbed  angular  correlation 
(PAC)  hyperfine  interactions  technique,  based  on  the  obser¬ 
vation  of  the  spin  rotation  of  a'"Cd  probe  implanted  in  the 
film.  Since  the  magnetic  hyperfine  fields  (HFF.s)  are  well 
known  for  both  Co  phases,  the  method  is  very  sensitive  for 
following  the  phase  transition  in  a  microscopic  way. 

II.  EXPERIMENTAL  DETAILS 

Co  thin  films  on  a  Re  buffer  grown  on  glass  and  silicon 
substrates  were  produced  with  a  modified  argon  sputtering 


apparatus  (Alcatel  SCM  540).  The  pre.ssure  in  the  target 
chamber  before  the  introduction  of  argon  was  5X10""  Torn 
Co  was  deposited  by  rf  magnetron  sputtering  at  5  mTorr  and 
Re  was  deposited  by  dc  magnetron  sputtering  at  2.5  mTorr. 
The  deposition  rates  were  0.04  and  0.1  nm/s,  respectively. 
Film  thickness  was  monitored  in  situ  by  the  vibrating  quartz 
crystal  method,  and  checked  with  Rutherford  backscattering 
(RBS)  analysis.'^'  The  Co  layers  were  22,  34,  and  40  nm  thick 
for  the  films  studied  in  this  work.  The  Re  buffer  layer  was  30 
nm  thick  in  all  cases. 

The  Re  buffer  is  highly  structured  with  the  c  axis  normal 
to  the  film  surface,  and  the  same  orientation  is  observed  by 
x-ray  diffraction  and  cross-sectional  high  resolution  trans¬ 
mission  electron  microscopy  for  the  Co  films, This  is  a 
consequence  of  the  good  lattice  match  between  the  Co  and 
Re  hep  structures,  where  A(c.’/a)  =  0.5%. 

The  "'Ca  probe  atom  has  been  introduced  in  the  films 
by  implantation  with  80  keV  energy  of  the  "'in  parent  iso¬ 
tope  to  do.ses  of  about  lO''^  at./cm“.  The  implantation  range 
and  width  are  16  and  6  nm,  respectively,  so  the  probe  is 
confined  to  the  Co  layers.  The  PAC  technique  measures  the 
Larmor  nuclear  spin  precession  frequency  induced  by  the 
magnetic  HFF  at  the  probe  site.  The  Larmor  frequency  is 
observed  in  the  oscillating  anisotropy  amplitude  of  the  coin¬ 
cidence  spectra  of  the  173-247  keV  y-y  cascade  of  '"Cd. 
This  is  done  by  measuring  the  number  of  coincidences  as  a 
function  of  time,  N{fl,t),  using  four  detectors  in  the  same 
plane  at  90°  angles,  and  calculating  the  usual  anisot¬ 
ropy  function  R{t)  =  2.[N{lH(f,t)-N(9lf\t)]/[N{l8{)'\t) 
-t-2.A^(90",r)].  For  a  pure  magnetic  interaction,  the  R{t) 
function  is  a  sum  of  cosines  with  the  Larmor  frequency 
u)i  =-fxBllfi  and  its  2w/  harmonic,  where  B  is  the  local 
field  at  the  "'Cd  probe  and  fx  the  magnetic  moment  of  the 
1  =  512  intermediate  state  of  the  cascade.  The  known  weak 
electric  field  gradient  of  the  hep  Co  lattice  leads  to  a  small 
damping  of  the  spectra,*'  and  was  taken  into  account  in  the 
calculations.  In  this  way  the  experimental  data  have  been 
fitted  with  a  theoretical  function  using  w/  and  the  percentage 
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FIG.  3.  Temperature  dependence  of  the  reduced  hyperfine  field  at  '"Cd  in 
Co,  in  Co/Rc  thin  films.  The  full  line  represents  the  bulk  magnetization.  The 
dashed  line  is  a  theoretical  prediction  fur  the  hep  field  above  the  phase 
transition  temperature  (Ref.  13).  The  temperature  dependence  of  the  hyper- 
fine  field  at  '"Cd  in  fee  Co  (Refs.  13-15)  is  also  shown. 


FIG.  I.  PAC  time  spectra  and  corresponding  Fourier  transforms  fur  one  of 
the  films. 


of  probe  nuclei  with  a  particular  hyperfine  interaction  as  ad¬ 
justable  parameters.  The  magnetic  frequencies  obtained  fol¬ 
lowing  this  analysis  are  also  observed  in  the  Fourier  spectra, 
where  the  linewidth  is  broadened  due  to  the  quadrupole  split¬ 
ting. 

Two  setups  were  used,  one  with  Nal(Tl),  and  the  other 
with  BaF2  detectors.  The  time  resolution  of  2.3  ns  for 
Nal(Tl)  and  0.7  ns  for  BaFj  allows  the  observation  of  the 
precession  frequencies,  with  a  1%  error  mainly  due  to  the 
error  in  the  time  calibration.  The  measurements  have  been 
performed  as  a  function  of  temperature  under  10“*'  Torr  pres¬ 
sure.  The  maximum  temperatures  reached  for  each  of  the 
films  were,  respectively,  963,  759,  and  773  K.  In  each  of  the 
films  several  runs  were  done  starting  at  room  temperature. 
The  frequencies  obtained  for  the  same  temperature  in  differ¬ 
ent  runs  were  the  same  within  experimental  errors,  and  the 
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FIG.  2.  RBS  spectru  and  derived  depth  profiles  iif  a  .Si/Rc  3(1  iiin/Co  22  nni 
film  taken  before  and  after  1  It  annealing  at  023  R. 


temperature  dependence  of  the  frequency  was  also  the  same 
in  the  three  films,  so  the  results  obtained  will  be  treated  as  a 
single  experiment. 

RBS  experiments  were  done  using  a  1.6  MeV  He^'  beam 
detected  by  a  15  keV  energy  resolution  detector  located  at 
160°  with  the  incidence  direction  in  the  Cornell  geometry. 


III.  RESULTS 

In  Fig.  1  the  spin  rotation  curves  and  their  corresponding 
Fourier  transforms  are  shown  for  one  of  the  films,  measured 
with  the  BaF2  detectors  setup  at  different  temperatures.  The 
normal  to  the  plane  of  the  film  was  in  the  detector  plane,  at 
45°  with  two  of  the  detectors.  The  field  orientation  is  clearly 
reflected  in  the  relative  amplitudes  of  the  a>/,  and  2w/,  fre¬ 
quencies.  It  is  in  the  plane  of  the  film,  as  already  seen  in 
Co/Rc  multilayers,"’  Separate  experiments  were  done  at 
room  temperature  with  the  film  in  different  positions,  leading 
to  different  w/,  and  amplitudes,  confirming  that  orienta¬ 
tion  of  the  HFF.  In  Co  single  crystals  the  HFF  is  along  the  c 
axis  at  room  temperature,  and  turns  slowly  to  the  basal  plane 
between  500  and  600  K.'’  This  reorientation  of  the  magnetic 
moments  does  not  occur  in  these  thin  films,  due  to  the  de¬ 
magnetizing  field. 

The  clearly  separated  satellites  observed  at  the  left  of  the 
w/  and  2w;,  peaks  correspond  to  a  well-known  stacking  fault 
defect.”’’^  This  defect  is  due  to  the  sputtering  process  and 
does  not  interfere  with  the  determination  of  Its  fraction  is 
maximum  at  room  temperature,  and  decreases  with  anneal¬ 
ing. 

At  temperatures  higlier  then  800  K,  new  frequency  com¬ 
ponents  (not  shown)  arc  .seen  in  the  Fourier  spectra.  How¬ 
ever,  the  "’CdCo  peaks  are  still  clearly  defined.  RBS  studies 
of  the  22  nm  Co  film  were  done  as  function  of  annealing 
temperature.  Below  823  K  no  change  could  he  observed.  The 
RBS  spectra  taken  before  and  after  1  h  annealing  at  923  K 
are  shown  in  Fig,  2,  together  with  the  derived  depth  profiles, 
showing  clearly  that  diffusion  occurred  between  the  Co  and 
Re  layers.  Therefore,  the  new  frequency  components  are 
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FIG.  4.  Temperature  tlcpctidenee  of  tlie  fraction  of  probes  feeling  a  well- 
defined  hypertinc  field,  normalized  to  the  room  temperature  value. 

likely  to  be  related  with  a  fraction  of  probes  in  the  mixed 
region,  while  some  remain  in  a  pure  Co  environment,  leading 
to  the  “‘CdCo  field. 

IV.  DISCUSSION 

The  temperature  dependence  of  the  reduced  HFF 
Bh[.{T)/Bhf(0  K)  is  shown  in  Fig.  3  together  with  the  bulk 
Co  magnetization  M{T)IM{{)  K)'  and  the  HFF  of  '"Cd  in  fee 
Co.'‘^“‘’  It  is  clear  that  throughout  the  temperature  range  of 
this  experiment,  the  temperature  dependence  of  the  mea.sured 
field  is  smooth  and  in  very  good  agreement  with  the  one 
expected  for  hep  Co;  indeed,  the  fee  field  is  never  observed, 
and  the  known  10%  discontinuity  of  the  HFF  that  takes  place 
at  the  phase  transition  is  not  present,  which  proves  that  no 
fee  phase  is  pre,scnt.  Also,  the  deviation  from  the  bulk  mag¬ 
netization  of  the  HFF  of  Cd  and  other  4  sp  impurities  in  Co 
has  been  explained  previously  by  Lindgren  el  al.'^  In  this 
model  a  temperature  dependent  .v</  hybridization  contributes 
a  local  field  at  the  probe  site  adding  up  with  the  conduction 
electron  contribution.  Their  calculation  for  the  HFF  of  Cd  in 
hep  Co  is  given  as  the  dashed  line  in  Fig.  3.  The  HFF  ob¬ 
tained  in  the  present  study  is  in  very  good  agreement  with 
the  predicted  values  above  the  pha.se  transition  temperature, 
confirming  that  the  hep  structure  was  retained  as  a  meta¬ 
stable  phase  throughout  the  temperature  range  attained. 

The  fraction  of  probes  feeling  the  well-defined  HFF  of 
Cd  in  hep  Co  is  shown  in  Fig.  4  as  function  of  temperature, 
normalized  to  its  room  temperature  value.  The  solid  line  is  a 


fit  to  the  data  above  625  K  assuming  an  Arrhenius  law.  The 
extrapolation  of  the  fit  to  a  1.0  normalized  fraction  of  probe 
nuclei  in  substitutional  positions  in  a  pure  Co  environment 
yields  T{f  =  1  .())=  655  K.  This  is  150  K  below  the  occur¬ 
rence  of  mixing  between  the  Co  and  Re  layers,  so  the  de¬ 
crease  obsers'cd  must  be  related  to  diffusion  of  the  probes  out 
of  the  Co  layer. 

V.  CONCLUSIONS 

The  hep  structure  of  Co  was  retained  above  the  fee  phase 
transition  temperature  and  up  to  963  K,  as  a  metastable 
phase,  by  growing  thin  Co  films  on  Re  substrates.  No  fee 
phase  was  observed,  and  the  temperature  dependence  of  the 
hyperfine  field  at  the  Cd  .site  in  the  Co  films  above  the  usual 
phase  transition  temperature  of  704  K  follows  closely  a  theo¬ 
retical  prediction  for  the  hep  field. 
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Observation  and  computer  simulation  of  static  magnetization  process 
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We  have  developed  a  new  numerical  micromagnetic  simulator  based  on  the  curling  particle 
assembly  model  and  the  finite  element  method  which  describes  the  static  magnetization  process  in 
soft  magnetic  films  successfully,  and  which  exhibits  many  details  of  that  process.  Compared  to 
conventional  numerical  treatment  of  the  magnetic  structure  in  soft  magnetic  films,  e.g..  the  Landau- 
Lifshits-Gilbert  equation  method  or  recently  proposed  Monte  Carlo  method,  our  approach  has  the 
following  advantages;  high  calculation  speed,  arbitrary  meshing  size,  and  good  agreement  with 
experiment. 


I.  INTRODUCTION 

Studying  the  static  magnetization  process  in  soft  mag¬ 
netic  thin  film  is  of  interest  for  domain-control  technology. 
As  a  conventional  analytic  method,  the  Landau-Lifshits- 
Gilbcrt  (LLG)  equation  method  has  been  well  used.'‘^  Re¬ 
cently  a  Monte  Carlo  method  was  proposed'^  which  uses  ran¬ 
dom  numbers  to  calculate  an  approximate  result  for  eventual 
phenomena  such  as  unknown  magnetization  distribution  in 
soft  magnetic  films. 

In  this  article  a  new  numerical  micromagnetic  simulator 
bused  on  the  curling  particle  assembly  model'*  and  the  finite 
element  method  (FEM)  is  developed.  Compared  to  the  other 
methods,  our  approach  has  the  following  advantages:  high 
calculation  speed,  arbitrary  meshing  size,  aitd  good  agree¬ 
ment  with  experiment. 

Magnetic  structures  of  rectangularly  striped  permalloy 
film,  which  can  be  typically  used  for  magnetoresistive  head, 
arc  modeled.  The  easy  magnetic  axis  is  aligned  in  the  trans¬ 
verse  direction.  At  the  beginning,  the  spontaneous  subdo¬ 
main  configuration  for  a  stripe  of  a  given  length/width  ratio 
is  simulated  by  determining  the  minimum  free  energy,  The 
static  magnetization  process  due  to  a  slowly  changing  exter¬ 
nal  field  is  then  simulated.  The  above  simulation  results  are 
generally  in  agreement  with  Bitter  pattern  experiments. 

II.  OBSERVATION 

The  sample  for  the  Bitter  pattern  experiment  is  a  rectan¬ 
gular  Ni(j()Fe2o  film  (thickness  =  100  nm,  width=10  /^tm) 
formed  by  rf  sputtering,  photolithography,  and  ion-etching 
process.  An  anisotropic  field  /7*-4,2  Oe  is  induced  along 
the  width  direction  by  applying  a  field  of  15. .5  Ge  in  the  same 
direction  while  sputtering.  The  samples  were  coated  by  a  thin 
magnetic  colloidal  solution  and  the  domains  were  observed 
under  an  optic  microscope. 

The  static  magnetization  process  for  a  stripe  with  the 
length/width  ratio  of  2: 1  is  shown  in  Fig.  1 .  Based  on  the 
equilibrium  ground  state  of  the  closure  domain  pattern,  a 
uniform  external  field  H  is  applied  along  the  transverse  and 
longitudinal  directions.  The  common  rule  is  that  those  do¬ 
mains  with  magnetizations  parallel  to  //  grow  whereas  those 
domains  with  magnetizations  antiparallel  tr)  II  shrink  and 
therefore  magnetic  walls  move.  Eventually  a  single  domain 
state  is  achieved  at  a  field  //, .  We  find  that  //,  along  the 


longitudinal  direction  is  about  10  Oe,  and  is  much  smaller 
than  the  value  of  50  Oe  determined  for  //.,■  aloirg  the  trans- 
ver.se  direction. 


III.  DESCRIPTION  OF  SIMULATOR 

The  How  chart  of  our  simulator  is  shown  in  Fig.  2.  A  soft 
magnetic  film  is  divided  into  an  array  of /iX/;i  .square  cells, 
where  each  cell  is  a.ssumed  to  be  an  assembly  of  a  certain 
number  of  magnetic  particles.  The  angle  of  the  magnetiza¬ 
tion  in  each  particle  is  chosen  such  that  it  minimizes  the 
energy  function  which  covers  the  exchange,  anisotropy,  de¬ 
magnetizing,  and  external  field  terms  according  to  the  curl¬ 
ing  model.  The  magnitude  and  direction  of  the  magnetization 
(magnetization  vector)  of  each  cell  is  determined  by  comput¬ 
ing  the  arithmetic  mean  of  those  of  all  particles  in  that  cell. 
The  magnetic  properties  of  each  particle  arc  determined  by 
forcing  the  calculated  hysteresis  curve,  with  the  aid  of  our 
hysteresis  curve  simulator, ''  to  resemble  the  measured  curve 
in  .shape.  T’he  parameters  to  be  adjnstetl  lor  the  curling  model 
are  shown  in  Table  1,  The  adjusted  parameters  arc  as  I'ollows: 


II 


II 
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length/width  ratio 


Set  Interaction  factor,  (3 

i,n  =  /^i'VxM  I 


Modify  magnetization  current, 
]„,  =  2  TT-'  arctanf  6/D  ) 


Calculate  potential.  A,  from 
P'Vo"’  )  =  im  +  jo 


B  =  VxA 

- i — •; - - 

Calculate  magnetization,  M,  by 
the  curling  particle  assembly  model 


An  iteration  method, 

M„  =  M„.,  +  k  (  M  -  M„.,  ) 


FIO,  2,  Flow  chart. 


the  curling  model  parameter  5  =  (1.08//*///j,)'^^  =  3.37, 
A/j.=7Q0  emu/cc,Hj,  =  0.4  Oe.o-// ///,,  =  0.1,  W^  =  4.2  Oe, 
=  0.1,  (r„=10deg. 

In  general  two-dimension  model  the  thickness  of  the  film 
is  assumed  us  large  enough.  To  realize  the  quasi-three- 
dimension  (FEM)  simulation  of  very  thin  film,  we  have  to 
correct  the  demagnetizing  field  by  a  factor  (2/7r)arctan(d'/jD), 
where  S  and  D  are  the  thickness  and  width  of  the  film,  re¬ 
spectively.  This  is  because  the  demagnetizing  factor  of  a  long 
stripe  thin  film  with  the  thickness  3  and  the  width  D  is  ap¬ 
propriately  (lltryATcl&n^SID)  in  the  transverse  direction.  In 
FEM  program,  however,  we  cannot  separate  the  demagnetiz¬ 
ing  field  from  the  total  field,  so  that  we  modified  the  magne¬ 
tization  current  j„  instead  of  the  demagnetizing  field,  as 
shown  in  Fig,  2, 


FIO.  3,  The  spontimemis  siihilomaiu  Cuiifiguriilioii. 


It  is  taken  for  granted  to  assume  a  mean  field  interaction^ 
between  particles  for  permalloy.  The  metm  magnetic  field  is 
assumed  to  be  proportional  to  (he  intensity  of  the  mean  mag¬ 
netization  in  the  surroundings  of  the  particle.  For  simplicity, 
we  take  the  mean  field  as  =  where  II  is  the 

magnetic  flux  density  and  a  is  a  eonstanl.  The  clTeetive  field 
in  a  soft  magnetic  film  is  then  e.xprcssed  as 

=  +  //|,n,,i|,-  //-I-  I  -I-  rr)//  +  . 

(1) 

Here  H  is  the  maguetoslutic  field  wliicli  consists  of  tlie  ex¬ 
ternally  applied  field  and  the  demagnetizing  field.  The  equa¬ 
tion  expressing  the  relationship  heiweeii  the  flux  density  1) 
and  the  field  U  then  results  in 

fl  =  /i,)//,,irl  /W-(l  Tfrltja,,//  l  M)  i  W), 

(2) 

where  wliicli  represents  the  interparticle  mciin  field 

interaction.  Applying  Ampere’s  law  \  '<II  /,  the  essential 
equation  of  FEM  becomes 


TABLE  1.  Tlic  adjusted  parameters  for  the  curliitg  model. 


Magnetic 

properly 

Distribution 

function 

Parameters  to 
be  adjusted 

Curling  model 
parameter 

S 

Saturation 

magnetization 

Coercive 

field 

Gauss 

distribution 

Average  Hi ,  standard 
deviation  IHi 

Anisotropic 

field 

Gauss 

distribution 

Average  //j ,  standard 
deviation  /^l^ 

Direction 
distribution 
of  easy  axis 

Gauss 

distribution 

Average  0,  standard 
deviation  tri, 

FIG.  4.  The  simulated  static  magnetization  process. 
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where  A  (fl  =  V  XA)  is  the  vector  potential.  The  solved  mag¬ 
netization  M  in  every  cell  is  converted  into  an  equivalent 
magnetization  current  by  j XM)  and  the  substi¬ 
tuted  into  the  magnetization  cuncn;  term  j„,  in  Eq.  (3).  This 
procedure  is  repeated  until  the  final  equilibrium  state  is 
reached. 

IV.  SIMULATED  RESULTS 

By  making  use  of  the  above  micrornagnetic  model,  the 
spontaneous  states  of  the  well-known  closure  domain  pattern 
are  given  in  Fig.  3  for  various  length/width  ratios.  For  com¬ 
parison,  the  corresponding  Bitter  patterns  are  also  shown  in 
the  same  figure. 

Then  the  static  magnetization  process  due  to  a  slowly 
changing  field  is  simulated.  The  uniform  external  field  H  is 
induced  by  a  pair  of  Helmholtz  coils.  Figure  4  is  a  example 
for  a  2: 1  stripe  which  demonstrates  good  agreement  with  the 
Bitter  pattern  experiment  in  Fig.  1.  Further,  this  simulation 
can  explain  the  phenomenon  that  the  walls  of  the  main  do¬ 
main  become  less  well  defined  in  Fig.  I(c3)  and  Fig.  I(d3) 


and  finally  disappear  completely  in  the  Bitter  pattern  experi¬ 
ment.  It  is  because  of  the  large-angle  rotation  of  the  moments 
In  the  main  domain,  as  shown  in  Fig.  4(c3)  and  Fig.  4(d3).  In 
other  words,  from  this  simulation  we  can  observe  clearly  the 
two  major  magnetization  mechanisms:  wall  displacement 
and  magnetization  rotation. 

V.  CONCLUSION 

Attempts  to  simulate  the  static  magnetization  process  in 
soft  magnetic  film  using  the  particle  assembly  model  yield 
good  agreement  with  experiment.  In  the  future  it  may  be 
interesting  to  find  a  direct  microscopic  evidence  in  physical 
structure. 
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Magnetic  and  structural  properties  of  Fe-FeO  bilayers 
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The  structural  and  magnetic  properties  of  sputtered  Fe/Fe-0  films  were  studied  by  x-ray 
photoelectron  spectroscopy  (XPS),  Rutherford  backscattering  spectroscopy,  transmission  electron 
microscopy,  and  superconducting  quantum  interference  device.  XPS  studies  showed  the  presence  of 
FeO  and  Fe203  on  the  surface  of  as-made  samples.  Microstructure  studies  showed  a  uniform 
nanostructure  with  the  grain  size  in  the  range  of  50-150  A  with  smaller  grains  corresponding  to 
thinner  films.  The  coercivity  at  10  K  was  found  to  increase  substantially  with  decreasing  film 
thickness  below  60  A.  A  high  (2.7  kOe)  was  observed  in  samples  with  a  thickness  about  20  A. 
Magnetization  curves  showed  a  planar  anisotropy  with  a  shifted  hysteresis  loop  characteristic  of  an 
exchange  anisotropy  between  the  Fe  and  Fe-0  coating.  The  coercivity  was  found  to  drop  steeply 
with  increasing  temperature.  This  may  be  attributed  to  the  superparamagnetic  behavior  of  the  Fe-0 
surface  layer. 


I.  INTRODUCTION 

During  the  last  several  years,  iron  oxide  thin  films  have 
been  extensively  investigated  because  of  their  unusual  mag¬ 
netic  properties  and  potential  application  in  high  density  re¬ 
cording  media.'"'’  In  these  studies,  iron  oxide  thin  films  were 
prepared  by  a  variety  of  methods,  including  reactive  rf  sput¬ 
tering  from  iron  targets  in  a  mixed  Oj  and  Ar  atmosphere. 
The  structural  and  magnetic  properties  of  the  films  were 
found  to  strongly  depeno  on  the  oxygen  flow  rate,  the  sub¬ 
strate  temperature  and  the  thickness  of  the  film.  Different 
iron  oxides  (FeO,  Fe304,  a-Fe203,  and  ->'-Fe203)  were  found 
in  films  with  thickness  in  the  range  from  several  hundred  to 
several  thousand  angstroms. 

Very  few  studies  have  been  conducted  on  iron-iron  oxide 
systems.’""  Schneider  et  alJ  found  a  high  coercivity  in 
Fe-Fe203  annealed  M  200  °C.  However,  Ruf  and  Gambino" 
observed  a  strong  exchange  anisotropy  in  sputtered  Fe-FeO 
layered  films  instead  of  a  high  coercivity.  Recent  studies  on 
Fe-Fe  oxide  fine  particles  showed  a  high  coercivity  and  ex¬ 
change  anisotropy  at  low  temperatures  consistent  with  a 
core-shell  particle  morphology.'' 

In  this  study  we  extended  the  studies  on  Fe-Fe  oxide 
particles  to  bilayer  films  made  by  dc  magnetron  sputtering. 
Iron  oxide  was  formed  by  direct  oxidation  of  the  surface  of 
the  as-made  Fe  film. 

II.  EXPERIMENTAL  PROCEDURE 

A  dc  planar  magnetron  sputtering  system  was  used  to 
prepare  the  Fe-Fe  oxide  bilayers.  The  sputtering  target  used 
was  a  99.9%  Fe  disk  2  in.  in  diameter  and  0,053  in.  in  thick¬ 
ness.  The  distance  between  the  target  and  the  water  cooled 
substrate  holder  was  13.5  cm.  The  sputtering  chamber  was 
initially  pumped  down  to  7X10  "  Torr  by  a  crypopump  and 
then  the  Fe  film  was  deposited  onto  a  kapton  substrate  by 
sputtering  in  a  5  mTorr  Ar  atmosphere.  .Aluminum  and 
carbon-coated  copper  grids  were  also  used  as  substrates  to 


study  the  structural  and  microstructural  properties  of  the 
film.  The  thickness  of  the  films  was  between  20  and  200  A. 
Soon  after  the  film  was  made,  a  small  amount  of  ambient  air 
was  introduced  into  the  system  to  passivate  the  surface  of  Fe 
films  under  three  different  pressures  (335,  735  and  1070 
mTorr)  for  2  h  at  the  ambient  room  temperature  (we  use  the 
same  passivation  conditions  as  in  Fe  particles").  The  as-made 
samples  were  protected  by  depositing  a  100  A  Ag  coating 
layer  on  top  of  the  bilayers. 

The  Fe-Fe  oxide  bilayer  thickness  was  measured  by  Ru¬ 
therford  backscattering  spectroscopy  (RBS)  and  the  surface 
composition  and  depth  profile  were  studied  by  x-ray  photo¬ 
electron  spectroscopy  (XPS).  The  crystal  structure  of  bilay¬ 
ers  was  determined  from  selected  area  electron  diffraction 
(SAD)  data  and  the  microstructure  was  studied  using  a  JEOI 
JEM-2000  FX  transmission  electron  microscope  (TEM).  The 
magnetic  properties  were  studied  using  a  superconducting 
quantum  interference  device  (SQUID)  magnetometer. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  two  bright  field  micrographs  and  a  se¬ 
lected  area  diffraction  pattern  of  a  112  A  sample  sputtered  at 
1.0  A/s  and  oxidized  at  1.07  Torr  air.  A  uniform  and  continu¬ 
ous  distribution  of  grains  could  be  seen  from  the  bright  field 
pictures.  The  grain  size  determined  by  the  line  intercept 
method  was  observed  to  increase  from  50  to  150  A  as  the 
thickness  of  the  samples  increased  from  20  to  200  A.  For 
films  with  the  same  thickness  but  with  different  sputtering 
rates  and  oxidation  pressures,  the  grain  size  was  found  not  to 
vary  significantly.  From  selected  area  electron  diffraction 
patterns,  bcc  a-Fe  and  fee  Ag  were  recognized.  The  apparent 
absence  of  reflections  from  the  oxide  layer  in  the  diffraction 
pattern  is  probably  due  to  the  very  small  grain  size  and  the 
small  thickness  of  the  oxide  layer. 

Figure  2  shows  a  typical  XPS  spectrum  ot  an  Fe-Fe  ox¬ 
ide  sample.  The  asymmetric  broadening  of  the  higher  energy 
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riG.  1.  Bright  Held  microgriiphs  i)f  twii  siimplcs  sputtered  ;it  1,1)  A/s  and 
oxidized  at  1.07  Torr.  (a)  56  A  and  (hi  112  A  thick,  (c)  SA17  pattern  of 
;-amplc  in  (b). 
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FIG.  2.  XI’S  spectrum  of  an  Fe-Fe  oxide  hilayer  sample  with  thickness  of 
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FIG.  .1.  Hysteresis  loops  of  an  Fe-I'e  oxide  sample  al  10  and  .1(10  K. 


edge  of  the  metallic  Fe  peak  was  dccoiivolutcd  to  determine 
the  type  and  amount  of  Fe  oxides  present.  After  argon  etch¬ 
ing  for  about  4t)  A,  the  peak  due  to  Fe  became  stronger, 
indicating  that  the  oxides  were  on  the  surface  of  the  Fe  film. 
Figure  3  shows  typical  hysteresis  loops  for  an  Fe-F'e  oxide 
sample  at  It)  and  301)  K.  The  shifted  loop  (shift  by  about  121) 
Oe)  indicates  the  presence  of  exchange  anisotropy  at  the  in¬ 
terface  of  fl'-Fe  and  Fe-0  phases.  The  loop  shift  was  found  to 
be  smaller  in  thicker  films. 

Magnetization  studies  perpendicular  and  parallel  to  the 
film  plane  showed  an  anisotropy  in  the  film  plane  in  a  sample 
of  thickness  of  112  A,  which  had  been  sputtered  at  l.t)  A/s 
and  pa.ssivated  at  1.07  Torr  (Fig,  4).  The  lack  of  perpendicu¬ 
lar  anisotropy  is  consistent  with  previous  studies"’  which 
showed  that  oxygen  contamination  reduces  the  uniaxial  sur¬ 
face  anisotropy  in  Fe  films  having  a  thickness  of  several 
monolayers.  With  the  increasing  thickness,  the  surface  an¬ 
isotropy  energy  is  further  reduced  and  the  easy  axis  beconies 
planar. 

The  coercivity  of  Fe-Fe  oxide  bilayers  was  found  to  de¬ 
pend  strongly  on  both  the  total  film  thickness  and  tempera¬ 
ture.  //,.  showed  a  large  inciease  in  samples  with  thickness 
below  60  A  reaching  a  value  about  2,7  kOe  in  a  21)  A  thick 
film  (Fig.  5).  In  samples  with  a  larger  thickness,  the  eoerciv- 
ity  was  almost  a  constant,  -250  Oe.  The  thickness  depen- 
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FIG.  5.  Thickness  dependence  of  in  Fe-Fe  oxide  bilayers. 


dence  of  may  be  influenced  by  both  the  grain  size  and  the 
amount  of  iron  oxide  in  the  sample.  The  grain  size  is  larger 
in  thicker  films  and  this  may  lead  to  a  multidomain  structure 
with  a  reduced  coercivity.  However,  the  grain  size  is  well 
below  the  single  domain  size  of  iron  particles  (200  A)  even 
in  the  200  A  thick  sample,  and  therefore  the  size  does  not 
play  a  significant  role  here.  On  the  other  hand  the  relative 
amount  of  iron  oxide  present  in  the  bilayers  is  much  higher 
in  thinner  films  leading  to  a  stronger  effective  exchange  cou¬ 
pling  between  the  iron  and  iron-oxide  layers  and  therefore  a 
higher  coercivity.  The  latter  assumption  is  consistent  with  the 
fact  that  the  coercivity  of  films  with  less  oxidation  is  lower. 
The  quantitative  aspect  of  this  interaction  remains  to  be  fur¬ 
ther  investigated. 

The  coercivity  decreases  substantially  with  increasing 
temperature,  as  shown  in  Fig.  6.  At  room  temperature,  the 
coercivity  is  small  but  at  lower  temperatu.c  it  increases  sub¬ 
stantially.  This  behavior  may  be  caused  by  the  magnetic  be¬ 
havior  of  the  Fe-0  coating  which  may  become  superpara- 
magnetic  at  temperatures  above  100  K.  This  is  further 
supported  by  the  thermomagnetic  data  (Fig.  7)  which  show  a 
magnetic  transition  below  room  temperature  possibly  associ¬ 
ated  with  the  blocking  temperature  of  Fe-0. 


f‘IG.  6,  Temperature  dependence  of  in  an  Fc-Fc  oxide  sample. 
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FIG.  7.  Magnetization  as  a  function  of  temperature  of  an  Fc-Fc  oxide 
sample  at  an  applied  field  of  500  Oc.  (ZFC:  zero  field  cooled;  FC;  field 
cooled.) 


IV.  CONCLUSIONS 

Fe-Fe  oxide  bilayers  were  made  by  dc  magnetron  sput¬ 
tering  method.  The  oxide  layer  was  formed  by  passivating 
the  surface  of  Fe  film.  The  thin  film  was  observed  to  have  a 
uniform  distribution  of  grains  and  the  grain  size  increased 
with  the  increasing  thickness  from  20  to  200  A.  A  high  co¬ 
ercivity  (2.7  kOe)  was  observed  in  a  sample  of  20  A,  depos¬ 
ited  at  1.0  A/s  and  passivated  at  1.07  Torr  air.  A  displaced 
hysteresis  loop  was  observed  in  samples  indicating  a  strong 
anisotropy  at  the  iron-iron  oxide  interface.  The  coercivity 
was  found  to  decrease  substantially  when  the  film  thickness 
increased  above  60  A  and  the  temperature  increased  above 
100  K.  The  latter  behavior  was  attributed  to  the  superpara- 
magnetic  behavior  of  the  Fe-0  coating  which  might  consist 
of  very  fine  grains  that  had  a  blocking  temperature  around 
100  K. 
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Ferromagnetic-ferromagnetic  tunneiing  and  the  spin  fiiter  effect 
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Tunneling  characteristics  of  a  ferromagnetic-antiferroniagnetic-ferromagnetic  (FM-AFM-FM)  thin 
film  tunnel  junction  were  studied  in  high  magnetic  fields  with  a  view  to  investigate  magnetic 
coupling  by  the  tunneling  process.  Gd203,  a  stable  oxide  which  undergoes  antiferromagnetic 
ordering  below  about  3.9  K,  was  chosen  as  the  tunnel  barrier  between  the  ferromagnetic  electrodes 
Gd  and  permalloy.  Tunnel  characteristics  showed  as  much  as  32%  decrease  in  junction  resistance  in 
an  applied  field  of  20  T,  below  4.2  K.  The  resistance  behavior  as  a  function  of  H  can  be  explained 
by  two  different  effects:  firstly,  the  change  in  tunnel  conductance  due  to  change  in  the  relative 
magnetization  of  the  two  FM  electrodes  in  low  //;  secondly,  the  spin  filter  effect  in  high  fields,  due 
to  the  exchange  splitting  of  the  Gd203  conduction  band. 


I.  INTRODUCTION 

In  the  past  few  years,  there  have  been  many  investiga¬ 
tions  with  multilayer  magnetic  thin  films.  For  example,  if 
two  magnetic  films  are  .separated  by  a  thin  nonmagnetic 
layer,  then  the  current  flowing  in  such  a  trilayer  depends  on 
the  relative  magnetization  direction  of  the  magnetic  film.' 
This  is  the  case  whether  the  current  flow  is  by  the  tunneling 
process  or  in  plane  through  the  entire  length  of  the  trilayer. 
Several  trilayer  systems  in  non-tunneling  work  (generally, 
with  a  metallic  film  interlayer)  have  shown  the  characteris¬ 
tics  needed  to  fabricate  field-activated  devices.'  When  tun¬ 
neling  occurs  between  two  ferromagnets,  interesting  effects 
can  be  expected  if  it  is  assumed  that  .spin  is  conserved  in  the 
tunneling  process.^  Having  two  ferromagnetic  electrodes 
with  different  coercive  fields,  one  can  expect  the  tunnel  con¬ 
ductance  to  be  dependent  on  the  relative  magnetization  of  the 
two  electrodes, ’  When  the  two  electrodes  are  aligned  par¬ 
allel,  a  maximum  in  conductance  is  expected;  the  opposite  is 
true  for  an  antiparallel  arrangement.  The  effects  of  FM-I-FM 
tunneling  and  the  change  in  the  relative  magnetization  direc¬ 
tion  have  been  observed  to  bring  up  to  2%-3%  change  in 
junction  resistance.'*'’  A  simple  model'*  gives  the  change  in 
tunnel  conductance  due  to  the  change  in  the  relative  magne¬ 
tization  directions  equal  to  Zf’iP, ,  where  /’[  and  Pi  are  the 
conduction  band  spin  polarizations  of  the  electrodes.  For  ex¬ 
ample,  taking  /-’i=34%  for  Gd  and  ^2=-^%  for  NiFe,  one 
expects  a  change  of  20%  in  the  tunnel  conductance.  How¬ 
ever,  the  observed  change  for  various  combinations  of  FM 
electrodes  and  barriers  is  far  le.ss  than  the  expected  value 
based  on  the  simple  model.  Earlier,  using  a  NiO^  barrier  in 
FM-FM  tunneling  showed  limited  succ  ss."*''’  This  deviation 
can  be  partially  accounted  for  by  impurities  in  ;he  tunnel 
barrier,  magnetic  domain  walls,  and  insufficient  field  to  align 
the  electrodes  fully.'’  Recent  theoretical  studies  have  also  in¬ 
dicated  a  small  effect.’  The  present  work  is  about  the  study 
of  an  antiferroniagnctic  layer  intervening  two  ferromagnetic 
layers,  with  a  view  to  investigate  magnetic  coupling  by  the 
tunneling  process,  Gd202,  a  stable  oxide  which  undergoes 
antiferromagnetic  ordering  below  ~3.9  K,"  was  chosen  for 
this  study.  In  Gd/Gd203/NiFe  tunnel  junctions,  a  large  effect 
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on  the  junction  resistance  is  observed  upon  the  application  of 
a  magnetic  field.  The  present  experiments  show  that  the  latter 
effect  is  related  to  the  spin  filter  effect,  similar  to  that  ob- 
.served  by  Moodera  et  al.'’  Nowak  and  Rauluszkiewicz  have 
recently  reported  excellent  domain  structure  study  in  the  tun¬ 
nel  junction  area  and  about  2.5%-7.7%  change  in  tunneling 
resistance  for  Gd/GdOj./Fe  junction  in  a  field  of  ~80  Oe 
which  they  partially  attribute  to  the  spin  filter  effect."’  How¬ 
ever,  the  exchange  splitting  due  to  the  applied  field,  2/i.H,  in 
their  ca.se  is  only  ~7  ^eV  and  is  too  small  compared  to  the 
reported  barrier  height  of  0.276  eV  to  effectively  show  sig- 
tiilicanl  spin  filter  effect. 

II.  EXPERIMENT 

Thin  film  junctions  of  Gd/Gd202/NiFe  were  prepared  on 
LN2  cooled  glass  substrates  by  vacuum  evaporation.  Metal 
masks  were  used  to  obtain  the  tunnel  junction  cross  pattern. 
Initially,  40  nm  cross  strips  of  Gd  were  deposited.  The 
0020.1  barrier  was  then  created  by  oxygen  glow  discharge  of 
the  Gd  film  surface,  NiFe  long  strips  of  18  nm  were  then 
deposited.  The  preparation  process  was  entirely  in  situ.  Two 
out  of  the  72  junctions  were  selected  to  be  mounted  on  a 
probe  to  measure  the  resistance  as  a  function  of  magnetic 
field  and  temperature  down  to  liquid  helium  temperatures. 
The  magnetic  field  was  applied  parallel  to  the  junction  plane. 
Two  kinds  of  measurements  were  done:  R j  was  measured  as 
a  function  of  applied  field  up  to  20  T;  second,  I-V  character¬ 
istics  were  plotted  at  f/  =0  and  II =20  T  up  to  300  mV  bias 
across  the  junction.  The  four  terminal  resistance  measure¬ 
ment  was  used  to  avoid  contact  and  lead  resistance. 

III.  RESULTS  AND  DISCUSSION 

Tunnel  junction  resistance  was  observed  to  increase  as 
temperature  decreased,  showing  the  semiconducting  nature 
of  the  GdjOi  tunnel  barrier.  At  temperatures  4.2  K  and  be¬ 
low,  a  significant  drop  in  junction  resistance  was  seen  with 
applied  magnetic  field.  Figure  1  shows  the  variation  of  tun¬ 
nel  junction  resistance  as  a  function  of  magnetic  field,  taken 
at  1.1  K  for  a  representative  sample.  As  seen  in  Fig.  1,  junc¬ 
tion  resi.stance  show'ed  a  sharp  initial  decrease  of  -'-6%,  in 
low  fields,  region  A(A'),  followed  by  a  slight  increase  in 
region  B(B')  where  it  nearly  regains  its  original  value.  Some 
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FIG.  I.  Tiinncl  junction  resistance  variation  with  mugiiclic  field.  Data  taken 


Other  junctions  did  not  show  this  rise  after  the  first  decrease 
in  resistance.  In  higher  a  more  gradual  and  greater  change 
in  Rj  is  seen,  and  by  H-  iO  T,  the  change  is  ~20%  [region 
C(C')].  As  seen  in  Fig.  1,  Rj  variation  is  not  simple  and 
straightforward.  However,  invoking  the  phenomena  of  tun¬ 
neling  conductance  dependence  on  the  relative  magnetiza¬ 
tion  directions  of  the  two  electrodes  and  the  spin  filter  model, 
one  can  try  to  explain  the  general  trend  of  the  data.  Although 
not  shown  in  Fig.  I,  Rj  va  H  was  measured  up  to  20  T, 
where  R  /  decreased  by  ~32%.  The  magnetoresistance  of  the 
electrodes  alone  was  measured  and  found  to  have  a  negli¬ 
gible  contribution  to  the  junction  resistance  change. 

The  I-V  characteristics  of  the  junctions  were  measured 
in  H=0  and  H—2Q  T  at  various  temperatures.  Data  reported 
here  is  for  7'=1.1  K;  data  at  4.2  K  or  less  showed  qualita¬ 
tively  similar  behavior,  while  at  higher  temperatures  var¬ 
ied  only  a  few  percent.  Shown  in  Fig.  2  is  current  density  (J) 
versus  voltage  at  1.1  K,  in  // =0  and  H=2i)  T.  The  J-V 
curves  arc  typical  of  junctions  with  good  barriers.  The 
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FIG,  2.  J-V  characteristics  taken  at  1.1  K  in  //  =  ()  and  20  T  (IJ  and  O, 
respectively)  applied  field.  Solid  line  is  the  fit  lo  Simmons’  theory  [F,q.  (1)]. 


current-voltage  characteristic  of  a  tunnel  junction  has  been 
theoretically  derived  by  Simmons,"  based  on  a  trapezoidal 
tunnel  barrier.  The  tunnel  current  density  is  given  approxi¬ 
mately  by 

y=7„{(</.-^)exp(-,4(</.-^)  -(</>+y) 

Xexp(-/\[</r+^j  j,  (1) 

where  Jn-ie~l2TTh)s'  ^  and  A~i4vs/li)(2m^,)'''^,  with  .v 
being  the  barrier  thickness,  and  (/>  is  the  barrier  height.  By 
fitting  the  J-V  curves  to  Eq.  (1),  tunnel  barrier  height  {</)) 
was  obtained  for  H—Q  and  H=2Q  T  separately.  This  fit  is 
also  shown  in  Fig.  2.  The  barrier  thickne.ss  (.v)  was  found  to 
be  3.05  nm.  In  //=(),  the  mean  barrier  height  was  0.4105  eV, 
while  at  W  =  20  T  it  was  found  to  be  0.4006  eV.  Thus  the 
mean  barrier  height  decreased  by  9.9  meV  in  20  T  field. 

Rj  variation  seen  in  Fig.  1  may  now  be  explained  as 
follows.  At  low  H,  the  ~6%  decrease  in  Rj{A,A.')  can  be 
due  to  ferromagnetic-ferromagnetic  tunneling  with  the  rela¬ 
tive  magnetization  of  the  electrodes  ehanging  from  anlipar- 
allel  to  parallel  direction.  Region  O  represents  the  antiparal¬ 
lel  alignment.  This  change  is  still  quite  low  when  compared 
to  the  expected  20%  change'*  us  discussed  above,  but  the 
values  in  this  region  are  quite  similar  to  those  observed  by 
others.’’-’  The  effects  due  to  the  relative  magnetization  direc¬ 
tion  dominate  at  low  H.  The  increase  in  region  B(B')  is  not 
fully  understood  at  this  time;  for  example,  exchange  anisot¬ 
ropy  at  the  AFM-FM  interface  may  be  at  least  partially  re¬ 
sponsible. 

In  high  fields,  the  change  in  junction  resistance  is  more 
gradual  and  greater  us  well.  Simmons’  tunneling  theory 
shows  that  a  decrease  in  Rj  is  possible  when  <A  or  s  is  de¬ 
creased.  In  the  present  ca,se,  the  change  cannot  be  due  to  a 
decreasing  barrier  thickness,  since  .v  is  Gd20;i  thickness, 
which  is  fixed.  Such  behavior  was  observed  recently  by 
Moodcra  et  al.'’  in  tunnel  junctions  with  antiferromagnetic 
EuSv  'ouiiiurs.  There,  the  variation  of  the  barrier  height  was 


FIG.  3.  Sclu'iniilic  iil'  comluelion  huiul  exchange  splitting  ol  the  antilcrrii- 
magnctic  Gil  ,0,  liiniicl  harrier  and  Ihc  spin  filter  cl'l'cct. 
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attributed  to  the  AFM  to  FM  phase  change  in  EuSe  in  an 
applied  H,  leading  to  exchange  splitting  in  EuSe  and  result¬ 
ing  in  an  energy  separation  of  spin  up  and  spin  down  bands 
(see  Fig.  3).  Since  GdjOs  is  antiferromagnetic,  applying  a 
strong  magnetic  field  can  be  expected  to  drive  it  towards  a 
ferromagnetic  phase.  The  magnetic  moment  of  the  Gd‘^^  ion, 
l.Sfii,  is  conductive  to  such  a  phase  change.  The  exchange 
splitting  (2A)  in  a  fieid  is  given  by  the  Zeeman  energy,  2  /iH, 
where  /j,  is  the  magnetic  moment  of  Gd’’*'  ions  in  GdjOj. 
The  exchange  splitting  value  is  fo'.  the  splitting  of  the  bottom 
of  the  conduction  band  in  Gd2()3,  similar  to  europium 
chalcogenides.’'^  ''*  The  change  in  barrier  height  as  expected 
from  the  exchange  splitting,  2  /xH,  is  9.03  meV  at  20  T, 
which  is  in  close  agreement  with  the  observed  change  of  9.9 
meV  from  H=0  to  H~20  T.  This  clearly  shows  that  the 
change  in  barrier  height  is  closely  associated  with  the  con¬ 
duction  band  splitting  in  GdjO^.  This  energy  separation 
causes  the  spin  up  band  to  be  at  a  lower  energy  than  the  spin 
down  band,  resulting  in  preferential  selection  of  spin  up  elec¬ 
trons  in  the  tunneling  process,  and  thus  decrease  in  resistance 
as  well  as  spin  polarization  of  the  tunneling  electrons  (Fig. 
3),  leading  the  tunnel  barrier  to  serve  as  a  “.spin  filter.”  Ap¬ 
plied  field  effectively  “tunes”  the  barrier  height.  The  spin 
filter  effect  dominates  at  high  H  and  temperatures  close  to 
and  below  the  Neel  temperature  of  Gd203,  7'„  =  3.9  K. 

Simmons’  tunnel  current  equation  [Eq,  (1)]  can  be  modi¬ 
fied  for  the  spin  up  and  spin  down  current  densities  as  fol¬ 
lows: 


\l  V] 

^<Al,,- yjcxp 

-a] 

-a  li- 


(2) 


where  4’[,\  “tc  tl'c  barrier  heights,  respectively,  for  the  .spin 
up  and  spin  down  tunneling  electrons.  The  barrier  heights  for 
spin  up  and  spin  down  tunneling  electrons  are  ip-fjiW  and 
</>+  /xH  respectively.  So,  at  20  T,  </>|  was  taken  to  be  0.4096 
eV,  and  </i|  was  taken  to  be  0.3916  eV.  Now  that  spin  up  and 
spin  down  barrier  heights  are  known,  spin  polarization  can 
be  found  by  evaluating  J  for  the  spin  up  and  spin  down 
energy  bands,  Spin  polarization  was  found  by  defining 


P  =  (y| -Jj)/(Jj+J|),‘*  which  gave  values  of  17%-23%. 
This  does  not  take  into  account  spin  scattering  or  other  ef¬ 
fects. 

tv.  SUMMARY 

In  conclusion,  FM-FM  tunneling  has  been  studied.  The 
present  work  shows  that  the  junction  resistance,  variation 
with  H  of  the  Gd/Gd203/NiFe  tunnel  structure  can  be  ex¬ 
plained  by  two  distinct  effects;  namely,  FM-FM  tunneling 
and  the  spin  filter  effect.  Exchange  splitting  in  H,  given  by 
the  Zeeman  energy,  explain  the  J-V  characteristics  quite 
well.  This  latter  effect  also  causes  spin  polarization  of  the 
tunneling  electrons.  The  low  H  results  are  in  agreement  with 
previous  studies,^-’  and  the  high  H  results  are  similar  to 
those  seen  in  EuSe  junctions  by  Moodera  er  a/.'* 
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Theory  of  Brillouin  light  scattering  from  spin  waves  in  multilayers 
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An  analytic  Grcen-function  theory  is  developed  for  the  dipole-exehange  spin  waves  and  their 
Brillouin  light-scattering  spectra  in  perpendicularly  magnetized  magnetic  multilayers  and 
superlattices.  We  consider  periodic  structures  consisting  of  a  large  number  of  similar  ferromagnetic 
layers  separated  by  nonmagnetic  spacers.  The  dipole-dipole  and  exchange  coupling  are  included 
between  magnetic  layers,  as  well  as  within  the  layers. 


Wc  extend  our  previously  developed  analytic  theories  of 
Brillouin  light  scattering  from  dipole-exchange  spin  waves  in 
magnetic  films'  and  double  layers"  to  the  cases  of  perpen¬ 
dicularly  magnetized  magnetic  superlattices  consisting  of  al¬ 
ternating  layers  of  a  ferromagnet  and  a  nonmagnetic  spacer, 
The  effects  of  dipole-dipole  and  exchange  interactions  (both 
intralayei  and  interlayer)  are  included.  Wc  obtain  explicit 
approximate  expressions  for  the  spectrum  of  the  collective 
spin  wave  modes  of  a  superlattice.  Numerical  examples  for 
Fe/spacer  supcrlattices  arc  presented. 

We  a.ssunic  a  perpendicularly  magnetized  multilayer 
structure  consisting  of  N  identical  magnetic  layers  separated 
by  identical  nonmagnetic  spacers.  The  energy  density  W  of 
the  system  can  lic  written  as 

f  (1) 

where  V  is  the  volume  of  each  magnetic  layer  (labeled  by  i 
and  j)  and  M,.,-  is  the  total  magnetization  at  position  r  in 
layer  i.  The  second  term  describes  the  Zeeman  interaction 
with  the  static  magnetic  held,  assumed  to  be  Hz  in  all  layers. 
The  tensor  G',,.oy  represents  dipole  and  exchange  interac¬ 
tions,  with  the  diagonal  term  Grr'n  corresponding  to  a  single 
film  case.  We  take  the  dipole  and  intralayer  exchange  inter¬ 
action  tensors  in  the  same  form  as  for  a  single  film'  and 
assume  for  the  interlayer  exchange 

'^^,7,.  =  -  lij  ‘Ir  dr'  M*  M,,  ^S(p-p'),  (2) 

where  L  is  the  superlattice  periodic  length  (i.e„  the  sum  of  a 
spacer  thickness  and  a  magnetic  layer  thickness),  and  a  is  a 
constant  of  intralayer  exchange'  related  to  exchange  constant 
,  /  by  a-.  //(2TrM,‘i),  where  A/,,  is  the  saturation  magneti¬ 
zation  (assumed  to  be  the  same  in  all  layers).  Also 
f3=.  /  is  an  effective  interlayer  exchange  parameter  de¬ 

fined  as  in  Ref.  2.  The  sum  is  over  the  adjacent  layers,  and  p 
and  p'  are  the  in-planc  components  of  r  and  r'. 

Next  we  rewrite  VV,  using  the  linearized  Molstein- 
Frimakoff  representation''  as  before,'  and  we  transform  the 


spin-wave  (SW)  polarizations  <1^  and  ct*-  with  re.spect  to  any 
complete  orthonormal  basis  (/>j(r,/'),  indexed  by  label  k 


‘iHhir.i),  =  2  «*'</■';  (r,/). 

7  7 

The  quadratic  part  ITi  of  the  energy  density  is  then 


^^2“  2  A  1  2(7  “k  31  2  /f  *2^7  [77 2“'' 
12  \  12  ' 

where,  delining  ,1,'  as  a  gyromagnetie  ratio, 


A, 2  = 


2VH 


2/ 

rj  ■' 


7/r  dr' 


<J>1‘{r,i)<l>2(r'J) 


X(G’;;,^.+(7,„  ,)(l  +  rS,^.)-2rS(r-r'; 


X  fS: 


2 


(I  I 

W|2  =  -^2  I  t/i- 7/r'</)|(r,/)f/.2(r',i) 

ij 


(3) 


(4) 


(5) 


(6) 


Mere  indices  1  and  2  stand  for  A,  and  At,  and  the  superscripts 
-I-,  — ,  and  .T  denote  the  corresponding  components  of  the 
interaction  ten^:or  in  terms  of  A/“  =  Af'±/A/'  and  A/‘. 

To  choose  the  orthonormal  basis  f/><.(r,/)  we  assume  that: 
(i)  the  interlayer  interaction  is  weak,  so  that  the  SW  modes  of 
a  single  layer  (SW'SI.)  do  not  differ  significantly  from  the 
corresponding  modes  .S',,  of  a  single  magnetic  film;'  and  (ii) 
the  individual  layers  are  thin  enough  for  the  different  SWSLs 
to  be  well  separated  in  frequency.  With  these  two  assump¬ 
tions  the  SW  modes  of  a  multilayer  can  be  represented  as 
SW  composite  modes  (SWCM)  7)f  the  following  form: 


</);.( r,/)  =  <Ak„y(r,7)-- A, „y.S'„( )cxp(  -k-p),  (7) 

where  k  is  the  in-plane  wave  vector,  and  is  the  spatial 
coordinate  perpendicular  to  the  layers  measured  from  the 
center  of  layer  The  orthonormalily  condition  is 


2  (H) 
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We  now  substitute  the  above  expressions  into  Eqs.  (5)  and 
(6)  to  obtain  and  8^2  in  terms  of  the  coefficients 
which  we  take  to  have  the  form 

LnjQ  =  t^nQ  exp(  “  ('G;')  +  exp(lGy),  (9) 


where  Q,  which  generally  depends  on  the  mode  number «,  is 
a  (dimensionless)  superlattice  Bloch  wave  number  for  the 
SWCM, 

By  analogy  to  the  single  film  case,’"^  the  values  of  R^q  , 
T„q  ,  and  Q  depend  on  the  effective  “macroscopic  pinning” 
at  the  top  and  bottom  mag\ietic  layers  of  the  multilayer  struc¬ 
ture.  These  macropinning  parameters  may  depend  on  the  dif¬ 
ferent  effective  anisotropy  fields  in  the  top,  bottom,  and  bulk 
layers  as  well  as  on  the  anisotropy  of  interlayer  exchange. 
Details  will  be  given  elsewhere,*'  but  in  the  simple  case  of  no 
multilayer  boundary  anisotropy  we  get 


cos 


(10) 


where  Q  =  vmlN,  and  wi  =  0,l,2,.,,,iV- 1.  For  any  given  k 
and  n,  we  can  eventually  rewrite  the  coefficients  A  and  B 
and  the  lowest  nonhybridized  SWCM  frequencies  o)iu,q  as 

^Vin,QQ’  =  a‘"M(k^  +  ^«)  +  if^Q^I^L)] 

<  (11) 

>  (12) 

(13) 


Here  WM  =  4irgMo,  m„=g(//-47rA/„)=g//,,  q„  is  the 
single-film  transverse  wave  number  for  mode  n,  and 

=  +  +  (14) 


with  the  single-film  results  we  conclude  that,  if  the 
multilayer  has  no  “macrosurface”  anisotropy,  i.e.,  the  inter¬ 
action  between  the  first  (or  last)  layer  and  its  neighboring 
one  is  the  same  as  for  any  adjacent  layers  in  the  bulk,  there 
are  no  p.seudosurface  (ImG>0)  composite  modes.  In  this 
case  the  lowest  frequency  excitation  will  be  the  uniform  pre¬ 
cession  (constant  L„jq)  mode,  which  also  will  be  the  only 
one  excited  in  FMR  experiments.  If  there  is  a  macrosurface 
anisotropy  on  the  edges  of  a  multilayer,  the  consistency 
equation  to  determine  the  composite  modes  transverse  wave 
numbers  Q  will  he  similar  to  that  for  a  film;'’^ 

{Q-~D^D2)VMQNL)  =  Q(D^+D2)  (18) 

with  the  parameters  D^  and  Dj  characterizing  the  boundary- 
layer  anisotropy  of  the  interlayer  exchange.  The  solutions  of 
Eq.  (18)  for  Q  with  imaginary  values  correspond  to  the  pseu¬ 
dosurface  excitations  while  real  values  produce  the  p.seudo- 
bulk  solutions. 

We  first  relate  the  above  results  to  some  recent  FMR 
measurements.^  The  two  branches  of  FMR  can  be  associated 
with  the  hybridized  pseudosurface  and  first  pseudobulk  com¬ 
posite  modes.  The  hybridization  occurs  as  the  spacer  thick¬ 
ness  becomes  greater  than  5  A  and  is  due  to  mixing  of  the 
branches  with  different  q„  but  close  SWCM  frequencies.  We 
expect  low  value  of  macropinning  constant  as  the  first 
pseudobulk  composite  mode  has  relatively  small  resonance 
amplitude.  We  assume  that  D2~0  and  D|“D,  which 
roughly  matches  assumptions  in  Refs.  7  and  8.  Using  Eq. 
(18)  we  can  write  that  far  from  the  hybridization  area  for 
small  D 

—  =-^[7r2f4D  +  7r(7r2  +  4D)‘'2].  (19) 

u)/^  2NL 


^)u,.QQ' 


^ iiiQ^ njq' ^ "b  • 

(15) 


The  dipole  matrix  elements  and  /’„„(kZ.)  are  defined 

analogously  to  the  single  film  case.’  The  following  factoriza¬ 
tion  is  possible: 


=  (16) 

where  P„{kL)  depends  only  on  the  single-layer  parameters 
and 


:^^k{i,j)='^cxp{-kL\i-j\)  (17) 

is  a  discrete  analog  of  the  dipole  Green  function’ t  ’.noting 
l:  =  |kl).  For  N^\  we  can  write®  Ukii,QQ 
-  PQQ{kLM)P„{kL)  where  the  function  Pqq  is  given  by  the 
same  formal  expression  as  the  matrix  element  P„„  for  a 
single  film.’ 

Now,  using  Eqs.  (11)-(15),  we  can  calculate  the  fre¬ 
quencies  of  the  nonhybridized  composite  modes  in  a  similar 
way  to  the  single  film  case.  Equations  (13)-(15)  constitute  a 
description  of  the  multilayer  in  an  effective-medium  approxi¬ 
mation.  In  particular,  Eq.  (13)  has  the  same  form  as  for  a 
single  film,  but  with  renormalized  parameters.  By  analogy 


Equation  (19)  enables  the  value  of  D  to  be  deduced  from  the 
experimental  values  of  Aw.  Although  our  approach  is  ca¬ 
pable  of  predicting  the  behavior  of  the  FMR  dispersion  rela¬ 
tionships,  there  is  no  simple  way  to  include  hybridization  in 
our  formalism.  The  reason  is  that  the  possible  mechanism  for 
hybridization  is  mixing  of  single  film  modes  with  different 
transverse  wave  vectors  but  close  frequencies,  occurring  due 
to  the  micropinning  dependence  on  the  spacer  thickness.  It 
would  be  worth  developing  a  numerical  perturbation  theory 
of  the  kind  used  in  Refs.  9  and  10  that  would  use  our  ana¬ 
lytical  expressions  as  a  zero-order  approximation. 

For  the  case  of  Brillouin  light  .scattering  (BLS)  experi¬ 
ments,  where  A:~10’  cm“',  the  above-mentioned  effects  will 
be  much  less  important  as  the  main  role  in  the  hybridization 
will  be  played  by  dipole  interlayer  interaction.  Hence  we 
apply  the  SWCM  formalism  to  Fc/spacer  multilayers  with 
the  parameters:  a=1.15X  10“'’  cm^,  4^TM^)=2\  kOe, 
H-22.5  kG,  /..  =  100  A,  spacer  thickness  10  A,  and  zero 
macro-  and  micropinning.  It  is  straightforward  to  confirm 
numerically  that  for  these  parameters  there  is  no  noticeable 
hybridization  of  the  modes  with  different  n.  In  Fig.  1  we 
display  the  boundaries  of  the  bulk  bands  for  multilayers  with 
)8=10’  cm“'  and  different  values  of  N.  One  of  the  bound¬ 
aries  (at  Q  '-tr),  is  independent  of  N  within  the  given  k  in¬ 
terval.  This  can  be  explained  by  the  vanishing  of  the  dipolar 
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k  (cm  log.  icale) 


FIQ.  1.  Dispersion  relationships  for  Fe/spneer  multilayers  with  number  of 
layers  N=«10  (A),  20  (B),  and  40  (C).  The  flat  curve  represents  the  purely 
exchange  branch  (Q<°v)',  curves  A,  B,  and  C  represent  the  purely  dipole 
branch  (C"0).  /3=10’  cm"'.  See  the  text  for  the  other  parameters. 

contribution  for  the  modes  with  high  Q .  The  other  boundary 
(at  0=0)  does  not  depend  on  the  interlayer  exchange.  The 
dipolar  contribution  to  this  branch  is  significant  and  it  de¬ 
pends  on  N.  From  our  analysis  we  expect  a  scaling  behavior 
with  the  dimensionless  universal  variable  being  kLs.  In¬ 
deed,  in  Fig.  1  we  see  that  the  crossings,  denoted  by  arrows 
are  equidistant  in  the  logarithmic  k  scale.  In  Fig.  2  we  show 
the  dispersion  branches  for  FeAspacer  multilayers  with  N-5 
and  different  values  of  p  corresponding  to  ferromagnetic  and 
antiferromagnetic  interlayer  exchange.  The  brancli  separation 
for  the  low  k  region,  which  is  directly  measurable  from  the 
BLS  spectrum,  is  directly  proportional  to  |/3|.  This  provides  a 
convenient  way  of  measuring  /S. 

The  extension  of  the  above  to  obtain  the  BLS  intensities 
follows  a  well-established  procedure,  generalizing  our 
results''^  for  thin  films  and  double  layers.  Basically,  the  scat¬ 
tering  cross  section  can  be  expressed  in  terms  of  a  weighted 
summation  over  magnetization-dependent  Green  functions 
with  n,v=x,y.  The  weighting  factors  depend 
on  temperature,  magneto-optical  coupling,  electric-field  po¬ 
larizations,  scattering  geometry,  and  optical  transmission  co¬ 


k  (cm  \  log.  scale) 


FIG.  2.  The  dispersion  relationships  for  a  (ivc-laycr  structure.  The  solid  line 
corresponds  to  the  purely  dipole  branch,  while  the  dashed  and  broken  lines 
refer  to  /3=10*  and  -10*  cm  ',  respectively, 

efficients  at  the  various  surfaces  and  interfaces.  Once  the 
appropriate  Green  functions  have  been  calculated  from  the 
formalism  described  earlier  (by  linear-response  methods),  it 
is  straightforward  to  determine  the  BLS  intensities  associated 
with  the  various  SWCM  modes.  Details  will  be  presented 
elsewhere.*’  In  general,  it  is  necessary  to  take  account  of  the 
various  internal  multiple  reflections  of  the  incident  and  scat¬ 
tered  light  at  the  surfaces  and  interfaces  of  the  sample,''^  but 
we  avoid  this  difficulty  by  re.stricting  attention  to  the  case 
where  the  optical  penetration  depth  of  the  light  in  the  sample 
is  smaller  than  L  (e.g.,  as  would  be  typically  in  the  case  of 
Fe/spacer  multilayers). 
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Spin  wave  spectra  in  semi-infinite  magnetic  superlattices  with  nonuniaxial 
singie-ion  anisotropy 

E.  L.  Albuquerque 

Dcpartamento  de  Fisica,  Univeisidade  Federal  do  Rio  Grande  do  Norte,  59072-970-Natal,  RN,  Brazil 

A  microscopic  theory,  based  on  the  Heisenberg  model,  is  employed  to  investigate  the  spin  wave 
spectra  in  a  semi-infinite  superlattice  made  up  of  two  ferromagnetic  materials,  where  the 
constituents  may  present  both  the  uniaxial  and  nonuniaxial  components  of  the  single-ion  anisotropy. 

Our  calculations  are  carried  out  for  the  exchange-dominated  regime,  and  a  transfer-matrix  approach 
is  used  to  simplify  the  algebra,  which  otherwise  could  be  quite  heavy.  The  calculated  spectra  show 
that,  in  addition  to  bulk  .spin  wave  modes,  there  may  be  surface  modes  associated  with  the  truncation 
of  the  superlattice. 


I.  INTRODUCTION 

As  a  result  of  recent  advances  in  fabrication  techniques, 
there  has  been  a  continuing  interest  in  investigating  the  prop¬ 
erties  of  .spin  waves  that  propagate  in  multilayer  magnetic 
microstructures.  Many  of  these  works  have  been  concerned 
with  these  excitations  at  the  low-temperature  regime,  where 
at  lca.st  one  of  the  components  is  a  ferromagnetic  or  an  an- 
tifcrromagnetic  material  (for  a  review  see  Ref.  1).  Further, 
depending  on  the  relative  importance  of  the  magnetic  dipole- 
dipole  and  exchange  interactions,  different  models  for  the 
magnetic  behavior  can  be  employed.  For  instance,  for  suffi¬ 
ciently  small  values  of  the  excitation  wave  vector,  dipolar 
effects  arc  dominant  and  magnetostatic  modes  should  propa¬ 
gate  in  such  superlalticcs,^"'*  On  the  other  hand,  at  large  ex¬ 
citation  wave  vectors  typically  greater  than  10**  m"‘  in  a 
ferromagnet,  exchange  interaction,  which  is  the  restoring 
force  for  spin  waves,  will  be  dominant.**'"’ 

In  this  article  we  are  concerned  with  the  spin  wave  spec¬ 
tra  in  exchange-dominated  magnetic  superlattices.  We  intend 
to  extend  previous  work'*"  ’^  by  considering  surface  effects 
in  a  semi-infinite  magnetic  superlattice,  whose  constituents 
have  nonuniaxial  (“easy-plane”)  single-ion  anisotropy,  be¬ 
sides  the  uniaxial  (“easy-axis”)  single-ion  anisotropy.  Nonu¬ 
niaxial  anisotropy  exists  in  many  magnetic  materials,  like  the 
ferromagnet  CrBr^  and  the  antiferromagnet  NiO,  and  it  can 
be  different  at  a  surface  or  interface  because  the  crystalline 
electric  fields  are  different  there.  We  employ  a  microscopic 
theory  to  investigate  the  spin  wave  spectra  based  on  the 
Heisenberg  model,  together  with  a  transfer-matrix  approach. 
This  method  was  used  with  success  in  dealing  with  the 
theory  of  superlattice  plasmon-poiaritons  (for  a  review  see 
Ref.  I."!),  and  it  leads  to  a  compact  expression  for  the  spin 
wave  dispersion  relation  of  the  magnetic  superlattice.  Ex¬ 
perimental  systems  are  likely  to  be  more  complicated  than 
the  model  described  here,  with  less  simple  crystal  structures 
and  possible  different  ordering  at  interface  layers.'"*  How¬ 
ever,  these  details  would  influence  only  the  detailed  form  of 
the  transfer  matrix,  and  neither  the  general  method  nor  the 
qualitative  form  of  the  dispersion  relations  should  be  af¬ 
fected. 

II.  THEORY 

As  indicated  in  Fig.  1,  we  consider  a  superlattice  in 
which  layers  of  material  A  alternate  with  layers  of 


material  B.  Both  materials  are  taken  to  be  simple  cubic  nonu¬ 
niaxial  Heisenberg  ferromagnets,  having  bulk  exchange  con¬ 
stants  7^  and7fl  with  nearest-neighbor  exchange  interaction. 
The  size  of  the  superlattice  unit  cell  is  /,  =  («„-!- where 
a  is  the  lattice  constant  of  both  materials,  A  static  applied 
magnetic  field  H,,  is  assumed  to  be  in  the  z  direction.  The 
superlattice  is  truncated  at  z  =  0,  with  vacuum  occupying  the 
region  2<0. 

The  two  materials  arc  characterized  by  single-ion 
uniaxial  anisotropy  parameters  and  D/, ,  as  well  as  single- 
ion  nonuniaxial  anisotropy  parameters  and  Fg .  At  the 
interfaces,  between  constituents,  these  values  arc  Dsj  and 
Fs7  {J=A  or  fl),  while  at  the  free  surface  (material  A),  de¬ 
fined  by  z  =  0,  we  have  D^)  and  respectively.  The  ex¬ 
change  constant  across  each  interface  A-B  is  equal  to  1. 

The  Heisenberg  Hamiltonian  for  a  bulk  specimen  of 
component  J=A  or  fl  is 

W=--(1/2)S  +  (1) 

i,J  I 

with 

-2  £>7(5?)'- 2  f7[(57)'- (5;V].  (2) 
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FIG.  1.  The  .scmi-inlinite  nonuniaxial  I'erromagnelic  siipciiatticc  discussed 
in  thi.s  article. 
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Here,  S,  denales  the  spin  operator  at  magnetic  site  /,  g  is  the 
usual  Lande  factor,  and  /xd  is  the  Bohr  magnetron, 

The  dispersion  equation  for  a  bulk  spin  wave  in  medium 
J  is  found  within  the  random-phase-approximation  (RPA) 
from  the  equation  of  motion  for  the  operator  Sf  -S'i±iS-i. 
This  equation  is 

(±ftw-A,,)5'f  =^2  Jj{Sf-Sj)  +  2FjSyj''-S;  ,  (3) 

J 

where  we  have  made  a  Fourier  transform  to  frequency  w. 
Also,  r]~[  \  -(2.S)^'],  and  S  is  the  RPA  approximation  for 
S].  The  value  of  A7  is 

A7  =  g/i«^n+2£).;-S’r7.  (4) 

Considering  plane-wave  solution  for  the  operators  i'f , 
and  either  by  diagonalizing  the  Hamiltonian  ( 1)  or  by  solving 
Eq.  (3)  directly,  we  can  find  that  the  spin-wave  dispersion 
relation  in  a  nonuniaxial  ferromagnet ./  is'*' 

coaikiit)  -  ( A,/  lUjS)  -t-  [ 3  -  -yi  k,,) ] 

+  (5) 

Here,  0,i  =  hwlJ,S  and  y(k^,)  =  eos(^(.rt) +eos(i,,rt),  with 

k^,—  (/t  j,  ,ky). 

We  now  turn  to  the  semi-inlinite  magnetic  superlattiee 
depicted  in  Fig.  1.  At  nonzero  temperature  the  cquilibriutn 
configuration  must  exhibit  the  analog  of  surface  reconstruc¬ 
tion.  This  implies  that  the  mean  spin  S  in  both  materials  is  a 
function  of  its  distance  from  the  nearest  A -/i  interface.  How¬ 
ever,  although  this  effect  is  important,  we  cun  overcome  it  by 
re,stricting  our  attention  to  the  low  temperature  regime,  that 
is  ,  at  which  the  spins  are  fully  ordered.  The  spin  wave 
dispersion  equation  can  then  be  found  by  solving  the  RPA 
equations  of  motion  for  the  spin  operators  Sf.  A  spin  that  is 
not  in  an  interface  layer,  labeled  a,  /3,  y,  S  and  ^  in  Fig,  1, 
has  the  same  nearest-neighbor  environment  and  therefore  the 
same  equation  of  motion  as  a  spin  in  the  corre.sponding  bulk 
medium.  Thus,  the  spin  wave  amplitudes  should  be  given, 
within  each  bulk  material,  by  a  linear  combination  of  the 


positive-  and  negative-going  solutions,  i.e., 

s.r-Qurjjiu+a2ji2j>  (7) 

where 

41, /--A"  expt/^i/zl-t-A'f  exp(-/^|/z)  (8) 

and  ^2./  is  equal  to  f,  /  provided  we  replace  A';,  A'f,  and  k^j 
by  A3,  A 4,  and  A 2,/.  Also,  (,/=A  or  /)): 

Qu=-2inj  +  (nj  +  4F}j)'-]  '  =  -(C>2./)  '•  (10) 


The  wave  vectors  k^  and  Ai/  t'te  related  to  il,  by  Eq.  (5). 

The  equations  of  motion  for  layers  a  and  /3  relate  the 
amplitudes  A'^  (j  =  1  -4)  of  medium  A  with  the  correspond¬ 
ing  amplitudes  B'j  (7 -1-4)  of  medium  B.  Similarly,  the 
equations  of  motion  for  layers  y  and  ,5  relate  the  amplitudes 
Ay  ‘  (7-  1  -  4)  of  medium  A  with  the  corresponding  ampli¬ 
tudes  B'j  (j  -  1  -4)  of  medium  B.  If  one  defines  the  column 


vectors  |A''),  \B")  and  |A''^')  formed  by  the  corresponding 
undetermined  amplitudes  A",  fl"  and  A"  ‘  '  (j~  1-4),  these 
equations  can  be  cast  in  matrix  forms  as 

M^|A'')  =  N„l/f") 

and  (11) 

NjA''")  =  M„|e"), 

where  the  4X4  matrices  M  and  N  can  be  found  elsewhere.'^’ 

Now,  making  use  of  the  transfer-matrix  treatment  and 
Bloch's  theorem,  as  in  previous  works,'^''‘  we  find  that 

T|A")  =  exp(;(?A)|A''),  (12) 

where  Q  is  the  Bloch  wave  vector,  and  the  4X4  transfer 
matrix  T  is  deiined  by 

T=Na'M„Nb'M^,  (13) 

Aiso,  as  T  is  a  unimodular  matrix,  the  eigenvaiues  of  Eq, 
(12)  occur  in  pairs  (/,  ,/,■  '),  /=  1,  2,  and  they  arc  related  to 
the  two  Bloch  waves  vectors  Qj  by  /|=exp  (iQ^L).  Thus, 
once  T  is  evaiuated,  the  required  eigenvalues  can  be  deter¬ 
mined  in  a  standard  way.  This  calculation  generalizes  those 
presented  in  a  previous  paper, where  we  discussed  two  lim¬ 
iting  cases,  namely  first  the  nonuniaxial  parameter  F  in  each 
medium  has  the  same  value  at  the  interface  as  in  the  bulk, 
and  second  the  nonuniaxial  anisotropy  is  considered  only  at 
the  interfaces. 

Now  we  consider  the  truncation  of  the  superlattiee  at  the 
plane  z  =  (),  with  vacuum  occupying  the  half  space  z<{). 
This  allows  us  to  investigate  the  occurrence  of  surface  spin 
waves  for  this  superlattiee  structure.  For  these  modes  Eq. 
(12)  still  holds,  provided  we  replace  the  Bloch  wave  vector 
Q  by  ip,  with  Re(/3)>()  to  guarantee  a  localized  mode.  Fur¬ 
ther  we  should  take  into  account  the  equations  of  motion  (3) 
for  layer  ^  at  2  =  0,  considering  the  single-ion  anisotropy 
parameters  /)(,  and  This  provides  an  implicit  dispersion 
relation  for  the  surface  spin  waves  and  in  fact,  once  the  equa¬ 
tions  are  solved,  we  can  obtain  a  value  of  p  which  satisfies 
Eq,  (12),  with  Re  (/f)>0.  The  details  of  this  calculation  can 
be  found  elsewhere."’ 

III.  NUMERICAL  RESULTS  AND  DISCUSSIONS 

In  Fig.  2  we  show  the  spin  wave  spectra  for  the  surface 
and  bulk  modes  which  can  propagate  in  a  semi-infinite  nonu¬ 
niaxial  ferromagnetic  superlattiee.  We  have  plotted  a  reduced 
frequency  =  against  a  reduced  wave  number 

kyO  across  the  whole  Brillouin  zone.  The  wave  vector 
k,,=(A,.  ,A,,)  is  taken  in  the  [10]  direction. 

The  bulk  superlattiee  bands  of  spin  waves  are  shaded 
and  they  are  bounded  by  the  curves  Ql.  =  0  and  tt.  There  are 
frequency  gaps  where  no  bulk  superlattiee  modes  exist,  and 
the  locations  and  widths  of  these  gaps  are  influenced  by  the 
nonuniaxial  anisotropy,  being  more  pronounced  for  small 
values  of  A^.«  where  exchange  effects  are  small.  As  a  conse¬ 
quence,  surface  modes  may  propagate  in  these  forbidden  re¬ 
gion,  and  indeed,  as  shown  dashed  in  Fig.  2,  there  are  surface 
spin  waves  occurring  as  discrete  branches  to  the  spectrum,  in 
the  gap  regions  between  the  continuum  bulk  mode  bands.  It 
is  important  to  notice  that  some  of  the  surface  modes  emerge 
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FIQ.  2.  Surfucc  (dn.sitcd  lines)  uiul  liiilk  (shiideil  hiinils)  spin  wuve  siiperliil- 
tice  modes.  The  physical  parameters  used  here  ure  ./,i  =  2, /()  =  (). 8/,  with 
,  and  the  spin  average  .S'^  =  .S'„-  1 .  The  ani.sniriipy  parumelets 
were  taken  to  correspond  to  /i/A//- tl."),  while  /Jvj//  =  ll.‘). 

A''vj//  =  0.(i,  ror./  =  /\  or  li.  At  the  oiitetniost  interlhce  we  look  1.2. 

from  tiic  bulk  continuum  at  a  nonzero  wave  vector.  For  in¬ 
stance,  the  second  and  third  surface  spin-wave  branch 
emerge  from  the  bulk  bands  at  the  values  of  k^a  equal  to 
0.12  and  1.2,  respectively.  For  large  values  of  all  surface 
inodes  tend  to  merge  with  the  bulk  bands. 

Appropriate  experimental  technique  for  studying  the  su- 
pcrlattice  spin  waves  would  include  light  scattering  spectros¬ 
copy  of  Raman  and  Brillouin  type,  and  magnetic  resonance. 
They  have  previously  been  successfully  applied  to  surface 
and  bulk  spin  waves  in  various  magnetic  microstructures.' 


We  also  have  extended  the  present  ferromagnetic  theory  to 
take  into  account  systems  in  which  there  is  an  antiparallel 
magnetization  between  the  ferromagnetic  materials."’  lligh 
quality  antiferromagnetic  superlattices  have  recently  been 
fabricated,'’  and  we  have  also  interest  to  extent  the  pre.sent 
theory  to  Heisenberg  anliferromagnets. 
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Wc  detcrininc  the  grouiui  state  of  semi-infinite  uniaxial  antifenomagnets  and  films,  in  terms  of  a 
two-dimensional  area-preserving  map,  where  the  surfaces  are  introduced  as  appropriate  hoimdary 
conditions.  Por  the  film,  the  ground  state  is  calculated  in  a  very  rapid  and  aecurate  way  for  any  value 
of  N,  tile  number  of  planes.  Por  the  semi-infinite  .system,  we  show  that  tlie  so-called  surface 
spin-flop  state  does  not  exist,  wliile  ii  non-homogeneous  ground  state  is  found  in  the  hulk  spin-flop 
phase. 


Recently,  new  materials  made  of  ferromagnetic  films  an- 
tiferromagnetically  coupled,  were  syntlietizcd.  Using  Kerr 
and  SQUID  magnetometry,  sharp  cusps  in  dM/dll  were  de¬ 
tected  for  such  an  N-22  multilayer  of  f''e/Cr(211)  with  a 
mugnclic  field  applied  parallel  to  the  easy  axis.'  The  peak  at 
the  higher  field  Hu  was  attributed  to  the  bulk  spin-flop  (liSP) 
transition,  and  the  peak  at  the  lower  field  /7,v  to  the  surface 
spin-flop  (SSP)  transition.' 

For  a  senti-infmite  antiferromagtiet  with  llie  surface 
spins  antiparulld  to  the  magnetic  field  (AF||),  tlie  presence 
of  the  SSP  instability  was  inferred  some  years  ago,’-’  by 
noting  that  the  k  =  {)  surface  mode  sttftcns  for 
H~Hf!=‘Hi,l^2.  In  the  SSP  state,  the  spins  were  predicted’ 
to  turn  by  nearly  itI2  near  the  surface  and  asymptotically 
reach  the  AF||  configuration  in  the  bulk,  It  was  also 
suggested'*  tliat  tlie  extension  of  the  region  of  turned  spins 
should  increase  witli  increasing  //,  until  the  onset,  for 
H -Hi) ,  of  a  uniform  bulk  spin-tlop  state,  witli  all  the  spins 
rotated  by  nearly  tt/2.  In  contrast,  for  a  semi-infinite  system 
with  the  surface  spins  paiullcl  to  tlie  field  (AP||I,’  the  only 
instability  was  found  at  H-H,i,  as  in  the  infinite  system,  in 
correspondence  to  the  softening  of  a  bulk  mode, 

A  doubtful  point  of  this  description  is  that,  in  the  semi- 
infinite  system,  the  same  uniform  I3SF  phase  would  be 
achieved  in  different  ways,  depending  on  the  parallel  or  an¬ 
tiparallel  orientation  of  the  surface  spins  with  respect  to  //. 

For  a  film  with  a  finite  number  of  planes,  N,  one  finds  an 
analogous  behavior  of  the  excitations.  For  N  even,  there  are 
two  surface  modes,  and  for  /7  =  //s-  only  the  one  localized  at 
the  surface  with  the  spins  antiparallel  to  H  shows  a  complete 
softening."’  For  N  odd,  if  the  excitations  are  calculated  with 
respect  to  the  AF  ground  state  with  the  spins  on  both  the  two 
surfaces  parallel  to  the  field,  the  onlv  instability  is  found  at 

In  this  article,  the  determination  of  the  ground  state  of 
botli  the  semi-infinite  system  and  the  lihii  is  formulated  as  a 
two-dimensional  area-preserving  map'’  where  the  surfaces 
are  introduced  with  appropriate  boundary  conditions,"  The 


mapping  is  characterized  by  the  fixed  points  tiiid  the  orbits  of 
the  infinite  sisteni,  but  the  spin  structures  relevant  for  our 
problem  are  only  those  which  satisfy  the  previous  conditions, 
a  very  selective  constraint.  In  this  way  we  are  able  to  ctilcu- 
late  the  inhomogeneous  ground  state  very  rapidly  and  with  a 
high  accuracy  (within  machine  double  precision).  For  films 
with  zero  anisotropy,  so  that  ///t  =  () ' .  we  reettver  the  results 
(rbtained  by  numerical  self-consistent  mctluids.'" 

For  tile  semi-infinite  system,  we  show  that  the  .S,SF  state 
does  not  exist;  for  //<///,.  the  stable  ground  state  is  always 
the  AF||  one.  We  sliow  that  the  AF'n  state  is  metastable  for 
//<//.,•.  while  for  it  is  unstable  with  respect  to 

the  formation  of  a  lilocli  wall  wliich  makes  the  surface  spins 
turn  from  antiparallel  to  parallel  to  the  field.  For  //>/•/ ,j,  a 
nonuniform  bulk  spin-flop  ground  slate  is  found. 

For  a  film  with  even  N,  if //<//, v,  the  ground  state  is  the 
AF'one,  with  zero  magnetization.  F'or  H ii<H <11  n ,  the  low¬ 
est  free  energy  is  accomplislied  by  an  inhomogeneous  con- 
liguration  carrying  a  finite  magnetization.  In  fact,  it  consists 
of  a  domain  wall  separating  two  nearly  anliferromagnetie 
regions,  with  the  spins  on  the  two  surfaces  almost  parallel  to 
the  applied  field.  In  contrast,  for  a  film  with  odd  N.  the 
ground  state  is  the  Al'  one  with  the  spins  on  botli  the  two 
surfaces  parallel  to  H  for  any  H<Hii.  This  explains  wliy  a 
peak  in  tlMIdH  was  ob, served*  at  //^//.v  only  for  films  with 
an  even  number  of  planes.  For  H>Hi, ,  in  both  cases  one  has 
a  nonuniform  ITSI'  configuration,  owing  to  the  surfaces  ef¬ 
fect. 

The  energy  of  the  system  is  given  by 
/-  V 

— 1  ///■,  u-ost  d>„  -  i/>„  I )  ■■  //,.(  cos-  (/>„ 

„ 

2H  cos  (A„  |,  ( I ) 

where  //;,  and  H are  the  excliange  and  anisotropy  fields, 
respectively;  ii  is  the  |)lane  index,  witli  n  cY,  for  the  infinite 

system,  n  t  N  for  tlie  senii-inliiiile  one,  and  it  -  1 ,2 . /V  for 

a  film,  lly  ilerivatioii  we  obtain 
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FIG.  1,  Phase  portraits  obtained  from  mapping  (.1)  for  =  kG, 
/4=100  kO  ({=0,009).  (a)  W=10  kG,  (b)  W=15  kG;  full  circles  denote 
two  nonhomotopie  to  zero  trajectories  pertinent  to  films  with  W  =  20  and 
W  =  50,  respectively,  (c)  W=,S()  kO. 


sin(0„4  i-0«)  +  sin('/>«-t-‘^«)  +  2f  sin  (/)„ 

+  f  sin  2  (^„  =  0  ( infinite) , 

sin(  1  -  <A,i)  +  ( 1  -  ^1  ,H)sin(  </>„  - 1  -  </>„) 

+  2^  sin  <A,i  +  ^  sin  2</>„  =  0  (semi-infinite), 

( 1  -  ^^,„)sin( 0„.H  -  0,.)  +  ( 1  -  5i,„)sin( 0„  - 1  -  0„) 

-1-2^  sin  ^  sin  2 (/>„  =  ()  (film), 

where  and  We  first  consider  Eq. 

(2a),  valid  for  the  infinite  system.  Introducing**  i'„ 
=sin(<^„- '1  can  be  written  as  a  two-dimensional 
mapping 

<^«+i  =  <^/.  +  sin'’(.v„+i),  (3a) 

i'a  +  t  =  2^  sin  sin  2</>„.  (3b) 

The  mapping  is  area  preserving  (because  the  Jacobian  is 
y=i),  and  invariant  with  respect  to  the  transformation 
(0,.v)— »(  — <^, -.v).  Trajectories  in  space  are  associ¬ 

ated  with  equiiibrium  configurations.  In  general,  from  the 
mapping  (3)  we  obtain  phase  portraits  [see  Figs.  1(a)- 1(c)] 
characterized  by  inflowing  and  outflowing  orbits  connecting 
the  hyperbolic  fixed  points,  elliptic  orbits  which  cncircie  the 
homonymous  fixed  points  and,  finaiiy,  nonhomotopie  to  zero 
curves  (i.c.,  curves  which  cannot  be  reduced  to  a  point  by  a 
continuous  deformation).  The  fixed  points  correspond  to  uni- 


(2a) 

(2b) 

(2c) 


form  ground  states  of  the  infinite  system,  and  are  second- 
order  ones  owing  to  its  antiferromagnetic  nature.  Carrying 
out  a  stability  analysis,  it  results  that  the  AF  fixed  points 
pAt'_(0Q)^  P+’=(ir,0)  arc  hyperbolic  for  H 

\j2H[rH^  +  H\  =  Hti  [see  Fig,  1(a)]  and  elliptic  for  higher 
fields  [see  Figs.  1(b)  and  1(c)].  On  the  contrary,  the  BSF 
fixed  points  P®*’’^=(-0,-sin  <ji),  P+®''  =  (^,sin  (^),  where 
cos  ^-///(2///.  -/T^),  arc  hyperbolic  for  H 

>  =  H'p  [see  Figs.  1  (b)  and  1  (c)]  and  elliptic 

for  lower  fields*'  [see  Fig.  1(a)]. 

Ill  order  to  take  care  of  the  presence  of  surfaces  in  the 
film  [see  Eq.  (2c)],  wc  introduce  two  fictitious  planes  for 
M  =  0  and  n  —  N+l,  so  that  the  boundary  conditions  are 
given  by 

ii  =  sin(t/>i-</.i))  =  0,  (4a) 

*Nt-i~t’ib((/),v+t~</’A/)  =  0'  (4b) 

For  the  semi-infinite  system,  only  one  fletitious  plane 
must  be  introduced  for  n  =  0  [see  Eq.  2(b)],  and  the  boundary 
condition  is  given  by  Eq.  4(a).  Among  ail  trajectories  ob¬ 
tained  from  the  mapping  (3),  only  those  satisfying  Eqs.  (4) 
represent  equilibrium  configurations  for  the  system  in  pres¬ 
ence  of  surfaces.  This  is  a  very  selective  constraint;  e.g.,  for 
a  film,  the  physical  trajectories  must  have  two  intersections 
with  the  =  0  line,  separated  by  exactly  N  steps  of  the  recur¬ 
sive  mapping. 

From  the  analysis  of  the  phase  portrait  at  different  values 
of  the  field,  we  have  found  the  ground  state  configurations 
for  the  semi-infinite  system  and  for  a  film  with  even  N. 

(1)  For  H  <  -f  h\  “  //,v,  the  phase  portrait 

does  not  show  peculiar  features;  the  ground  state  is  flic  AF|| 
one  for  the  semi-infinite  system,  and  the  AF  one  for  the  film, 

(2)  For  W.v  <  H  <  H'l)  [see  Fig.  1  (a)],  the  surface  spin- 

flop  state  is  not  an  equilibrium  one  for  the  semi-infinite  sys¬ 
tem.  This  happens  because  none  of  the  inflowing  orbits,  con¬ 
verging  to  one  of  the  hyperbolic  fixed  points,  and  P+’' , 
is  found  to  cro.ss  the  line  .v  =  0  at  <j>=^U,TT.^  It  will  be  shown 
later,  by  energetic  arguments,  that  the  configuration  assumed 
by  the  semi-infinite  system  in  this  field  regime  is  the  AFji 
one.  For  the  film,  the  ground  state  configuration  is  provided 
by  one  of  llic  non  homotopic  to  zero  curves,  since  they  arc 
the  only  ones  crossing  Ihe  .v  =  0  line  in  two  different  points 
which  arc  not  fixed  points.  In  Fig.  2  we  show  the  ground 
state  configuration  of  an  A/ =  50  film  for  different  values  of 
H.  It  results  that  there  is  only  one  trajectory  which  is  able  to 
satisfy  the  boundary  conditions  (4),  and  the  corresponding 
energy  turns  out  to  be  smaller  than  that  of  the  AF  one.  For 
Hs  <  H  <  H'lj,  we  find  an  inhomogcneoufi  configuration 
consisting  of  a  domain  wall  separating  two  nearly  antiferro¬ 
magnetic  regions,  with  the  spins  on  the  two  surfaces  almost 
parallel  to  the  applied  field.  Thus  for  H  =  the  magneti¬ 

zation  of  a  film  with  an  even  number  of  planes  presents  a 
jump  from  zero  to  a  finite  value.  Such  a  field-induced  phase 
transition  was  experimen'ally  revealed  as  a  peak  in  clMIdH 
in  Fe/Cr  multilayers.' 

(3)  For  //  I'l [^scc  1  (li)  |,  the  unitomi  hulk  spiri" 

flop  state  is  never  an  equilibrium  one  since  llie  hyperbolic 
fixed  points,  P'.**’*'  and  do  not  lie  on  the  line  .v  =  (),  as 
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FIG.  2.  Ground  ytutc  conliguitiiion  for  an  N-  50  film  with  //^  =  0.9  kO, 
H^=  100  kG.  Open  circles;  H  =  10  kG.  Full  circle.s:  //=  15  kG,  The  solid 
horizonial  lines  show  the  canting  angles  for  an  infinite  system  in  the  bulk 
spin-flop  phase  for  H=15  kG. 


required  by  the  boundary  conditions.  For  the  semi-infinite 
system,  an  inhomogeneous  ground  state  is  found  since  all  the 
inflowing  orbits,  converging  to  one  of  the  hyperbolic  BSF 
fixed  points,  intersect  the  5-0  line.  For  the  film,  the  nonho¬ 
motopic  to  zero  trajectories  giving  the  ground  state  configu¬ 
ration,  are  closer  and  closer  to  as  N  increases:  then,  for 
H>Hj)  and  moderate  fields,  only  the  middle  planes  present  a 
configuration  similar  to  the  BSF  one,  while  the  spins  in  the 
planes  near  the  surfaces  are  rotated  by  angles  significantly 
different  from  irll  (see  Fig.  2).  For  H>Hb  and  high  fields 
the  phase  portrait  becomes  chaotic  [see  Fig. 
1(c)].  if  is  important  to  ’•ote  that  evidence  for  chaotic  behav¬ 
ior  .is  also  fouiid^  for  those  high  values  of  the  ratio 

;,^-“0,25)  pertinent  to  Fe/Cr  multilayers.' 

At  this  point  we  put  forward  an  energetic,  though  ap¬ 
proximate,  argument  to  confirm  that  for  the  semi-infinite  sys¬ 
tem  in  the  field  range  Hs<H<Hb,  the  SSF  state  (or  any 
other  nonuniform  -onfigurafion)  cannot  exist.  We  rewrite  Eq. 
(1;  as 


[Hi,  cos(  rf},-  </»„_  1 1  -  cos- 


the  system  in  its  AFp  state.  Performing  in  Eq.  (5)  a  7'=0 
decimation  procedure  in  order  to  eliminate  the  even  spins, 
we  obtain,  for  small  //^  and  H 


E 


=2: 


'^2;.+  l)‘ 


-  2//„ 


H2 

—  jeos^ 


-H  cos  (/)| , 


(6) 


where  the  last  term  is  due  to  the  existence  of  a  free  surface  at 
«  =  1 .  Equation  (6)  has  the  well-known  sine-Gordon  form.  In 
order  to  investigate  the  transformation  of  the  AF|j  state  into 
the  AFjj  state,  and  also  the  stability  of  the  SSF  state,  it  is  of 
interest  to  minimize  this  energy  for  a  given  value  of  <^i  and 
for  fixed  cos  ^  at  «  =  “.  The  solution  of  this  prob¬ 

lem  is  given  by  the  Euler-Lagrange  equation  of  a  domain 
wall 


(2<^2n+l  <l>ln+7,  '1^2/1- I ) 


+  ( -  ^) sin  2(f>2„+i  =  0. 
Inserting  its  solution  into  Eq.  (6),  we  have 


(7) 


V(2//^W£-//^)(cos  +  cos  .  (8) 

A||5 

For  weak  fields,  the  coefficient  of  cos  is  positive,  so  that 
the  energy  presents  a  minimum  for  cos<;6i  =  -l  or  <Ai=tr. 
Thus,  the  AF^j  state  is  a  metastable  one,  in  agreement  with 
the  spin  wave  argument.  In  other  words,  if  a  Bloch  wall  is 
introduced  into  the  APj,  state  from  the  surface,  the  system 
expels  it  through  the  surface.  This  occurs  if  ,  i.e.. 

On  the  other  hand,  the  energy  (8) 

is  minimum  for  In  this  case,  if  a  Bloch  wall  is  intro¬ 

duced  into  the  AF||  state  from  the  surface,  the  system  swal¬ 
lows  it  and  transforms  progressively  into  the  AFp  state.  In 
particular,  the  SSF  state  corresponds  to  cos  </>i=0,  and  it  is 
unstable,  in  agreement  with  the  mapping  argument. 


-7/2  [cos  </>„  +  co.s  +  —  H  cos  (/>[.  (5) 

/i-i 

Only  systems  in  which  ,i.'.5s  (f)„+cos  </)„+ 1)  goes  to  0  when  « 
goes  to  00  will  be  considricd.  It  is  so  both  in  the  AF]j  .stale 
and  in  the  AF,^  state,  since  (cos  0„  +  cos  is  identically 
zero  for  ary  n  in  both  cases.  Therefore,  in  both  states,  the 
Z"eman  energy  reduces  to  -H  co-  4>^  which  is  minimum  in 
the  AF|f  state,  but  maximum  in  the  AFjj  state'  Since  the 
state  is  not  the  ground  state,  but  it  is  stable  with  re.spect 
to  spin  waves  for  H<Hs ,  we  conclude  that  it  is  metastablc 
for  77<77v .  However,  for  //5<7/</7usf  the  situation  is  dif¬ 
ferent.  We  are  going  to  argue  that  the  AF|j  stale  is  unstable 
w'th  respect  to  the  formation  of  a  Bloch  wa.il  wh,ch  will 
form  at  the  surface  and  sinks  into  the  bulk,  thus  transforming 
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Magnetoresistance  of  ultrathin  Co  films  grown  in  UHV  on  Au(111): 
Crossover  from  granular  to  continuous  film  behavior  versus  Co  thickness 
(abstract) 

C.  Dupas,  E.  Kolb,  J.  P.  Renard,  and  E.  Velu 

Institut  d’Electroniqiie  Fond,  Universite  Paris-Sud,  91405  Orxay,  France 

M.  Galtier,  M.  Mulloy,  and  D.  Renard 

Institut  d'Optique  Thiorique  ct  Appliqtiee,  Uniwrsitc  Paris-Sud,  91405  Orsay,  France 

Co/Au(lll)  is  a  model  system  for  magnetoresistance  (MR)  studies  due  to  abrupt  interfaces  without 
intermixing  between  Co  and  Au  and  perpendicular  magnetization  of  Co  films  for  Co  thickness 
below  nine  atomic  monolayers  (AL).  The  high  quality  of  Co/Au(lll)  multilayers  is  revealed  by 
highly  contrasted  MR  oscillations  versus  Au  spacer  thickness.'  We  report  here  a  detailed  study  of  the 
effect  of  cobalt  thickness  done  to  0.2  AL  on  the  MR  of  various  Au/Co  structures.  Experiments  were 
performed  on  single  Co  layer  sandwiched  between  two  Au(  111)  films,  Au/Co/Au,  and  on  double  Co 
films,  Au/Co/ Au/Co/ Au,  in  the  T  range  1.5-300  K  and  in  magnetic  fields  up  to  10  T.  For  the 
sandwiches,  two  series  were  studied,  each  including  eight  samples  grown  in  UHV  in  a  single  run, 
with  Co  thicknesses  r^o  ^^'2  to  l.b  and  from  1.4  to  4  AL.  The  MR  in  the  perpendicular  and 
transverse  configurations  show  that  the  easy  magnetization  axis  is  perpendicular  to  the  films,  even 
for  low  /q,  .  The  MR  value  increases  with  /q,  to  the  high  value  of  5%  at  low  temperatures  for  a 
noncontinuous  Co  film  and  decreases  afterwards,  clearly  evidencing  the  transition  from  islandlike  to 
continuous-like  character  of  the  Co  film.  In  the  islandlike  regime,  the  magnetic  domain  size  is 
limited  by  the  island  size  and  is  thus  smaller  than  in  the  continuous  Co  films,  leading  to  higher  MR 
values.  In  the  double  Au/Co/Au/Co/Au  samples,  different  Au  spacer  thicknesses  were  chosen  in 
order  to  emsure  either  FM  or  AFM  coupling  between  the  magnetic  layers,  and  r^,,  was  varied  up  to 
10  AL.  Wc  did  not  observe  coupling  oscillations  versus  /q,.  Moreover,  the  lack  of  any  significant 
variations  of  the  MR  value  shows  that  the  electronic  mean  free  path  in  Co  is  larger  than  10  AL  at 
any  T. 
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The  micromagnetics  of  periodic  arrays  of  defects  in  trilayers  with  interlayer 
exchange  coupling  (abstract) 

H.  A.  M.  van  den  Berg 

Siemens  A  G,  Erlangen,  P.O.  Box  3220,  Germany 

A  significant  loss  in  the  giant  magnetoresistive  signal  of  magnetic  stacks  with  antiferromagnetic 
coupling  across  nonmagnetic  intermediate  layers  is  caused  by  regions  with  a  ferro-  rather  than  an 
antiferromagnetic  coupling.  The  impact  of  these  ferromagnetic  coupling  regions  extends  itsell  into 
the  lateral  direction  due  to  the  bulk  exchange  coupling.  The  present  micromagnetic  model  provides 
a  tool  by  which  a  detailed  quantitative  evaluation  of  the  impact  of  periodic  arrays  of  parallel  line 
defects  is  possible.  These  defects  have  deviating  exchange-coupling  constants,  and/or  anisotropy 
constants  or  directions,  bulk  exchange  constants,  saturation  magnetization,  etc.,  in  specific  regions. 

Previously,  we  developed  a  phenomenological  model  of  trilayers  with  two  magnetic  films  separated 
by  a  nonmagnetic  interlayer’  that  contains  one  such  defect.  This  model,  with  a  relatively  small 
number  of  free  parameters,  allows  one  to  trace  complete  hysteresis  curves.  A  large  number  of  mode 
branches  reveal  themselves  and  jumpwise  transitions  between  these  modes  frequently  occur  along 
the  hysteresis  loops.  The  present  micromagnetic  model  requires  a  sufficiently  accurate  assessment 
of  the  starting  magnetization  configuration  in  order  to  get  a  convergence  of  the  code.  In  general,  the 
micromagnetic  code  is  not  capable  of  overcoming  the  above  irreversible  mode  conversions.  The 
mode  branches  evaluated  by  the  phenomenological  model  are  applied  to  provide  the  micromagnetic 
model  with  appropriate  starting  configurations  after  meeting  a  situation  of  nonstability.  The 
micromagnetic  theory  of  Brown^  constitutes  the  basis  of  the  present  approach.  The  micromagnetic 
effective  field  is  calculated  at  grid  points  and  the  torque  exerted  by  it  on  the  magnetic  dipole  is  made 
zero  at  each  grid  side  by  an  iteration  scheme.  The  long  ranging  magnetostatic  fields  are  given  by 
convolution  integrals  and  are  evaluated  in  the  Fourier  space,  by  using  two-dimensional  fast  F'ourier 
transforms.  The  single  defect  is  micromagnetically  studied  by  zero  padding  techniques.  Depending 
on  the  course  of  the  external  field,  two  different  wall  regions  reveal  themselves,  to  wit,  the  wall  core 
and  the  so-called  Neel  tails.  These  tails  were  not  incorporated  into  the  phenomenological  model. 

Provided  that  the  defects  are  sufficiently  wide  spaced,  the  agreement  between  both  models  is  rather 
good  in  the  core  regions.  The  impact  on  the  GMR  signal,  in  particular  of  the  Neel  tails,  will  be 
discussed  with  emphasis  on  systems  with  weak  interlayer  coupling,  e.g.,  the  decoupled  systems. 


'  H.  A.  M.  van  den  Berg  et  al,  IEEE  Tran.s.  Magn.  L9,  .'?0y9  (1993). 
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FMR  doublet  in  two-layer  iron  garnet  films  (abstract) 

A.  M.  Grishin,  V.  S.  Deilalov,  E.  i.  Nikolayev,  V.  F,  Shkar,  and  S.  V,  Yampoiskii 

Donetsk  Phystech,  Donetsk  340114,  Ukraine 

Multilayer  epitaxial  iron  garnet  films  have  been  investigated  very  intensively  in  the  recent  past.  The 
dipole  and  exchange  couplings  of  spins  lying  in  different  layers  results  in  the  existence  of  new  tvpes 
of  oscillations  in  these  structures  and  give  rise  to  the  characteristic  resonance  properties  of  them.'  " 
Resonance  microwave  ateorption  in  two-layer  iron  garnet  films,  of  which  one  layer  is  in  a  saturated 
state  and  the  other  is  in  a  demagnetized  state,  is  investigated.  The  films  were  prepared  by  the 
epitaxial  method  on  a  gallium-gadolinium  subsiraie  with  (111)  orientation.  The  first  layer  on  the 
substrate  was  the  doped  iron  yttrium  garnet  with  the  easiy  plane  magnetization.  The  second  easy  axis 
layer  was  the  bubble  domain  layer.  The  resonant  field  of  the  first  layer  FMR  line  versus  the  external 
in-plane  magnetic  field  was  investigated.  It  was  determined  that  the  FMR  line  is  doubled  when  the 
externa!  field  is  applied  along  the  [1 12]-type  axes.  The  lines  of  the  FMR  doublet  merge  into  a  single 
line  and  the  resonance  intensity  is  doubled  if  the  magnetic  field  is  oriented  in  the  [110]  directions. 
It  was  established  that  the  FMR  line  splitting  is  conditioned  by  the  layer  exchange  interaction,  the 
cubic  anisotropy,  and  the  domain  dissipative  field.  The  magnetic  and  anisotropy  of  the  resonance 
fields  agrees  with  the  model  of  an  isolated  layer  magnetized  by  the  domains  of  the  neighboring 
layer. 


‘a.  M,  Grishin  ei  at.,  Phys.  lx;U.  A  140,  IS."!  (1989). 

^  V.  F.  Shkar,  I.  M.  Makmak,  and  V.  V.  Petrenko,  JETP  Lett.  55,  .S.SO  { 1992). 


Influence  of  the  dipole  interaction  on  the  direction  of  the  magnetization 
in  thin  ferromagnetic  films  (abstract) 

A.  Moschel  and  K,  D.  Usadel 

Theoretische  Tieftemperaturphysik,  Universitat  Duisburg,  Lotharstrasse  I,  4704S  Duisburg,  Germany 

The  magnetization  of  thin  films  depends  in  a  very  sensitive  way  on  surface  anisotropy  fields  which 
often  favor  a  perpendicular  orientation  and  on  the  dipole  interaction  which  favors  an  in-planc 
magnetization.  A  temperature  driven  transition  from  one  to  the  other  orientation  has  been  observed 
experimentally.’  In  order  to  understand  this  behavior  theoretically  we  performed  detailed 
calculations  of  the  magnetization  of  very  thin  films  (thickness  of  up  to  5  layers)  within  a  quantum 
mechanical  mean  field  approach.  A  surface  anisotropy  that  favors  a  perpendicular  orientation  and  a 
long  range  dipole  interaction  were  taken  into  account.  It  is  shown  that  these  competing  interactions 
for  certain  values  of  the  parameters  may  result  in  a  temperature  driven  switching  transition  from  an 
out-of  plane  to  an  in-plane  ordered  state.  Varying  the  strength  of  the  dipole  interaction  we  found  that 
the  switching  temperature  is  a  very  sensitive  function  of  the  ratio  of  these  two  competing 
interactions.  A  perpendicular  ground  state  magnetization  of  the  film  is  only  found  for  values  of  the 
surface  anisotropy  which  are  larger  than  a  critical  surface  anisotropy  value.  The  reorientation  of  the 
magnetization  vector  has  its  physical  origin  in  an  entropy  increa.sc  of  the  system  when  going  from 
a  perpendicular  to  an  in-plare  ordered  state. 
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Fine  Particles 


Coercfvity  and  switching  field  of  single  domain  7-^6203  particles 
under  consideration  of  the  demagnetizing  field 

Paul  L.  Fulmek  and  Hans  Hauser 

Institut  fur  Werkstoffe  der  Elcktrotechnik,  icchnischc  Uiiiversitdl  Wien  Gusshausstrasse  27-29, 

A-1040  Vienna,  Austria 

The  coherent  rotation  of  the  spontaneous  polarization  in  ellipsoidal  ferromagnetic  single  domain 
particles  is  calculated  under  consideration  of  the  magnelocrystalline  anisotropy  and  the  true,  inner 
field.  Magnetization  curves  and  switching  fields  are  computed  for  uniaxial  and  cubic 
magnetocrystalline  and  shape  anisotropy.  Considering  only  the  magnetic  energy  inside  the  particle, 
the  resulting  switching  fields  are  lower  than  those  predicted  by  the  Stoner- Wohlfarth  theory,  and 
they  are  qualitatively  and  quantitatively  comparable  to  the  results  of  other  models.  The  comparison 
to  measurements  on  isolated  y-Fe20t  particles  shows  excellent  agreement. 


I.  INTRODUCTION 

The  idealized  particles  discussed  are  small,  perfect 
single  crystals  of  exactly  ellipsoidal  shape.  They  consist  of 
one  single  domain  only.'  The  magnetization  process  happens 
by  coherent  rotation  of  the  spontaneous  polarization.  This 
rotation  need  not  happen  continuously,  switching  occurs  for 
critical  field  strengths.^ 

It  is  further  assumed  that  all  processes  happen  at  tem¬ 
peratures  far  below  the  Curie  temperature,  where  the  spon¬ 
taneous  polarization  of  the  material  is  constant.  The  analysis 
assumes  static  and  isothermal  ferromagnetism.  Effects  asso¬ 
ciated  with  the  time  rate  of  change  of  magnetization  are  not 
considered. 

The  coherent  rotation  of  the  spontaneous  polarization  is 
determined  by  the  behavior  of  the  minima  of  the  total  energy 
density.  Therefore,  only  anisotropic  contributions  have  an  in¬ 
fluence.  The  energies  taken  into  account  are  the  magneto¬ 
crystalline  energy  and  the  energy  of  the  fields  in  connec¬ 
tion  with  the  applied  field  H„  and  the  demagnetizing  field 
Hj .  All  other  energies  are  neglected.  As  single  domain  par¬ 
ticles  are  always  in  the  .state  of  saturation,  the  demagnetizing 
field  has  a  strong  influence  on  the  true  field  and  on  the  en¬ 
ergy  due  to  the  field.  Stoner-Wohlfarth  (SW)  calculations 
demand  that  the  particle  does  not  interact  with  surrounding 
magnetic  material.  Completely  neglecting  the  field  outside 
the  particle,  however,  yields  results  that  agree  perfectly  with 
measurements  on  single  •y-Fe203  particles. 

Magnetization  curves  are  calculated  by  tracing  the 
minima  of  the  energy  areas  (the  three-dimensional  space 
variation  of  the  total  energy)  as  the  applied  field  is  changed 
continuously.^-* 

II.  ANISOTROPIC  ENERGIES 

To  calculate  magnetization  cuiwes  we  have  to  find  the 
minimum  energy  configuration  for  a  given  applied  field. 
Only  the  direction  of  can  vary.  Under  this  assumption  the 
energy  is  a  function  of  only  two  variables,  of  the  direction  of 
Ij .  For  searening  the  minima  we  have  to  take  into  account 
only  anisotropic  energies. 


In  crystalline  ferromagnetic  materials  I,,  prefers  certain 
directions  of  the  crystal  lattice  to  minimize  the  magnetocrys¬ 
talline  energy  E^. .  For  cubic  crystal  structures  (bcc,  fee)  we 
use  a  series  e,xpansion  of  the  directional  dependence  (direc¬ 
tion  cosines  a,)  with  respect  to  the  crystal  axes 

£:,.  =  A:„  +  A:i(a'^a^-t-a^a^-t-a2a^)  +  /i:2a^tt5Lr^.  (1) 

Three  coefficients  Xo ,  2  are  sufficient  to  describe  this  prop¬ 
erty.  Uniaxial  magnetocrysialline  anisotropy  is  described  by 

+  sin^  +  sin'*  (2) 


where  tp  is  the  angle  between  the  easy  axis  and  I,. . 

The  general  expression  for  the  power  density  of  the 
magnetic  field  in  any  material,  especially  in.  nonlinear  and 
anisotropic  materials,"  is 


aE, 

'  St 


=  H 


(9B 

~di’ 


(3) 


The  time  integral  supplies  the  general  formula  for  the  energy 
density  of  any  general  magnetic  Held  configuration'^'"’ 

£„,=  J  HdB.  (4) 

The  true  H  acting  in  the  material  is  the  vectorird  sum  of 
the  applied  field  and  the  demagnetizing  field  H,; .  In  the 
special  case  of  a  specimen  surface  of  second  order  (e.g.,  a 
general  ellipsoid)  all  fields  in  the  volume  of  the  specimen  are 
homogeneous,  and  therefore,  the  demagnetizing  field  can  be 
determined  by  a  demagnetizing  matrix  N 

M’l) 

, 

/i.) 

Demagnetizing  factors  are  determined  in  the  directions  of  the 
axes  of  the  ellipsoid."  This  diagonal  matrix  has  to  be  trans¬ 
formed  for  general  ellipsoids  in  arbitiary  orientations. 
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The  induction  B  in  the  specimen  results  from  the 
vacuum  induction  of  the  magnetic  field  H  and  the  polariza¬ 
tion  of  the  material: 

B-MoHTl.=>i|)H,  +  (l-yV)I,.  (6) 

As  an  approximation  for  the  total  energy  we  integrate  Eq,  (4) 
with  Eqs.  (5)  and  (6)  over  the  volume  of  the  specimen  only. 
The  variation  of  the  energy  density  is  di  e  to  the  variation  of 
the  polarizatioii  vector  Ij  only.  The  ent  ,'y  density  of  the 
material  is  therefore  reduced  by 

f  ■:  m  (9B 

=  ( 1  -  W) (  -  H J,  +  ^  J .  (7) 

For  a  given  applied  field  the  energy  can  be  expressed  as 
a  function  of  two  variables,  the  direction  of  Ij..  A  minimum 
energy  for  constant  H„  yields  stable  .solutions  of  IvlH^).  TXvo 
interesting  properties  of  the  magnetization  curve  will  be  dis¬ 
cussed  here.  The  point  of  magnetization  reversal — the  coer¬ 
cive  force — and  the  point(s)  of  instability — the  .switching 
field  strength.  As  single  domain  particles  are  always  in  the 
state  of  saturation,  we  have  to  define  the  magnetization  curve 
as  projection  of  I,,  in  the  applied  field  versus  the  value  of 
the  applied  field  . 


III.  UNIAXIAL  CALCULATIONS 


For  comparison  to  other  models  it  is  convenient  to  cal¬ 
culate  the  coercive  force  and  the  critical  field  (switching 
field)  in  the  case  of  simple  uniaxial  anisotropies  (magneto- 
crystalline  and  shape  ani.sotropy,  /s!„2=0)  for  prolate  ellip- 
■soids.  The  polar  axis  of  the  ellip.soid  is  identical  to  the  axis  of 
uniaxial  magnetocrystalline  anisotropy.  The  angles  a  of  the 
applied  field  and  of  the  polarization  are  denoted  with  re¬ 
spect  to  the  axis  of  uniaxial  anisotropy. 

As  we  need  the  energy  expressions  Eqs.  (2)  and  (7)  to 
find  the  minimum  energy  only,  we  can  reduce  the  toial  en¬ 
ergy  E  to  £* 
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FIG.  1.  Switching  lidtl  of  prolate  cllipsoid.s  (a-spcct  ratio  4:1:1)  with  van¬ 
ishing  magnclocryslallinc  anisotropy.  The  dashed  line  gives  //,.  according  to 
.SW  theory.  All  H,.  values  arc  related  to  SW-W,.||=  l.is  kA/tn.  □  Measure¬ 
ments  •y-FciO,  particles  (Ref.  l.S);  A  Micrornagnctic  calculations  (parallel¬ 
epiped)  (Ref.  12);  0  calculations  f-ir  additional  cubic  anisotropy 

(A:i--4fi(H)  kJ/m'). 


In  the  SW  model  the  influence  of  shape  and  magneto- 
cry.stallinc  anisotropy  can  be  included  as  an  anisotropy  field 
W^-- =  .  This  reduction  is  impossible  for  our  calcu¬ 

lations.  To  find  a  direction  ip  for  the  polarization  with  mini¬ 
mum  energy,  we  have  to  find  the  value  for  li  [Eq.  (9)]  that 
gives  (lE*ldip-()  [Eq.  (10)],  With  a  .second  derivative  Eq. 
(11)  greater  than  zero,  It  gives  a  stable  minimum,  a  stable 
point  on  the  magnetization  cuive.  When  Eq.  (11)  is  zero,  the 
corresponding  field  is  a  critical  field;  the  solution  is  an  un¬ 
stable  one.  This  critical,  swiiching  field  strength  is  important 
for  magnetic  storage. 

Figure  1  shows  the  swiiching  field  strength  depending  on 
the  direction  of  the  applied  field  calculated  by  the  formulas 
from  above., In  comparison  to  our  rc.sults  Fig.  1  shows  the 
switching  field  curve  according  to  .SW  calculations,  results 
from  a  micromagnetic  approach  by  Van  and  Della  Torre  us¬ 
ing  a  parallelepiped  as  model  geometry  (aspect  ratio  b;  1:1, 
length  300  nm,  uniaxial  magnetocrystalline  anisotropy), 
and  measurements  of  the  switching  field  on  small  isolated 
■y-FciO)  particles  (aspect  ratio  --A;!:!)  by  Knowles.''^ 


FIG.  2.  C'liordiniili;  syNlum  fcir  magni-locrysliilliiie  :mi.‘;i)lr<'pY  (Hill),  sluipc- 
iiiiisolropy  («,/).<•),  and  tliu  dia-ctiim  of  Ihi;  :ipplii-d  field 
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FIG.  3.  Magnetization  cuivc.s  for  y-Fe20i  particles  (aspect  ratio  4:1:1)  in 
dependence  of  the  angle  a  (P~Q)  of  the  applied  field  with  respect  to  the 
easy  axis  of  shape  and  cubic  magnctocrystalline  anisotropy,  a  i.s  varied  from 
0°  to  90°  in  steps  of  15°. 

For  uniaxial  considerations,  we  did  our  calculations  for 
y-Fe203  particles  with  /,=n.45  T,  Ar„i=0,  and  an  ellipsoid 
shape  with  an  aspect  ratio  of  4:1:1.  The  demagnetizing  factor 
in  the  direction  of  the  longer  axis  is  N =0.075. 

For  an  angle  of  the  applied  field  of  0°,  our  calculations 
yield  exactly  half  the  value  for  the  switching  field  of  SW 
when  the  uniaxial  anisotropy  constant  is  zero.  In  this 
case  are  both  angles  a;=<p=0 

'P~^sw  cos(a-<p), 

/isw=4//,/Ao /[/.«( 1-3^)],  (12) 

/(/;jsw=2-^f/,//y,o  =  0-5. 

IV.  CUBIC  CALCULATIONS 

For  cubic  anisotropies  the  two-dimensional  minimum 
search  on  the  suiface  of  the  energy  areas  was  realized  by  a 
numerical  algorithm  implemented  on  a  compuver. 

The  calculations  have  been  carried  out  for  elongated  el¬ 
lipsoids  of  y-Fe203  with  an  a.spect  ratio  of  4:1:1.  We  assume 
that  the  long  axis  of  the  ellip.soid  lies  in  the  [111]  direction  of 
the  crystal  lattice.'*  The  material  parameters  are:  /,.=0.45  T, 
/C,  =  -4600  J/m\  K2=0  J/ml'^ 

As  we  calculate  magnetization  curves  for  cubic  anisotro¬ 
pies,  we  have  to  consider  two  angles  of  the  applied  field  with 
respect  to  the  axes  of  the  ellipsoid.  The  angles  are  denoted 
according  to  the  angles  in  a  spherical-coordinate  system  with 
the  long  axis  of  the  ellipsoid  as  polar  axis  (i.e.,  the  [111] 
direction).  The  fust  angle  a  is  always  the  angle  between  the 
direction  of  the  applied  field  and  the  long  axis  of  the  ellip¬ 


FIG.  4.  Magnetization  curvc.s  for  y-Fc^O,  particic.s  (aspect  ratio  4:1:1)  in 
dependence  of  the  angle  for  tt--3()°. 

soid.  The  second  angle  is  the  angle  between  the  (110) 
plane  and  the  field  vector  (see  Fig.  2). 

Figure  3  shows  the  resulting  magnetization  curves  when 
the  direction  of  the  applied  field  is  changed  in  the  (110) 
plane  by  15°  steps  (o'=0°''-90°,  /3=0).  The  magnetization 
curve  for  a'=0°  calculated  by  SW  theory  would  have  a  co- 
creivity  of  138  kAym.  For  a<60°  the  switching  field  is  iden¬ 
tical  to  the  coercivity. 

The  influence  of  the  second  angle  /3  is  shown  in  Fig.  4: 
the  angle  a  between  the  applied  field  and  the  easy  polar  axis 
of  the  ellipsoid  is  constant  30°.  The  coercive  force  varies  by 
15%,  as  the  secondary  angle  /3  changes  from  0°  to  90°. 

Values  of  the  coercive  force  variation  due  to  the  cubic 
anisotropy  are  plotted  in  Fig.  1  in  comparison  to  pure 
uniaxial  shape  anisotropy.  The  values  of  switching  fields  for 
a>60°  could  not  be  determined  precisely,  as  with  increasing 
angle  the  continuous  rotation  yields  steeper  slopes  of  the 
magnetization  curve,  numerically  indistinguishable  from  a 
real  instability  (compare  Fig.  3). 
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Co  fine  particles  coated  with  Ag  have  been  synthesized  through  the  microeniulsion  method  in  an 
inert  atmosphere.  The  size  of  the  particles  is  controlled  by  the  water  droplets  of  the  microemulsions. 

Fine  particles  prepared  by  this  method,  consist  of  a  magnetic  core  of  Co  covered  by  a  layer  of  Ag. 

Samples  containing  from  3.3  to  40.5  vol  %  Co  have  been  prepared.  The  average  size  of  the  particles 
obtained  is  in  the  nanometer  range.  The  magnetic  properties  were  studied  by  dc  magnetization  at  77 
K  and  room  temperature.  The  data  show  a  strong  dependence  of  the  magnetic  properties  on  the 
annealing  temperature. 


I.  INTRODUCTION 

Single  domain  magnetic  particles  show  very  interesting 
properties,  such  as  high  coercivity  and  remanence,  which  are 
of  special  interest  to  several  applications  in  magnetic  record¬ 
ing  and  permanent  magnets.  Different  methods  can  be  used 
in  order  to  obtain  small  particles  in  the  submicrometric 
range.  Among  these,  chemical  reactions  and  vacuum  deposi¬ 
tion  are  the  most  usual  ones.  Most  studies  of  ultrafine  metal¬ 
lic  particles  have  been  performed  on  granular  materials  in 
nonmetallic  matrices.'"^  Interest  in  single  domain  particles 
immersed  in  a  nonmagnetic  metallic  matrix  has  increased 
recently."*'®  The  interest  in  granular  materials,  such  as  Fe-Ag, 
Co-Ag,  NisiFeiy-Ag,  etc.,  is  because  they  present  a  giant 
magnetoresistance  (GMR).*’’^  Although  much  effort  has  been 
devoted  during  the  last  years  studying  the  origin  of  their 
properties,  a  quantitative  understanding  of  the  phenomenon 
is  still  lacking.**  '* 

In  this  work  we  describe  a  new  chemical  method  for  the 
preparation  of  ultrafine  Co  particles  covered  by  metallic  sil¬ 
ver.  This  method  consists  in  mixing  two  water-in-oil  (W/O) 
microemulsions  containing  the  reactants  dissolved  in  the 
aqueous  phase  in  order  to  produce  the  Co  core.  The  reaction 
takes  place  inside  the  droplets,  which  controls  the  final  size 
of  the  particles.  Subsequently,  silver  ions  are  adsorbed  onto 
these  particles  and  finally  are  reduced  to  produce  a  silver 
metallic  shell. 

II.  EXPERIMENT 

The  microemulsions  employed  in  the  production  of  the 
particles  were  composed  of  n -heptane,  aqueous  solution,  and 
aerosol-OT  (AOT,  sodium  dodecylsulfosuccinate).  The  drop¬ 
let  size  of  these  microemulsions  was  controlled  by  the  ratio 
/if=[H20]/[A0T].  This  ratio  was  set  to  10.  The  whole  pro¬ 
cess  for  obtaining  the  particles,  that  was  carried  out  in  an 
inert  glove  box,  can  be  divided  into  two  stages. 

(1)  Formation  of  the  magnetic  cores:  To  carry  out  this 
first  stage,  two  different  microemulsions  were  prepared.  The 
first  one  consisted  in  an  aqueous  solution  of  ColNO^liftH^O 
(O.i  M)  and  the  second  one  contained  NaBHy  (0.2  M).  The 


two  microemulsions  were  mixed  and  the  magnetic  particles 
were  formed  inside  the  microdroplets.  The  microparticles, 
separated  from  the  microemulsion  by  ultracentrifugation, 
were  washed  later  with  « -heptane  and  ethanol  several  times 
and  finally  dried  with  acetone. 

(2)  Coating  with  Ag:  The  magnetic  particles  were  redis¬ 
persed  with  AOT  in  an  aqueous  solution  containing  AgNO-^ 
and  EDTA  (ethylendiaminetetracetic).  Silver  ions  were  then 
absorbed  on  the  particles  which  acted  as  nucleation  centers. 
This  solution  was  later  irradiated  with  UV  light  during  30 
min  to  obtain  a  metallic  cover  of  silver  on  the  magnetic 
particles.'”  The  amount  of  EDTA  and  AgNOj  used  depends 
on  the  Ag/Co  ratio  to  be  obtained.  The  coated  microparticles 
were  separated  again  from  the  solution  by  ultraccntrifuga- 
tion,  washed  several  times  with  «-heptane  and  ethanol  in 
order  to  remove  the  AOT  surfactant,  and  finally  dried  with 
acetone.  Then,  the  microparticles  were  examined  before  and 
after  annealing  in  flowing  Ar, 

Most  of  the  organic  impurities  were  eliminated  after  an¬ 
nealing,  followed  by  a  process  of  oxidation  and  reduction. 
These  were  observed  by  differential  thermogravimetric 
analysis  measurements. 

The  samples  were  characterized  analytically  by  induc¬ 
tive  coupled  plasma-atomic  emission  spectroscopy  and  the 
final  composition  of  Co,  Ag,  and  impurities  were  determined. 
The  structural  characterization  was  carried  out  by  x-ray  pow¬ 
der  diffraction.  These  measurements  were  performed  at  room 
temperature,  and  matched  with  diffraction  patterns  from  the 
total  access  diffraction  database.  In  order  to  determine  the 
size  distribution,  measurements  of  transmission  electron  mi¬ 
croscopy  (TEM)  and  dynamic  light  scattering  (DLS)  were 
carried  out.  For  both  TEM  and  DLS  measurements,  particles 
were  dispersed  in  water  using  AOT.  The  average  crystallite 
sizes  were  calculated  from  the  shape  of  the  x-ray  diffraction 
peaks  using  the  Debyc-Scherrer  formula.  The  magnetic 
properties  of  the  samples  were  measured  with  a  vibrating 
sample  magnetometer  in  the  temperature  range  of  80  K<7' 
<300  K.  The  powder  was  introduced,  loosely  packed,  in  a 
cylindrical  sample  holder. 
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FIO.  1.  X-ray  diffraction  pattern  for  ConsAg,,  ,  after  aniiciiling  at  different 
temperatures.  The  arrows  show  the  position  of  eobalt  reflections. 


III.  RESULTS  AND  DISCUSSION 
A.  Structural  characterization 

X-ray  diffraction  on  as-prepared  Co  particles  (first 
chemical  stage)  shows  a  typical  amorphous  spectrum.  Figure 
1  shows  the  x-ray  diffraction  pattern  for  a  typical  Co/Ag 
sample  at  five  temperatures  of  annealing  (T^  =  100, 300,  500, 
600,  and  800  °C).  Long  measurement  times,  counting  times 
of  20  s  per  0.002'’  step  in  20,  were  needed  in  order  to  observe 
cobalt  peaks  in  samples  with  high  concentration  of  Co  and 
high  treatments  of  temperature.  Only  one  Co  peak  is  visible 
(200)  because  the  others  overlap  with  those  due  to  silver.  In 
Fig.  1  it  can  be  observed  how  the  width  decreases  with  an¬ 
nealing  temperature.  Studies  of  the  width  of  Ag  (111)  and  Ag 
(220)  peaks  done  as  a  function  of  annealing  temperature 
yields  the  size  of  the  Co/Ag  particles  grows  from  15  to 
60  nm, 

Figure  2  shows  the  TEM  electron  micrograph  for  the 
sample  with  .x -0.12  of  Co,.Agi  treated  at  500  °C.  To  ob¬ 
tain  the  micrograph,  the  samples  were  dispersed  in  water  and 
then  depo.sited  onto  Cu  grid  substrates.  The  average  diameter 
was  of  about  30  nm,  similar  to  the  results  obtained  by  DLS. 


FIG.  2.  TliM  mierophotograpli  of  a  .sample  of  Co,,  |-Ag,iBH. 
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FIG,  X  In  plane  M-H  loop.s  at  room  temperature  of  Co^Agi with  Ar~0.!2 
at  different  annealing  temperatures  in  .scries  A.  (a)  7'j=.'t00°C,  (b) 
r,,=500‘'C,  (c)  7',,=700‘'C,  and  (d)  bulk  Co, 


B.  Magnetic  properties 

The  temperature  dependence  of  the  magnetization  has 
been  measured  after  cooling  in  zero  magnetic  field  (ZFC) 
and  also  after  cooling  in  a  field  (FC).  The  M-T  data  show  a 
splitting  between  the  FC  and  ZFC  curves.  For  the  as- 
prepared  samples,  this  splitting  occurs  clo.se  to  room  tem¬ 
perature  (RT).  For  annealed  samples,  the  sizes  of  cobalt 
cores  grow  and  this  splitting  point  iS  shifted  towards  higher 
temperature. 

The  magnetic  hysteresis  loops  have  been  measured  in 
three  series  of  COj.Ag]  (A,  B,  and  C).  Series  A  and  B  are 
two  separate  fabrication  runs  with  the  same  Co  concentration 
(j:=0.12±0,02)  but  with  different  annealing  temperatures, 
100 ''C<7'^r<800 'C,  Series  C  are  samples  of  different 
compositions,  from  a:=0  tox=0.66  annealed  at  7^=500  °C, 
Figure  3  shows  magnetization  (A/)  as  function  of  magnetic 
field  (H)  at  RT  for  7’,,=300°C  [Fig,  3(a) J,  500  T  [Fig. 
3(b)],  and  700  °C  [Fig.  3(c)].  Figure  3(d)  is  !he  M  tor  cobalt 
powder  {d<250  /u.m)  and  reflects  the  bulk  properties  of  the 
material.  The  coercive  field  (//,.)  as  function  of  is  plotted 
in  Fig.  4(a).  The  squareness,  SQ,  defined  as  \/here 

is  the  remanence  magnetization  and  A/,,  is  the  magneti¬ 
zation  at  H=  13.5  kOe,  vs  ,  is  shown  in  Fig.  4(b). 

According  to  Fig.  4,  for  .series  A  and  B,  it  i.s  possible  to 
define  three  regions  of  annealing  temperature.  The  first  for 
low  ,  between  1(K)  and  300  °C,  shows  a  reversible  M-H 
behavior.  The  second  region,  for  3()()<T^<600  °C  shows  a 
hysteresis  loop  [Fig.  3(b)].  The  dramatic  change  of  the  mag- 
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FIG.  4.  (a)  He  vs  7”^  and  (b)  SQ  vs  for  two  different  runs  of  Co^Ag, 
(jr-0.12).  Series  A  (A)  RT,  (A,)  77  K.  scries  B  (O)  RT  and  (•)  77  K. 


lictic  properties  in  this  runge  could  be  due  to  an  increase  of 
the  Co  nuclei  and/or  the  crystallization  of  some  amorphous 
portions  of  the  Co  cores  as  7'^  increases.  For  2’^»«500  “C, 
and  SQ  have  maximum,  as  seen  in  Fig.  4.  This  maximum  is 
.similar  to  the  one  found  by  other  authors  in  Coi9Ag8t  and 
CojoAgjD  granular  magnetic  thin  films.**  The  third  region 

>600  “C)  shows  that  the  //^  and  SQ  decrease  as  in¬ 
creases.  The  reason  for  it  is  that  the  interaction  between  the 
particles  is  strong  and  they  arc  no  longer  single  domains  so 
their  magnetic  behavior  approaches  the  one  found  for 
bulk  Co. 

Finally,  in  Fig.  5,  we  sliow  and  as  function  of 
experimental  Co  composition.  The  solid  line  is  the  data  of 
Ref.  5  about  Co;,Cui_.,.  For  the  samples  with  low  Co  con¬ 
centration  (x<0.12),  the  magnetization  does  not  saturate  and 
the  coercive  field  has  a  value  close  to  zero.  The  long  range 
magnetic  order  appears  at  high  Co  concentrations.  For 
samples  with  0<j:<0.12  the  magnetization  was  found  to 
saturate  more  easily  and  the  systems  exhibit  a  monotonic 
increase  of  //^.  with  increasing  Co  content.  For  x>0.15,  the 
samples  present  a  monotonic  decrease  of  H,.  with  increasing 
;r,  which  is  consistent  with  a  coupling  effect  of  the  Co  par¬ 
ticles. 

IV.  CONCLUSIONS 

In  summaiy,  we  have  studied  the  structural  and  magnetic 
properties  In  a  Co-Ag  granular  systems  obtained  by  chemical 
reactions  in  microemulsions.  The  reaction  takes  place  inside 
the  droplets,  which  control  the  final  size  of  the  particles.  By 
this  method,  magnetic  ultrafine  particles,  in  the  nanometer 
range,  of  Co  coated  with  Ag  were  obtained.  From  the  x-ray 
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FIG.  5.  Co,Agi  samples  (a)  M,  vs  x  (experimental  composition)  after 
annealing  at  500  “C  (the  solid  line  comes  from  Co,CU(  in  Ref.  5)  and  (b) 
He  vs  X.  The  solid  lines  are  guides  to  the  eye.  Open  and  filled  symbols  show 
measurements  at  RT  and  77  K,  respectively.  The  filled  stars  are  data  from 
Ref.  11  of  Co„Ag|^,  films. 


analysis  we  observe  that  Ag  crystallizes  in  the  face  centered 
cubic  structure.  The  magnetic  behavior  of  these  samples  after 
thermal  treatments  (T,^'“500°C)  shows  coercive  fields  as 
high  as  77c  “600  0^  at  room  temperature.  These  values  are 
similar  to  those  reported  for  granular  materials  which  present 
GMR.*’’  We  are  now  in  the  process  of  measuring  the  MR  in 
our  samples. 
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Clusters  of  up  to  28  Fe'’  atoms  have  been  introduced  into  the  “supercages”  of  NaY  zeolite  by  ion 
exchange  of  Fe^  ^  for  Na^  followed  by  reduction  to  Fe”  with  solvated  electrons  and  Na  ‘  ions.  The 
temperature-dependent  ac  and  dc  susceptibilities,  which  exhibit  Curie-Weiss  behavior  before 
reduction,  change  to  something  approximating  superparamagnetic  behavior  afterwards.  The 
blocking  temperature,  Tj,  shows  a  strong  dependence  on  magnetic  field  but  weak  dependence  on 
frequency.  There  is  at  best  a  very  weak  remanence  and  coercive  field  while  the  onset  of 
irreversibility  occurs  at  temperatures  well  above  T),.  In  addition,  the  real  and  imaginary  parts  of  the 
ac  susceptibility  show  essentially  similar  temperature  dependence.  S<"ne  of  this  anomalous  behavior 
can  be  attributed  to  a  distribution  of  particle  sizes.  To  the  best  of  our  knowledge  these  preliminary 
data — while  poorly  understood — represent  the  fir.st  measurements  of  the  temperature,  frequency, 
and  field  dependence  of  the  magnetic  properties  of  such  small  clusters. 


I.  INTRODUCTION 

The  study  of  the  magnetic  properties  of  small  particles 
or  clusters  has  been  divided  into  two  regimes.  Small  clusters 
consisting  of  between  10  and  600  atoms  are  produced  in  a 
“molecular”  beam  by  laser  vaporization.  Particle  size  is  se¬ 
lected  by  mass  spectrometry  and  the  magnetic  properties  are 
determined  in  a  Stern  Gerlach  experiment.’  Large  clusters — 
nanocrystals — consisting  of  between  lO”  and  lO’  atoms  are 
produced  by  sputtering,  evaporation,  or  chemical  techniques 
and  are  collected  in  quantity  in  an  insulating  matrix.^  These 
larger  particles  can  be  characterized  and  their  magnetic  prop¬ 
erties  measured  by  using  all  of  the  standard  techniques — x 
rays,  extended  x-ray-absorption  fine  structure,  magnetic  sus¬ 
ceptibility,  Mdssbauer  spectroscopy,  NMR,  electron  spin 
resonance,  etc. 

By  using  conventional  ion  exchange  methods,  we  have 
introduced  up  to  28  Fe'  ^  ions  into  NaY  zeolite  and  reduced 
them  to  metallic  Fe”  particles  that  are  presumably  trapped  in 
the  supercages.  According  to  the  stoichiometry  of  this  zeo¬ 
lite,  an  average  of  not  more  than  28  Fe”  atoms  can  be  present 
per  supercage.  We  are  thus  able  to  measure  for  the  first  time 
the  temperature,  field  and  time  dependence  of  the  magnetic 
properties  of  such  small  clusters.  Although  these  are  prelimi¬ 
nary  measurements  and  the  samples  have  not  been  com¬ 
pletely  characterized,  our  experimental  results  agree  qualita¬ 
tively  with  previous  results  on  small  clusters  obtained  at  a 
single  temperature  and  field.  The  overall  magnetic  behavior 
is  quite  complex  and  requires  further  experimental  and  theo¬ 
retical  study. 

II.  SAMPLE  PREPARATION 

Zeolites  are  alumino-silicates  which  are  characterized  by 
an  open  structure  (about  50%  of  the  volume  is  voids)  in 
which  charge  unbalance  in  the  structure  is  compensated  for 
by  the  appropriate  number  of  charged  ions  in  the  open  holes 
or  cages.  NaY  zeolite,  with  the  chemical  formula 
Na55Al5f,Sii340-4f.-24()H20  has  an  fee  structure  in  which 


“large”  (1.2-nm-diam)  “supercages”  are  connected  by 
“small”  {0.7-nm-diam)  sodalite  cages.  The  unit  cell  has  a 
lattice  parameter  of  2.5  nm  and  contains  one  supercage  and 
56  Na'’  ions.  These  charges  are  balanced  by  negative 
charges  produced  by  the  substitution  of  Ar''  for  Si'^'*  in  the 
alumino-silicate  framework. 
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FIG.  2.  The  dc  susceptibility  of  a  sample  after  a  single  reduction  to  Fe"  FIG.  4.  The  real  (solid  circles)  and  imaginary  (open  circles)  parts  of  the  ac 

measured  in  a  10  G  field.  The  upper  curve  is  held  cooled;  the  lower  is  zero  magnetization  of  a  reduced  sample  measured  at  lU  Hz, 

field  cooled. 


By  using  conventional  ion-exchange  methods,  we  have 
introduced  Fe^^  ions  into  the  NaY  zeolite  and  reduced  it  to 
Fe'’  with  solvated  electrons  and  Na“‘  anions  in  an  ether 
solvent.'*  The  ion  exchange  process  followed  by  the  reduc¬ 
tion  is  expected  to  yield  iron  clusters  in  the  supercages  with 
a  maximum  of  28  Fe  atoms,  with  56  K  *^'  and/or  Na"**  ions 
reintroduced  to  maintain  charge  neutrality.  Although  we  have 
tried  to  prevent  exposure  to  oxygen  we  expect  some  oxida¬ 
tion  of  Fe  atoms  to  occur  yielding  a  mixture  of  Fe**  and  Fe’*'^ 
of  unknown  proportions.  Although  both  multiple-exchange 
and  multiple-reduction  processes  are  possible,  the  samples 
used  in  these  experiments  were  the  result  of  one  stage  of 
each. 


III.  EXPERIMENTAL  RESULTS 

We  are  reporting  here  the  temperature-  and  field- 
dependent  dc  susceptibility  and  the  temperature-  and 
frequency-dependent  ac  susceptibility  which  have  been  mea¬ 
sured  on  a  Quantum  Design  MPMS2  susceptometer.  The  dc 
magnetic  susceptibility  and  reciprocal  susceptibility  of  the 
zeolite  sample  after  Fe^"^  exchange  but  before  reduction  are 


shown  in  Fig.  1 .  The  high  temperature  behavior  is  Curie — 
Weiss  (CW)  with  ©  1 0  K  with  small  deviations  from  CW 

at  low  temperature. 

The  dc  magnetic  susceptibility  measured  after  reduction 
to  Fe**  is  shown  in  Fig.  2.  The  upper  and  lower  curves  are 
obtained  from  the  field  cooled  (FC)  and  zero  field  cooled 
(ZFC)  measurements,  respectively.  There  are  three  interest¬ 
ing  features  in  these  data;  the  irreversibility  which  starts  near 
300  K,  the  peak  near  100  K,  and  the  Curie-like  behavior  at 
low  temperatures.  The  Curie  behavior  arises  from  residual 
Fe'*'^  ions  which  were  missed  in  the  reduction  process  or 
were  oxidized  after  reduction.  Magnetic  measurements  made 
several  months  after  sample  preparation  give  essentially  the 
same  results  implying  no  long  term  oxidation.  The  peak  near 
100  K  can  be  attributed  to  a  blocking  temperature,  Tj,,  asso¬ 
ciated  with  superparamagnetic  behavior,  although  if  this 
were  a  conventional  superparamagnet  the  irreversibility 
would  begin  near  T Figure  3  shows  the  field  dependence  of 
the  ZFC  data  for  magnetic  fields  between  10  and  5000  G. 
The  blocking  temperature  peak  is  first  shifted  to  lower  tem¬ 
peratures  and  then  destroyed  by  fields  of  less  than  1000  G. 
Hysteresis  curves  taken  between  Tj,  and  the  paramagnetic 
regime  indicate  remanence  and  coercive  fields  of  about 
1X10“®  and  5  G,  respectively. 
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FIG.  3.  llie  dc  susceptibility  of  a  reduced  sample  measured  in;  •,  10;  A,  FIG.  5.  The  real  pavt  of  ihc  ac  magnetization  of  a  reduced  sample  measured 
100;  ■,  500;  and  0 , 5500  G.  aC  0.1;  A,  10;  and  y,  UKK)  Hz. 
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The  real  and  imaginary  parts  of  the  ac  susceptibility — x' 
and  x"  <  respectively — were  measured  in  an  ac  field  of  1  G 
(with  no  static  field)  for  frequencies  between  0.1  and  1  ()()() 
Hz.  The  temperature  dependence  of  x'  x"  measured  at 
10  Hz  is  shown  in  Fig.  4.  The  absence  of  an  imaginary  com¬ 
ponent  in  the  low  temperature  range  confirms  our  suggestion 
that  this  is  a  paramagnetic  regime — where  there  are  essen¬ 
tially  no  lo.sses.  On  the  other  hand,  near  the  peak  in  the 
susceptibility  of  a  superparamagnet  (or  a  spin  glass)  where 
the  measuring  frequency  and  relaxation  time  are  related  by 
<u  =  1/t,  the  real  part  of  the  magnetization,  x' >  should  have 
an  inflection  point  while  x"  should  have  a  maximum.'’  The 
data  do  not  show  this  behavior  at  any  measuring  frequency. 
In  addition  there  is  a  weak  frequency  dependence  of  Tj,  (Fig. 
5). 

IV.  SUMMARY 

The  ion  exchange  and  reduction  techniques  which  wc 
have  developed  to  incorporate  small  clusters  of  Fe*’  into  the 


supercages  of  NaY  zeolite  have  produced  novel  samples 
whose  magnetic  properties  can  best  be  described  as  “nomi¬ 
nally  superparamagnetic.”  Some  of  the  anomalous  behavior 
which  is  observed  is  certainly  due  to  a  distribution  of  particle 
sizes  or  possibly  to  particles  which  consist  of  a  mixture  of 
Fc*’  and  Fe^“  leading  to  a  frustrated  spin  glass.  Currently  we 
are  investigating  the  effects  of  multiple  exchange  and  reduc¬ 
tion  on  the  magnetic  properties  and  the  use  of  Mdssbauer 
spectroscopy  to  characterize  the  structure. 
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Spherical  and  monodisperse  Co,„Nifj„  particles  were  prepared,  in  the  micrometer  and  submicrometer 
size  range,  by  the  polyol  process.  X-ray  diffraction  showed  crystalline  particles  with  a  fee  structure. 

From  electron  probe  microanalysis  a  fairly  homogeneous  distribution  of  both  elements  within  each 
particle  was  observed.  Microwave  properties  of  metal  particles  dielectric  matrix  composites  were 
studied  in  the  O.l-lS  GHz  range  for  different  filler  concentrations.  The  intrinsic  permeability  of  the 
metal  powders  was  obtained  using  the  Bruggeman  effective  medium  theory.  The  control  of  the 
particle  size  allowed  the  study  of  its  effect  upon  dynamic  permeability,  Whereas  micrometer  size 
particle  permeability  presents  a  single  resonance  band  at  low  frequencies  which  can  be  correlated  to 
the  low  magnetocrystalline  anisotropy  of  the  particles,  submicronieter  size  particle  permcahilitv 
exhibits  an  original  behavior,  never  reported  before,  with  several  re.sonancc  bands. 


I.  INTRODUCTION 

One  way  to  make  electromagnetic  absorbers  is  to  dis¬ 
perse  ferromagnetic  powders  in  an  insulating  matrix.  Previ¬ 
ous  studies''^  showed  that  the  microwave  properties  of  such 
materials  depend  on  particle  shape  and  granulometry.  Spheri¬ 
cal  particles  present  an  advantage  in  minimizing  permittivity 
level  of  the  composites  whereas  the  maximum  of  the  imagi¬ 
nary  part  of  permeability  decreases  when  the  particle  size 
increases. 

The  polyol  process  is  a  method  for  preparing  fine  metal¬ 
lic  powders  which  has  been  developed  over  the  last  few 
years.'^  This  process  vvhich  applies  to  cobalt  and  nickel  al¬ 
lowed  the  elaboration  of  spherical  and  monodisperse  par¬ 
ticles  with  an  accurate  control  of  the  particle  mean  diameter 
in  the  micrometer  and  submicrometcr  size  range.'’  Our  aim 
was  to  adapt  the  polyol  process  to  the  preparation  of  fine 
bimetallic  cobalt-nickel  particles.  We  focused  the  study  on 
the  Co2()Nisi)  composition  which  corresponds  to  low  magne- 
tocrystalline  anisotropy  in  bulk  alloys.  C.'omposites  were 
made  with  the  Co2oNin()  powders  and  their  microwave  per¬ 
meability  was  measured. 

II.  EXPERIMENTAL  METHODS 

A.  General  description  of  the  polyol  process 

Finely  divided  metal  powders  (Co,Ni,Cu,Pb,  precious 
metals)  are  obtained  by  precipitation  in  hot  liquid  polyols. 
The  reaction  proceeds  according  to  the  following  scheme: 
progressive  dissolution  of  a  suitable  powdered  metallic  com¬ 
pound  (precursor),  reduction  of  the  dissolved  species  by  the 
polyol  itself;  nucleation  and  growth  of  the  metal  particles 
from  the  solution.'* 

in  standard  conditions  the  metallic  nuclei  are  formed 
spontaneously  (homogeneous  nucleation).  However  this  ho¬ 
mogeneous  nucleation  can  be  replaced  by  an  heterogeneous 
one  by  the  formation  of  seed  particles  acting  as  foreign  nu¬ 
clei,  More  generally,  the  kinetic  control  of  the  nucleation  and 


growth  steps  allows  the  synthesis  of  powders  made  up  of 
particles  with  a  well-defined  shape,  a  controlled  size,  and  a 
narrow  size  distribution.*’ 

B.  Preparation  of  Co2QNi8o  particles 

CoNi  particles  were  prepared  as  follows:  cobalt  and 
nickel  acetate  hydrate  were  used  as  precursors,  they  were 
dissolved  in  a  NaOH-ethylenc  glycol  solution;  the  NaOH 
concentration  was  in  the  range  0.5-2  mol  dm  the  precur¬ 
sor  concentratioit  was  typically  0.2  mol  dm  with  a  Co/Ni 
molar  ratio;  20/80.  The  solution  was  stirred  and  heated  up  to 
195  °C;  the  water  and  the  volatile  organic  products  of  the 
reaction  were  distilled  off  while  the  polyol  was  refluxed. 
After  a  few  hours  the  metal  was  quantitatively  precipitated 
from  the  solution,  the  metal  particles  were  recovered  by  cen¬ 
trifugation,  washed  with  ethanol,  atid  dried  in  air  at  50  “C. 
The  use  of  a  basic  solution  of  ethylene  glycol  shortens  the 
reaction  time  and  allows  one  to  obtain,  by  homogeneous 
nucleation,  monodisperse  particles  more  easily.  CoNi  par¬ 
ticles  were  also  obtained  by  heterogeneous  nucleation,  the 
seed  particles  being  tiny  metallic  silver  particles  formed  in 
.situ  by  the  admixture  of  silver  nitrate  dissolved  in  ethylene 
glycol  to  the  original  reactant  solution. 


35  45  55  65  75  85  95 

20/degrees 

l-’Kj.  I,  Xltir  piitturii  Ilf  ii  {'iij||Ni„,i  powiler  uliliiiia-d  hy  i'L'iku;liim  ul'C'o  iiinl 
Ni  HLX-Uili'  ill  NiiOII-ethvIcni;  {>lyi.'iil  siiliition  (C'li  Kir  riiiliiiliiin). 


6570  J.  .^ppl.  Phys.  76  (10).  15  November  1994 


0021-8979/94/7.;(10)/u..-70/3/$6.00 


icj  1994  American  Institute  of  Physics 


FIG.  2.  (a)  Micronic  size  Co2i|NiHi  moiiodispcr.sc  particics  ohiained  by  ho¬ 
mogeneous  nucication  (d,„=1.4  /zm,  <■7=0.2  /tm).  (b)  Submicronic  size 
Co2uNisii  monodisperse  particics  obtained  by  heterogeneous  nucication 
W„=0.33  /ini,  (7=0.05  mui). 

C.  Characterization  techniques 

Phase  analysis  was  performed  by  x-ray  diffraction 
(XRD)  using  a  C.G.R.  x-ray  powder  diffractometer  (Co  Ka 
radiation).  The  form  and  the  size  of  metallic  particles  were 
determined  by  scanning  electron  microscopy  (Philips  505). 
The  average  diameter  and  the  standard  deviation  were  esti¬ 
mated  from  image  analysis  of  —250  particles.  The  distribu¬ 
tion  of  the  two  elements  within  isolated  particles  was  .studied 
by  energy  dispersive  x-ray  spectrometry  (EDS),  the  micro¬ 


probe  being  associated  with  a  .scanning  transmission  electron 
microscope  (STEM).  Magnetization  saturation  of  powders 
and  composites  were  metisured  by  a  vibrating  sample  mag¬ 
netometer. 

Particles  were  randomly  dispersed  in  epoxy  resin  with 
concentration  ranging  from  .tO'-'i  to  5l)'7  by  volume.  Particle 
concentrations  were  determined  by  saturation  magnetiziitioti 
mca.surements.  Microwave  properties  of  composites  were 
measured  in  O.l-lS  (lllz  freiiiiency  range  with  an  AP('7 
coaxial  line  associated  with  a  network  analyzer. 

HI.  RESULTS  AND  DISCUSSION 

Co,,, Nisi,  powders  obtained  aic  well  etysialli/ed  as  evi¬ 
denced  by  XRD  lEig.  1).  The  pattern  can  be  indexed  as  a  tec 
lattice.  It  is  well  known'’  that  nickel  crystallizes  with  a  fee 
lattice  ((/-  ().. 352  .3K  nm)  and  that  there  are  two  cobalt  poly¬ 
morphs;  (’tg-r)  with  a  hexagonal  lattice  and  Cot#)  with  a  fee- 
one  («  -()..3.54  47  nm).  Erom  Eig.  1  it  can  he  inferred  that 
there  is  no  C’otrr'  polymorph  but  it  is  not  possible  to  ascer¬ 
tain  if  f'oiiiNisd  powdeis  are  solid  solutions  or  mixtures  of 
cobalt  and  nickels  Ice  phases  owing  to  the  very  close  '  .dues 
of  the  cell  parameters  of  these  two  phases. 

Typical  examples  of  C'oi,)Nix(i  powders  obtained  by  the 
polyol  process  are  provided  by  the  scanning  electron  micros¬ 
copy  micrographs  in  Fig.  2.  The  lirst  sample  [Fig.  2(a) J  was 
obtained  by  homogeneous  nucication  from  a  2  mol  dm  ■' 
NaOH-ethylenc  glycol  solution.  The  particles  arc  quasi- 
spherical  with  a  mean  diameter  d„,=  1.4  ^m,  a  narrow  size 
distribution  (standard  deviation  (T-0.2  jdm).  and  a  low  de¬ 
gree  of  agglomeration.  The  second  sample  [Fig.  2(b)]  was 
obtained  by  heterogenous  nucication  (Ag/Co+Ni  atomic  ra¬ 
tio:  5X10"-'’),  The  particles  are  smaller  {(/„|=()..53  /xm, 
rr=().05  fxm).  Heterogeneous  nucication  gives  particics  in 
the  submicrometer  size  range  and  allows  their  mean  diameter 
to  be  controlled  by  varying  the  amount  of  AgNO^  used  to 
form  the  silver  seed  particles. 

The  Co/Ni  ratio  in  the  linal  metal  powder  is  the  same  as 
in  the  starting  solution:  20/80.  Chemical  analysis  shows  that 
the  main  impurities  are  carbon  and  oxygen  at  a  level  lower 
than  0.5%  by  weight. 

The  global  composition  ConuNi^,,  is  found  again  for  each 
isolated  particle  analyzed  by  energy  dispersive  spectro.seopy 
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(EDS).  Moreover,  the  distribution  ot  C4ch  clement  uitluii 
one  particle  appeals  fairly  homogeneous  ti  ig  .^i  llosseser.  a 
small  concentration  gradient  can  l>v  observed  from  the  hcait 
to  the  outer  part  of  the  particle,  the  heart  iKing  slightly 
poorer  in  nickel  than  the  outer  part.  Hiis  difference  in  coni, 
position  which  cannot  be  estimated  quantitatively  is  related 
to  different  kinetics  of  reduction  and  precipitation  (or  the  two 
metals. 

Saturation  magnetisation  values  were  typically  75  and 
72  emu/g  for  micrometer  and  submicrometer  si/e  particles, 
respectively.  These  values  are  very  close  to  bulk  metal  value 
and  conoboratc  the  low  level  ot  impurities 

Dynamic  permeability  of  C’oj„Niwi  powders-epoxy  resin 
composite  materials  presents  a  resonance  in  the  (1.1  IK  (ill/ 
range.  The  composite  permeability  ^,.t<ul  depends  on  the  let 
romagnetic  particle  concentration.  It  has  Ix-en  shown 
recently''^  that  a  homogenization  law  adapted  from  Urugge- 
man  theory^  can  describe  this  effect  According  to  these’  stud¬ 
ies  inl’-insic  permeability  /4,(a>l  of  our  powders  was  inferred 
from  composite  permeability  measurements.  I'or  a  given 
powder  the  values  Hiiu).  computed  from  //,(«.»)  tneasure 
ments  for  several  composites  of  different  volume  Iraetiot',. 
were  found  weakly  dependent  on  the  volume  traction  Ihus, 
may  he  considered  as  an  intrinsic  pro|>erty  of  ihc  (xiw- 

ders. 

Figure  4  shows  ^,(a>)  for  Coj^yNi^d.  Ni.  and  Co  powders 
of  comparable  granulometry  in  the  micromeict  range  ITie 
maximum  of  appears  at  1.4.  I  S.  and  0  5  (ill/  lor 

CojoNiwi.  Ni  and  Co  powders,  respectively  Ilie  shift  ot  reso¬ 
nance  bands  observed  with  chemical  composition  can  Ik-  cor 
related  to  a  variation  of  Ihc  magnel(K.'rystalliiic  anisotropy  In 
the  case  of  -a  moniKiomaiii  and  mono  ivstalline  sphere 
Kittel'*  linked  the  resonance  (requcncy  to  the  niagiieiiKrv'. 
tallinc  anisotropy  held: /.  (y2n\H^  //^  v alues  compuied 

from  resonance  trequenvy  measurements  hy  Kittel  lormula 
present  a  variation  with  chemical  conqrosiiion  m  qualilaliee 
igrcemcnl  with  the  variation  o(  the  inisoitup\  loiisuiiIn  re 
ported  (or  Ni.  Co,  and  Ni(  o  allovs 

Effect  of  particle  si/c  upon  miciowj.c  (Kinu-at'iliiv 
were  studied  by  Ikrtbault  rial  with  |H‘rmall<’\  p.iitit.lc>.  m 
the  4  Wi  /im  si/c  laiigc  '  It  w.is  shown  thai  tlu  s.iii.ition  nl 
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the  dynamic  |x:rmc.ibilily  with  giaituloinetry  could  Ik  inter¬ 
preted  bv  the  eddv  cuircnt  cficcis.  We  presen!  here  a  corn 
patison  iK'lwccn  lot  two  Co,|Ni.ai  samples  ol  differ¬ 

ent  graiiulometiics  in  the  mictotiielcr  and  submicionietcr  size 
range  tl  ig  Whereas  mictomtiet  si/e  particles  (</„  1  5 

/iinl  exhibit  a  iK-tmeabilily  curve  with  a  single  lesomincc 
band  the  submictomelei  si/e  particles  (l..t  ^ml  exhibit 
an  original  iK-havun  with  three  resonance  bands  Hits  unex- 
|K‘ctcd  phenomena  lot  particles  exhibiting  uniformity  of 
sha|K'.  size,  and  com|>osiiion.  can  Ik-  clearly  related  to  their 
small  size  Actually,  wc  have  otiserved  a  similar  iK-haviot 
with  lernimagnetic  line  particles  ot  dilferenl  com|K>silion  but 
with  a  similar  mean  diameter  Results  will  Iv  re(>ofted 
elsewhere.'" 'I'o  out  knowledge  such  a  phenomena  has  never 
Ik-cii  u'lNMled  iK'torc  li  c.in  Ik  icniutivciy  rr'ated  cither  to 
the  magnetic  domain  structure  ol  small  particles  ot  to  a  sut- 
lace  clfecl  similar  to  the  elleci  tes|H)nsihle  lor  spin  wave 
resonance  in  thin  lerromagnctie  tilnis 

IV.  CONCLUSION 

The  intrinsic  jK-rmeabililv  ol  Co;,,Nivj,  particles 

having  controlled  and  well-detined  morphological  chaiacter- 
isiic*.  have  iH-en  liieasured  A  size  ellect  has  iK’en  clearly 
evidenced  l  oi  particles  in  the  micronic  si/c  range  .i  single 
rev  naiicc  band  lias  Ik-cii  ofrserved  at  low  itequenev  as  ex- 
|H.-cted  tor  a  inau-rial  with  a  low  magncliK-ry-talltnc  energy. 
Particles  in  the  subnucron  lange  exliibit  an  original  iH'huviot. 
never  icixiricd  iH-lorc.  with  sevcial  resonance  bands 
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Ccercivity  of  Fe-SiOz  nanocomposite  materials  prepared  by  ball  milling 

Ani}  K.  Giri,  C.  de  Julian,  and  J.  M  Gon/alez 

l)c/uirltinu'iil<>  ill'  I'roini’iUidc'i  Oplu  ii'i.  ^Iiinni'lii  ii\  \  tic  Irtinsixirw,  ln\liluto  Jc  (  inn  in  i/c  Unln iii/i"<  ih' 

Mitilrul  (  SU  .  I  Si'irnnii  /■/•V.  \fitihiil.  \/*iiin 

Samples  tiinlaimnj;  lx  natiDparlicles  dis(KrseJ  m  Si().  wctc  piepared  Sn  hijih  enerps  ball  millinj; 

VVf  have  siiulieil  llic  variaiuui  with  ihc  milliiij;  tmie  i>l  Ivilh  (he  satiitalion  ma>>iK-li/ali(iti  ami  itu' 
ciK’rviM'  tnrec  ol  ihese  samples.  I  he  rapid  meiease  ot  meieiviis  \silh  ihe  ileerease  id  iem|Kraliire 
(d'sersed  m  Ihe  loss  lem|H-ialure  ranne  sunfjesled  the  ptesenee  id  su|K’ipatan'aj;iielie  parlieles  m  the 
samples  Si'veitheless,  out  .■\(H'iimenlal  data  vseie  in  (vxir  agieemeid  \silh  ihe  ssell dsiutssn  /  l.iss 
Jes4.rd>m>;  the  ei'citise  tniee  i>(  sii(x'rpaiamaf;netK  p.iitieles  (  iKieis iiies  .is  hi^;h  .is  ‘'41)  and  K*^!)  ( )e 
ssere  obtained  lot  samples  \siih  »  D  '  at  nmm  ltmj>eiiiture  and  at  1  ’’  K.  ies|H'etiseK  I  tom  the 
analysis  ol  the  leincK'taliiie  »lt|xiutenee  id  the  siiliiialion  maj’iieli/atinn  the  spin  ss.ise  siiMiiess 
ennstaiil  Was  obtained  I  his  nii.inlits  e'idemed  Ihe  enhaiieement  id  the  ihetm.il  deni.ij;neli/,ilion 
ass<Kialed  with  ihi  iidmlion  in  size 


I.  INTRODUCTION 


III.  RESULTS  AND  DISCUSSIONS 


Ihe  hiph  eix'Kisils  sallies  lup  to  1  K' '  measuied  lot 
l  e  naiiopailie les  emlxddrsl  iii  insulalin^  oi  eondueliii^  ma 
tlix  h.ise  indmed  a  lot  ol  leseaieh  ssotk  on  the  piepaialioii 
and  ehaiae  leri/ation  ol  this  kiml  ol  iianiK.oMi|)«isile 
mateiials  '  Mosi  ol  these'  malefials  seere  piepaled  b\  spullei 
iit^  teehnique  '  Although  vniie  bulk  piepaialiuiial  meiliiHls 
sueh  as  liijih  enetfis  ball  milling  h.ise  iH'en  sueeessliilU  U'wd 
to  piepaie  luiiosttueluied  mateiials.  onh  a  less  tesulls  have 
Ix'ei!  le'iMiiled  le^ardiii^  Ihe  |>io)Kitie's  ol  metal  nanupaitieles 
prepareil  h\  this  tcehiiique  Ke'eeiitK.  usiii^  hi^h  ein  r^’v  hall 
milling.  Ambfose-  n  ol  prepared  l  e  nanoparlieles  in  an 
A!  ()v  matrix  and  obtained  eix’reisities  of  (dHlOe  at  5  K  and 
.’.'iO  (k'  at  i.Hirn  lem|Kiatuie  In  this  pa|K‘r  we  rejrort  on  the 
incparation  and  detailed  eharaeteii/ation  ol  the  magnetie 
projKTties  ol  1  e  SiO.  nanoeom|rosiiies  prepared  by  high  en- 
eig\  ball  milling. 


II.  PREPARATION  OF  SAMPLES  AND  EXPERIMENTAL 
TECHNIQUES 

Samides  ol  the  senes  l  e,lSi{)d|  ,  with  le  volume  t'rae- 
tion  i  n.  the  range  11  1'  i‘  ().(>.''  were  prepared  by  high 
energy  ball  milling.  The  starting  materials  eonsisted  of  -  .^25 
mesh  he  (xiwdeis  and  sihea  gel  prepared  by  the  conventional 
method'  ol  hydrolysis  and  (Milyeondensalion  of  silicon  'eira- 
ethoxide  in  siaiei  and  I'lhanol  solutions  under  acidic  me¬ 
dium  The  gel  was  dried  in  air  at  K  lor  1.“'  days.  The 
amorphous  nature  ol  silica  gel  was  conlirmed  by  x-ray  dif- 
Ir.iction  i\R!)i  Appropriate  amounts  ol  he  and  SiO;  gel 
were  placed  in  .i  hardened  stainless  steel  vial  with  four  hard¬ 
ened  st.iinless  steel  balls  so  that  Ihe  ratio  of  the  weight  of  Ihe 
balls  to  that  ol  the  [viwdei  was  14  I  Ihe  vial  was  sealed  in 
an  inert  .itmosp.heri:  to  pteseni  oxidation.  Ihese  materials 
were  then  nulled  tor  up  to  ‘’O  h  I  he  .is-niilled  samples  were 
ch.traclei i/ed  t’x  VKl)  .ind  liaiismission  electron  microscopy 
t  II Ml  Magneiii  rneasuiernenis  were  carried  out  in  pressed 
iMiwdet  s.miples  bs  me. ins  o|  sibi.iiir.g  sample  magiielome- 
tei.  su|H'rioridueiing  ipi.intiiin  inteileience  des  ice.  and  .in  ac 
suseeplomeler 


\kl)  pallerns  ol  the  samples  rescaled  .dong  with  the 
presence  ot  le  |X'.iks  ih.il  Ihe  samples  sseie  lice  trom  Ihe 
oxules  ol  le  down  to  the  resolution  ol  the  technique  Ihe 
.isei.ige  !e  gram  size  was  es ablated  trom  Ihe  width  .it  hall- 
maximum  ol  the  till))  letleclion  alter  making  the  coirectivui 
due  to  the  mstrumenl.il  broadening  l  igure  1  shows  the  mill¬ 
ing  lime  de|K.'ndence  ol  the  aveiage  grain  size  as  measured  in 
the  sam|de  with  i  I)  .V  I  rom  hig.  1  a  rapid  decrease  ol  the 
aserage  grain  size  down  to  a  saturation  value  ot  u  nm  is 
apparent  In  Ihe  inset  ol  l  ig.  1  we  plotted  the  saturation  l7(l 
h  milling)  average  grain  size  of  samples  as  a  function  of 
com[>ositions.  ^article  si/.e  and  dispersion  were  examined  by 
TliM.  Figure  2  presents  a  picture  taken  in  a  .v- O..^  sample 
(milled  for  70  h).  rrorn  this  picture  it  was  possible  to  evalu¬ 
ate  the  average  particle  si/.e  as  1  I  ±  2  nm  and  to  observe  the 
excellent  degree  of  dispersion  of  the  particles.  For  all  the 
samples  comparison  of  the  average  grain  and  particle  size 
showed  reasonable  agreement  and  led  us  to  identify  both 
parameters.  In  Fig.  ^  we  present,  for  the  different  composi¬ 
tions  studied,  the  variation  of  the  magnetization  with  the 
milling  time  corresponding  to  an  applied  field  of  10  kOe,  In 
all  the  eases  the  magnetization  decreased  down  to  a 
composition-dependent  saturation  value.  The  milling  time 
dependence  of  the  as-milled  room  temperature  coercive  force 
is  presented  in  Fig.  4.  This  parameter  increased  with  milling 
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lUi  '  Upiul  1I'M  mH't»K'*ph  ol  <hc  vanipli'  <*ilh  i  II 


rUi  4  Hlol  ot  the  coeteive  fuiec  ill,)  vs  the  inillini;  time  Ul  I'hc  inset 
shiiws  a  plot  ot  11,  vs  I  fill  the  70  h  milled  samples 


(iiTiL-  up  Ul  4  inuximuti)  I<s4turmi(>n)  value  which  was 
achieved  aftei  .'Ul  h  of  milling.  1'hc  correlation  oi  these  re¬ 
sults  with  the  milling  time  evolution  oi  the  particle  si/e  al¬ 
lowed  us  to  conclude  that  Ixrth  the  decrease  in  saturation 
magneti/atitm  and  the  increase  of  coercive  force  ssere  origi¬ 
nated  hy  the  reduction  of  particle  si/c.  Regarding  the  first 
quantity  this  correlation  suggests  the  presence  of  superpara- 
magnetic  particles  in  the  samples.  As  tor  the  coercive  force 
the  values  we  obtained  are  larger  than  the  anisotropy  field  of 
I'C  which  evidences  that  an  interaction  different  from  the 
bulk  magneUKTystailine  anisotropy  rules  mugneti/.ation  re¬ 
versal.  I'hc  inset  in  Fig.  4  presents  the  compositional  evolu¬ 
tion  of  the  coercive  force  of  samples  milled  for  7(1  h.  Inter¬ 
estingly  a  maximum  is  obtained  for  .v  =  0.3  which  evidences 
the  (.Kcurience  of  intcrparticic  interaction  since  this  value  is 
clearly  lower  than  the  percolation  concentration. 

In  Fig.  5(a)  we  present  results  correspemding  to  the  tem¬ 
perature  dependence  of  the  magnetic  moment,  m,  for  the 
sample  with  x  =  0.3  milled  for  70  h.  These  results  represent 
the  behavior  of  all  the  samples  studied.  The  magnetic  mo¬ 
ment  was  measured  after  zero  field  cooling  (ZFC)  and  field 
cooling  (FC)  with  two  different  applied  fields  (20  kOe  and 
75  Oe).  Our  data  evidence  the  presence  of  a  fraction  of  su- 
perparamagnetic  particles  in  the  samples.  Nevertheless,  mag¬ 
netometric  measurements  did  i,  )t  allow  us  to  distinguish  any 
variation  of  the  blocking  temperature  either  with  the  compo¬ 
sition  of  the  samples  or  with  the  milling  time  (blocking  tem¬ 
peratures  close  to  4  K  were  observed  in  all  the  cases).  In 
order  to  clarify  this  point  we  measured  the  temperature  de¬ 
pendence  of  the  ac  (1  kHz)  susceptibility  [see  Fig.  5(b) 


FIG.  3.  PUil  of  the  saturation  magnetization  (M,)  vs  the  milling  time  (f). 


where  results  corresponding  to  .e  =  ().3  milled  for  70  h  arc 
presented].  From  these  results  we  obtained  the  blocking  tem¬ 
perature.  //,.  plotted  in  the  inset  of  Fig.  5(b).  The  values 
obtained  ate  m  quantitative  agreement  with  the  magnetomet- 
ric  results,  considering  the  typical  measuring  time  character¬ 
istic  of  both  techniques.  We  cun  uincludc  that  the  average 
volume  of  the  su])erparumagnetic  fraction  of  the  samples  was 
not  influenced  very  much  by  the  preparation  parameters. 
Considering  the  evolution  with  these  parameters  (and  also 
with  the  composition)  of  the  average  particle  size  (XKD  and 
TEM)  we  cun  conclude  that  the  superpuramugnctic  particles 
corresponded  to  the  tails  of  the  size  distribution  and  therefore 
were  only  small  minority.  Going  back  to  thermal  evolution  of 
the  magnetic  moment  of  the  samples  [Fig.  5(a)]  it  is  worth 
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FIG.  .S.  (a)  Plot  of  the  magnulic  moment  (m)  vs  temperatures  (7")  for  the 
sample  with  a  =0.3  milled  for  70  h  (sec  the  text),  (b)  Plot  of  the  ae  suscep¬ 
tibility  (;y)  vs  temperature  (73  for  sample  with  .v  =  0.3  milled  for  70  h.  Inset; 
Plot  of  the  blocking  temperature  (7/,),  as  obtained  from  ae  susceptibility 
measurements,  vs  f-c  volume  fraction  (.t). 
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FIG.  6.  Plot  of  the  .spill  wave  stiffness  constant  (fl)  against  Fc  volume 
fr-iii'.bn  (jr)  for  the  samples  milled  for  70  h  (inset).  Plot  of  H  against  the 
average  grain  size  (d)  for  the  samples  milled  for  70  h. 

pointing  out  that  the  increase  in  magnetic  moment  with  the 
increase  of  temperature  observed  in  the  low  field  curves  can 
be  understood  as  corresponding  to  a  decrease  of  the  magnetic 
anisotropy  with  the  increase  of  temperature,  which  originates 
the  alignment  with  the  field  of  the  moments  of  a  larger  num¬ 
ber  of  particles.  From  the  high  field  m(T)  curve  it  was  p<is- 
sible  to  obtain  the  theimal  evolution  of  the  magnetic  moment 
using  Bloch's  law  given  by  »i(7)  =  m(())(l  where 

B  is  spin  wave  stiffness  constant.  m{T)  and  m(())  arc  the 
moments  at  temperatures  T  and  0  K,  re.spcctivcly.  For  that 
purpose  we  considered  a  temperature  range  clearly  above  the 
blocking  temperature  of  the  supcrparamagnetic  particles.  Our 
results  are  presented  in  Fig.  6  where  we  have  plotted  the 
values  of  R  obtained  from  the  fits  of  the  straight  line  plots  of 
m(T)/ m({))  vs  as  a  function  of  the  composition  and 
average  grain  size  (inset,  for  the  samples  milled  for  70  h). 
The  occurrence  of  the  enhanced  thermal  demagnetization  in 
the  small  particles  (compared  to  the  equivalent  bulk  process) 
is  apparent  from  Fig.  6.  Also  it  is  interesting  to  note  that  our 
B  values  are  of  the  order  of  those  obtained  in  samples  of 
similar  composites  prepared  by  sputtering.'  The  enhanced 
demagnetization  rcsult.s  from  the  influence  of  size  in  the 
electronic  properties  of  the  materials  and  has  been  related  to 
the  occurrence  of  a  cutoff  frequency  in  the  spin  wave 
spectrum. ' 

The  temperature  dependence  of  the  coercive  force  (Fig. 
7)  also  suggested  the  presence  of  superpuramagnetic  par¬ 
ticles  to  which  the  rapid  increase  of  this  parameter  with  the 
decrease  of  temoerature  could  be  ascribed.  This  effect  is 


T(K) 

FIG.  7.  Plot  of  cocri;ivc  force  (H^)  vs  temperature  (T). 

more  clear  for  the  sample  with  x  =  ().l  where  the  coercive 
force  increased  up  to  970  Oe  at  1.7  K.  The  temperature  de¬ 
pendence  of  the  coercive  force  of  our  samples  does  not  obey 
the  law"*  which  can  be  ascribed  to  the  occurrence  of 
interparticle  dipolar  interactions  (evidenced  by  the  composi¬ 
tional  dependence  of  ;he  coercive  force). 

IV.  CONCLUSIONS 

We  have  studied  the  effect  of  particle  size  on  the  mag¬ 
netization  and  coercive  force  of  Fe  nanoparticles  dispersed  in 
silica-gel  matrix  prepared  by  ball  milling.  Reduction  in  par¬ 
ticle  size  originated  a  decrease  of  the  saturation  magnetiza¬ 
tion  and  an  increase  in  both  coercivity  and  spin  wave  stiff¬ 
ness  constant.  It  is  worth  remarking  that  our  room 
temperature  coercive  force  values  were  of  the  same  order  as 
those  obtained  in  Fe-Si02  nanoconip<fsitcs  prepared  by 
sputtering.' 
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■"""Co  spin-echo  nuclear  magnetic  resonance  (NMR)  experiments  have  been  carried  out  at  1.3  and  4.2 
K,  for  external  magnetic  fields  up  to  9  kOe,  in  order  to  study  6-10  A,  single-domain  Co  clusters 
isolated  inside  zeolite  NaY  supercages.  The  magnetic  behavior  is  characterized  by  a 
superparamagnetic  blocking  temperature,  relaxation  time  behavior  for  increasing  and  decreasing 
fields,  and  a  dependence  on  the  magnetic  history.  The  observed  NMR  spectra  are  broad  with 
structural  features  characteristic  of  both  fee-  and  hep-like  short-range  order.  Unlike  bulk  materials, 
the  application  of  fields  up  to  9  kOe  causes  a  dramatic  increase  in  the  signal  intensity.  The  results 
are  discussed  in  terms  of  the  particle-size  distribution  and  crystalline  anisotropy,  and  their 
relationship  to  the  temperature  and  field  dependence  of  the  superparamagnetic/ferromagnetic 


behavior. 

I.  INTRODUCTION 

In  an  earlier  work,  it  was  demonstrated  how  information 
concerning  the  size  and  location  of  Co  clusters  in  zeolite 
NaY  could  be  obtained  by  ""Co  spin-echtt  NMR 
measurements.'  In  particular,  the  superparamagnetic  block¬ 
ing  temperature  was  used  to  obtain  an  estimate  for  the  aver¬ 
age  Co  cluster  size  in  Co/NaY  samples  which  were  prepared 
using  different  thermal  treatments.  Also,  a  selective  chemical 
treatment  with  triphenylphosphine  was  used  to  delerinine  the 
location  of  the  clusters.  It  was  found  that  preparation  of  Co/ 
NaY  under  ‘‘mild"  conditions  (decomposition  and  annealing 
carried  out  at  2(M)  '’C)  resulted  in  the  production  of  ('o  clus¬ 
ters  with  an  average  diameter  of  6-10  A  inside  the  NaY 
supercages,  while  preparation  of  Co/NaY  under  ‘‘extreme" 
conditions  (decomposition  and  annealing  carried  out  at 
500  “Cl  resulted  in  larger  clusters  outside  the  NaY  cages. 

This  work  focused  on  the  interested  magnetic  behavior 
which  characterizes  the  6-10  A,  single-domain  Co  clusters 
isolated  inside  the  zeolite  NaY  supercages.'  In  order  to  study 
this  behavioi.  detailed  ""Co  spin-eclu)  NMR  experiments 
have  been  carried  out  at  1.3  and  4.2  K,  for  magtietic  fields  up 
to  9  kOe.  The  observed  spectra  arc  broad  with  a  primary 
peak  and  a  secondary  peak  characteristic  of  fee-  and  hcp-like 
short-range  order,  respectively.  Unlike  bulk  materials,  the  ap¬ 
plication  of  a  magnetic  field  causes  a  dramatic  increase  in  the 
NMR  signal  intensity  which  is  reversible.  As  described  be¬ 
low.  in  addition  to  a  superparamagnetic  blocking  temperature 
which  occurs  within  this  temperature  range,  the  magnetic 
behavior  is  characterized  by  relaxation  time  effects  for  in¬ 
creasing  and  decreasing  fields,  and  a  dependence  on  the  mag 
netic  history.  [More  precisely,  the  superparamagnetic  relax¬ 
ation  is  blocked  in  the  time  window  of  the  NMR 
measurement  (5  ns).|  These  results  are  discussed  in  terms  of 
the  particle-size  distribution  and  crystalline  anisotropy,  and 
their  relationship  to  the  temperature  and  field  dependence  of 

''On  leave  Irom  l.;in/hou  Unlversiiy.  l.an/lnm.  (lan/u.  I’  R  Chmit. 
'"HreseiU  address:  AKZO  Chemiial  Ine,  I  l.ivinnslnn  Ave  ,  Dnldis  leriv  NV 
10.S22. 


the  superparamagnetic/ferromagnetic  behavior. 

II.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Zeolite  NaY  (Linde  LZY-52)  was  dehydrated  at  5(M) 
for  2  h  in  Ar.  followed  by  C‘os(C‘())x  vapor  absrrrption  at 
room  temperature  in  C’O  atmosphere.  The  yellow  colored 
sample  was  then  thermally  treated  at  2(M)  °(‘  for  1  h  in  Uj  to 
remove  the  carbonyl  ligands,  The  adsrrrbed  hydrogen  was 
subsequently  removed  by  purging  with  Ar  gas  at  2(HI‘’(‘  for 
I  h.  The  Co/NaY  sample  was  evacuated  and  then  sealed  in  a 
I’yrex  tube.  The  final  C‘o  loading  was  approximately  1  wt  ''’e. 

Spin-echo  NMR  measurements  were  carried  out  on  a 
commercial  Matec  model  77(K)  pulse  nurdulator  and  receiver 
(mainframe),  with  matching  Matec  nu)del  765  rf  pulsed  os¬ 
cillator  plug  in  (9()-3(K)  MHz  and  500  W).  The  spectrometer 
system  was  m.alched  with  a  Varian  model  V34()0  electromag¬ 
net  and  I’ieldial  regulated  power  supply  capable  of  fields  up 
to  9  kOc.  Operation  at  liquid  helium  temperatures  was  pos¬ 
sible  with  a  conventional  glass  drtuble-dewar  system  and 
pumping  system.  The  measured  echo  iimplitude  was  normal¬ 
ized  and  divided  by  the  first  power  of  the  frequency  in  the 
usual  manner.  Additional  details  concerning  the  sample 
preparation  procedure,  pulsed  NMR  apparatus,  data  acquisi¬ 
tion.  and  spectral  analysis  can  be  found  in  the  previous 
reprut.' 

III.  RESULTS  AND  ANALYSIS 

l-iguie  1  shows  the  ''*Co  spin-echo  NMR  spectrum  ob¬ 
tained  from  the  Co/NaY  sample  described  above  at  4.2  and 
1.3  K.  for  zero  external  magnetic  field.  As  illustrated  in  I'ig. 
I.  no  NMR  signal  was  observed  at  4.2  K  (solid  diamonds); 
however,  as  the  temperature  was  lowered  to  1 .3  K,  a  broad 
spectrum  with  a  central  peak  at  212  MHz.  dramatically  ap¬ 
peared  (open  circles).  ,\  secondiiry  peak  in  the  spectrum  ex¬ 
ists  at  approximately  222  MHz.  As  indicated  in  the  earlier 
Work.'  a  consideration  of  the  signal-to-noise  ratio  indicates 
that  this  is  indeed  the  result  of  a  blocking  of  the  superpara¬ 
magnetic  relaxation,  atnl  not  just  an  increase  in  the  signal 
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FIG.  1.  ’’Co  spin-echo  NMR  spectra  obtained  for  zero  magnetic  field  from 
6  to  10  A  clusters  inside  zeolite  NaY  supercages;  solid  diamonds.  7'=4.2  K 
(no  signal  observed);  open  circles,  7’=  1.3  K.  The  .sample  was  initially 
cooled  from  room  temperature  to  4.2  K  and  then  1.3  K  in  zero  Held. 
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FIG.  2.  ’’Co  .spin-echo  NMR  spectra  obtained  at  1.3  K  from  6  to  10  A  Co 
clusters  inside  zeolite  NaY  supereages;  solid  triangles.  H-')  kOc;  open 
circle.s,  H  The  sample  was  initially  cooled  from  room  temperature  to  1.3 
K  in  zero  Held. 


inten.sity  due  to  the  Boltzmann  factor.  The  existence  of  a 
superparamagretic  blocking  temperature  in  this  temperature 
range  along  with  an  approximate  value  for  the  crystalline 
anisotropy  for  small  Co  particles  resulted  in  an  estimate  of 
the  average  cluster  diameter  between  6  and  10  A.'  This  is 
supported  by  the  fact  that  a  chemical  treatment  with  triph- 
enylphosphine  does  not  change  the  observed  spectrum,  indi¬ 
cating  that  the  clusters  must  be  protected  by  being  located 
inside  the  NaY  supereages.  Consequently,  an  upper  limit  of 
12  A,  which  is  the  diameter  of  the  supereages,  is  established 
for  the  clusters.  The  principal  peak  at  212  Mil/,  and  second¬ 
ary  peak  at  222  MH/  are  characteristic  of  fee-  and  hep-like 
short-range  order,  respectively.  These  values  are  lower  than 
the  corresponding  bulk  cobalt  values  by  about  7  MHz.  This 
tentative  assignment  seems  rea.sonuble  in  view  of  a  similar 
spectrum  which  was  obtained  from  a  Co/NaY  sample  that 
was  prepared  under  “extreme''  conditions  (decomposition 
and  annealing  carried  out  at  .SOO  ‘’O.  resulting  in  larger  clus¬ 
ters  outside  of  the  NaY  cages.'  The  larger  Co  clusters  were 
characterized  by  a  spectrum  which  was  similar  in  shape  to 
that  presented  in  Fig.  1,  although  about  ly/v  narrower.  The 
two  peak  frequencies  were  quite  close  to  the  bulk  values. 

Figure  2  shows  the  ^'^Co  spin-echo  NMR  spectrum  ob¬ 
tained  from  the  Co/NaY  sample  at  1..3  K  for  external  mag¬ 
netic  fields  of  //=d  kOe  (solid  triangles)  and  //  =  ()  (open 
circles).  The  spectra  illustrated  in  Fig.  2  were  obtained  by 
cooling  the  sample  in  zero  field  from  room  temperature  to 
1.3  K,  measuring  the  H~()  spectrum,  increasing  the  field  to 
//=9  kOe,  and  then  remeasuring  the  spectrum.  It  is  signifi¬ 
cant  to  note  that,  unlike  bulk  materials,  the  application  of 
magnetic  fields  up  to  9  kOe  cau.ses  a  dramatic  increase  in  the 
signal  intensity  which  is  reversible.  This  is  illustrated  in  Fig. 
3  which  shows  the  spin-echo  intensity  (echo  height)  obtained 
at  1.3  K  and  215  MHz  as  a  function  of  the  external  magnetic 
field.  The  open  circles  are  for  increasing  field  and  the  solid 
triangles  represent  decreasing  field.  As  discussed  below,  the 
variation  of  the  NMR  signal  intensity  with  magnetic  field  is 
also  characterized  by  (different)  relaxation  time  behavior  for 
both  increasing  and  decreasing  fields.  The  points  illustrated 
in  Fig.  3  were  measured  for  limes  that  were  long  compared 


to  the  corresponding  relaxation  time,  and  hence,  can  be  con¬ 
sidered  as  equilibrium  values.  Further,  although  it  is  not 
shown  in  either  Figs.  1  and  2,  the  application  of  an  external 
field  of  9  kOe  causes  a  reappearance  of  the  NMR  signal  at 
4.2  K.  Finally,  a  careful  comparison  of  the  two  spectra  illus¬ 
trated  in  Fig.  2  shows  that  the  application  of  an  external  field 
of  9  kOe  causes  a  downward  shift  of  the  spectrum  by  2.5 
±0.5  MHz.  Based  on  an  analysis  carried  out  by  Gossard 
ft  air  for  single-domain  Co  particles,  the  shift  observed  here 
is  about  one-third  that  predicted  from  bulk  behavior. 

Figure  4  shows  the  '"'Co  spin-echo  intensity  (echo 
height)  obtained  for  the  Co/NaY  sample  at  1,3  K  and  210 
MHz  as  a  function  of  time  for  both  increasing  and  decreasing 
external  field.  Here,  the  sample  was  first  cooled  in  zero  field 
from  room  temperature  to  1,3  K.  The  field  was  quickly  in¬ 
creased  to  9  kOe  and  the  time  dependence  of  the  signal  in¬ 
tensity  was  measured  (open  circles).  After  coming  to  equi¬ 
librium  at  9  kOe.  the  field  was  quickly  reduced  to  0  and  the 
signal  intensity  was  again  measured  as  a  function  of  time 
(solid  triangles).  Fitting  the  data  in  Fig.  4  to  single  exponen¬ 
tials  resulted  in  values  o!  47  and  Ui  s  for  the  relaxation  time 


DC  MAGNETIC  FIELD  (kOo) 
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FIG.  4.  '’’’Co  spin-echo  NMR  intensity  (echo  height)  obtained  at  1,3  K  and 
210  MHz  from  6  to  10  A  Co  clu.stcrs  inside  zeolite  NaY  .supercages  versus 
time,  r.  in  s:  open  circles,  field  quickly  increased  from  0  to  0  kOe;  solid 
triangles.  Held  quickly  decreased  from  4  kOc  to  0.  The  sample  was  initially 
cooled  from  room  temperature  to  1.3  K  in  zero  field. 

at  1.3  K  characteristic  of  increasing  and  decreasing  field, 
respectively.  The  corresponding  values  at  4.2  K  were  signifi¬ 
cantly  smaller. 

IV.  DISCUSSION  AND  SUMMARY 

The  magnetic  behavior  of  the  small,  single-domain  Co 
clusters  isolated  inside  zeolite  NaY  supercages  is  character¬ 
ized  by  d  superparamugnetic  blocking  temperature  which  oc¬ 
curs  at  liquid  helium  lemperatures,  relaxation  lime  behavior 
tor  increasing  and  decreasing  fields,  and  a  dependence  on  the 
magnetic  history,  I  he  '“^Co  soin-echo  NMR  spectra  are  broad 
with  u  central  peak  at  212  MHz  and  a  secondary  peak  at  222 
MHz,  which  are  attributed  to  Ice-  and  hep-like  short-range 
order,  respectively.  The  applicalitin  of  fields  up  to  0  kOe 
results  in  a  downward  frequency  shift  of  the  spectrum  which 
is  approximately  one-third  that  expected  for  bulk,  single- 
domain  Co.  For  bulk  multidomain  ferromagnetic  materials, 
the  application  of  an  external  magnetic  field  causes  a  de¬ 
crease  in  the  NMR  signal  intensity  due  to  the  disappearance 
of  the  domain  walls,  'rite  dramatic  increase  in  NMR  signal 
intensity  with  applied  field  that  is  observed  here  for  tlie  small 
Co  clusters  is  worthy  of  special  mention. 

For  zero  applied  field,  a  single-domain  ferromagnetic 
particle  is  magnetized  along  some  easy  cry.stallographic  di¬ 
rection  (for  fee  cobalt,  this  is  the  ( 1 1 1  ]  direction).  The  energy 
requited  to  reverse  the  direction  of  the  m  tgnetizatitm  relative 
to  the  easy  direction  may  be  written  as  AC||V,  where  K,  is  the 
crystalline  anisotropy  constant  and  V  is  the  volume  of  the 
particle.  (It  is  a.ssumed  that  the  particles  are  spherical  and  not 
stressed  by  external  forces,  so  the  shape  and  strain  aniso'.ropy 
can  be  neglected.)  The  single-domain  particles  will  have 
thermal  fluctuations  in  the  magnetization  direction  at  a 
given  temperature  7',  there  exists  a  finite  probability  that  the 
magnetization  vector  will  reverse  its  direction  and  the  time 
titat  describes  how  rapidly  this  occurs  may  be  written 
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T~{av)'  '  c\p(K^.V/k„T), 

where  a  is  a  geometrical  factor  and  kn  is  the  Boltzmann 
constant.'’  The  frequency  factor  v  is  the  Larmor  frequency  of 
the  magnetization  vector  in  an  effective  field 

/7gff=X,./A/j.  The  behavior  of  a  magnetic  particle  depends 
on  the  experimental  observation  time  r„|,s.  For  the 

particle  will  appear  to  be  superparamugnetic,  while  for 
r„i,s<§T,  the  superparamugnetic  relaxation  will  be  blocked  and 
the  particle  will  show  ferromagnetic  behavior.  For  the 
present  NMR  observations,  1/f;  «»5X  10  s,  where  V; 
is  the  resonance  frequency  (or  Larmor  frequency  of  the 
nuclear  moment  about  the  magnetic  field  at  the  nuclear  site). 
Thus,  if  (i.c.,  ferromagnetic  behavior),  the  nuclear 

Zeeman  splitting  caused  by  the  hypertine  field  at  the  nuclear 
site  will  be  observed.  Conversely,  for  I/v/^t  (i.e.,  super- 
paramagnetic  behavior),  the  Zeeman  splitting  and,  conse¬ 
quently,  the  NMR  signal  will  disappear,  A  superparamagnetic 
blocking  temperature  can  be  defined  as  T„  =  K^.VIk/) .  Kiin- 
dig  et  ai*  have  used  the  Mossbauer  effect  to  study  small 
particles  of  a-FciO,  and  /3-Co.  They  find  that  as  the  particles 
transform  from  ferromagnetic  to  superparamagnetic  behavior 
(by  varying  the  particle  size  or  the  temperature),  the  Mdss- 
baucr  .spectra  shows  a  decrease  in  the  Zeeman  structure  with 
a  corresponding  increase  in  the  quadrupole  structure.  The 
relaxation  time  described  above  by  Eq.  ( 1 )  can  also  be  influ¬ 
enced  by  the  application  of  an  external  magnetic  field,  H.  In 
this  case,  'here  will  be  a  magnetic  energy  M ^HV  in  addition 
to  the  anisotropy  energy  K,  V  which  will  contribute  to  the 
superparamagnetic  blocking.  This  will  cause  more  of  the 
(smaller)  particles  to  exhibit  ferromagnetic  behavior  and, 
hence,  contribute  to  the  NMR  signal  intensity.  Further,  the 
application  of  an  external  magnetic  Held  will  cause  the  clus¬ 
ter  moments  to  reorient  such  that  the  internal  fields  at  the  Co 
nuclei  become  more  aligned  perpendicular  to  the  rf  excita¬ 
tion  field  of  the  NMR  spectrometer.  Consequently,  more  nu¬ 
clei  undergo  the  appropriate  transitions  and  the  signal  inten¬ 
sity  is  increased.  It  is  even  likely  that  the  clusters  arc  free  to 
reorient  such  that  the  easy  axes  are  aligned  with  the  magne-ic 
field  in  equilibrium.  The  change  in  magnetic  field  behavior 
shown  in  Fig.  ?>  provides  an  estimate  for  the  anisotropy  field 
of  2  kOe.  For  external  magnetic  fields  in  excess  of  the  H  kOe 
used  here,  the  NMR  signal  intensity  may  eventually  start  to 
decrease  due  to  a  decrease  in  the  domain  enhancement  factor. 
Work  is  currently  in  progress  in  an  attempt  to  extract  a  quan¬ 
titative  description  of  the  cluster  size  distribution  frtmi  the 
field  dejHMKlence  of  the  NMR  signal  intensity. 
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Perfluorocyclobutane  containing  aromatic  ether  poiymers  as  planarization 
materials  for  alternative  magnetic  media  substrates 

Donald  J,  Perettie 

The  Dow  ChemUal  Company,  1702  Buihiinp,  Mittlanil,  Michigan  4H(t74 

Jack  Judy  and  Qixu  Chen 

Univcrsiiy  of  Minnesota,  200  Union  .Street,  .S'.  L.,  Minneapolis,  Minnesota  S54.S5 

Rick  Keirstead 

Nashua  Corporation,  44  Franklin  Street,  Nashua,  New  Hampshire  02061 

Perfluorocyclobutane  aromatic  ether  polymers  (PFCB)  arc  being  researched  as  planarization 
materials  for  alternative  magnetic  media  substrates  allowing  smoother  surfaces  for  lower  head  Hying 
recording.  The  results  of  current  work  reported  herein  have  shown  that  PFCB  can  be  used  to  affect 
surfaces  on  canasile  with  W^j's  less  than  2  nm.  In  addition,  magnetic  media  can  be  produced  of  a 
quality  comparative  to  that  obtained  on  standard  NiP-coated  A1  as  well  as  that  produced  on  regular 
canasite  with  equivalent  coereivities  at  about  15()()-16(K)  Oe  and  squarenesses  of  0.8  or  better.  In 
addition  to  the  above  magnetic  properties  the  recording  performance  was  excellent  with 
signal-to-noise  ratios  of  planarized  media  3.5  dB  higher  than  that  on  regular  canasite. 


I.  INTRODUCTION 

Alternative  or  nonaluminum  magnetic  media  .sub.strates 
have  been  the  topic  of  numerous  discussions  as  well  as  semi¬ 
nar  series  as  presented  by  IDEMA'  and  the  subjcel  of  a 
recent  presentation  by  one  of  these  authors  at  the  Head  and 
Media  Technology  Conference  (1^92)  during  Comdisk.*  In 
addition  to  these  presentations  two  recent  publications  by 
Perettie  at  have  focused  on  the  use  of  benzocyelobutene 
(BCB)  as  a  planarization  resin  for  aluminum  substrates  with 
conceptually  the  same  idea;  the  difference  being  that  the 
BCB  work  required  the  coated  substrates  he  cured  in  an  inert 
atmosphere.  A  continuation  of  this  effort  is  presented  here 
with  the  resin  being  PFCB. 

Perfluorocyclobutane  aromatic  ether  polymers  (PFCB) 
arc  being  researched  as  planarization  materials  for  alternative 
magnetic  media  substrates  allowing  smoother  surfaces  for 
lower  head  Hying  recording.  Canasite  is  a  glass  ceramic  ma¬ 
terial,  and  is  being  used  as  an  alternative  substrate  for  ad¬ 
vanced  magnetic  thin  film  media.  Even  though  the  height  of 
the  automatically  textured  surface  peaks  of  polished  canasite 
arc  uniform,  the  large  peak-to-vallcy  heights  are  not.  How¬ 
ever,  PFCB-coated  canasite  substrates  have  small  and  uni¬ 
form  peak-to-valley  heights  which  should  improve  durability 
and  recording  performance.  The  properties  of  the  materials 
and  the  surface  roughness  of  the  PFCB-coated  canasite  sub¬ 
strates  are  being  reported  here.  The  magnetic  and  recording 


performance  of  the  thin  film  media  deposited  on  PFCB- 
planarized  substrates  arc  compared  with  that  on  regular  ca- 
nasitc. 

II.  EXPERIMENT 
A.  Substrates 

The  surface  morphology  of  the  substrates  was  character¬ 
ized  with  an  atomic  force  microscope  (AFM). 


B.  Magnetic  media 

The  deposition  conditions  of  the  C/CoCr  ( 12  at.  %)  Ta  (2 
at.  %)/Cr  (ilms  are  shown  with  Table  1,  The  magnetic  prop¬ 
erties  of  the  thin  film  media  were  measured  using  a  digital 
vibrating  sample  magnetometer  (VSM).  The  recording  per¬ 
formance  of  the  thin  film  media  were  tested  using  thin  film 
heads  with  0.4  /um  gap  width  and  10.5  /um  track  width.  The 
head  wrote  and  read  back  an  all  ones  pattern  at  a  relative 
linear  velocity  of  10  m/s.  The  Hying  height  was  approxi¬ 
mately  0.2  /um.  The  average  signal  output  amplitude  was 
determined  by  averaging  digitized  wave  forms.  The  medium 
noise  was  obtained  by  subtracting  the  integrated  noise  power 
of  the  recording  system  from  the  total  integrated  noise  power 
over  a  20  MHz  bandwidth. 
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FIG.  1.  Surfiicc  profile  of  rcgoliir  cumisilc  and  I’FCIJ-planarizcd  cana.dle 
.Hubstralus  mca.surud  willi  AI'M. 


III.  RESULTS 

Figure  1  shows  ihc  comparison  of  the  surface  topogra- 
pliy  of  regular  canasitc  and  PFCB-planarized  caiiasite  sub¬ 
strates  measured  with  AFM.  Table  II  shows  the  calculated 
roughness  of  the  two  types  of  substrates  using  tlie  data  from 
AFM  with  showing  mean  roughness  and  indicating 
maxtinum  height  which  is  the  difference  in  height  between 
the  highest  and  lowest  points  on  the  profile  relative  to  the 
mean  line  over  the  length  of  the  profile.  It  is  obvious  that  the 
surface  of  PFCB-planarized  canasitc  substrates  is  much 
smoother  than  that  of  regular  canasitc  substrates. 

The  effect  of  sputtering  parameters  on  magnetic  proper¬ 
ties  of  CoCrTa/Cr  films  deposited  on  NiP/Al  substrates  has 
been  intensively  investigated.  For  example,  it  was  reported 
that  in-plane  coercivity  increases  and  in-planes  decrease  as 
substrate  temperature  increases.”’  The  same  relative  result  is 
true  for  the  CoCrTa/Cr  films  deposited  on  PFCB-planarized 
substrates.  In  addition,  C/CoCrTa/Cr  films  were  deposited  on 


TABLE  II.  Surface  ’•ouglmcss  cif  regular  and  I’I'('B-|iliiiiari/.cd  canasitc. 
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lABLIi  III.  Magnetic  properties  of  Cy('o(’rTa/Cr  films  dcpo.sitcd  on  canii- 
site  and  P!-CH-coatcd  canasitc  substrates. 
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pure  canasitc  and  PFCB-coatcd  canasitc  substrates  under 
h'-nUica!  deposition  conditions  but  at  different  experimental 
runs.  The  magnetic  properties  of  the  films  deposited  on  ca¬ 
nasitc  substrates  are  not  subject  to  the  effect  of  the  possible 
outgas.sing  from  PFCB  polymer.  The  magnetic  properties  of 
the  CoCrTa/Cr  films  arc  shown  below  in  Table  Ill. 

The  coercivity  of  the  magnetic  files  deposited  on  PFCB- 
coated  substrates  is  higher  than  those  of  films  deposited  on 
canasitc  sub.stralcs  as  shown  above.  Figure  2  also  shows  the 
comparison  of  signal-to-media  noise  ratio  of  C/CoCrTa/Cr 
films  deposited  at  identical  conditions  on  canasitc  and 
PFCB-coatcd  canasitc  substrates,  respectively. 

The  deposition  conditions  of  these  samples  arc  shown  in 
Tabic  1.  The  preheat  temperature  was  200  °C  with  the  mag¬ 
netic  properties  of  the  samples  shown  in  Table  Ill.  The  media 
deposited  on  PFCB-coatcd  canasitc  substrates  exhibit  about 
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3.5  dB  higher  signal-to-media  noise  ratio  than  the  films  on 
canasite  substrates.  The  films  deposited  at  300  °C  also  shew 
the  similar  results. 

IV.  CONCLUSION 

PFCB  polymer  films  can  be  used  to  affect  a  surface 
smooth  on  canasite  with  7?^  's  less  than  2  nm  in  50  /xm  .scan 
size.  CoCrTa/Cr  thin  film  media  deposited  on  PFCB-coated 
canasite  exhibited  higher  coercivity  and  a  3.5  dB  higher 


signal-to-noise  ratio  over  a  wide  range  of  recording  densities 
in  comparison  to  media  deposited  on  regular  canasite  sub¬ 
strates. 


'  Allcrnalive  ■Suhstratc.'i  presented  ai  IDEMA  Seminar.  IW.t  and  l'W4. 
^Hcad  and  Media  Technology  Conference,  November  l‘W2. 

'j.  Magn.  Soc.  Jpn.  15,  Supplement,  No,  S2  (10*11). 

■'lEEETrans.  Magn.  MAC;-27.  (1001). 

'M.  Eu  <•(  fl/..  IEEE  Trans.  Magn.  IVIA(;-28,  (1002). 
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Anomalous  perpendicular  magnetoanisotropy  in  Mn4N  films  on  Si(100) 

K,  M.  Ching,  W.  D,  Chang,  T,  S.  Chin,  and  J.  G.  Duh 

Department  of  Materials  Science  and  Engineering,  Tsing  Hua  University,  Hsinchu,  Taiwan,  Republic  of 
China 

H.  C.  Ku 

Department  of  Physics,  Tsing  Hua  University,  Hsinchu,  Taiwan  30043,  Republic  of  China 

Ferrimagnetic  Mn4N  films  were  deposited  on  Si  (100)  substrate  by  de  reactive  magnetron  sputtering 
from  sintered  Mn  target.  Highly  (002)  textured  Mn4N  ordered  phase  is  formed  in  situ  at  studied 
substrate  temperatures  of  150-250  °C  without  further  annealing.  Anomalous  perpendicular 
magnetoanisotropy  exists  in  these  face-centered  cubic  films  with  larger  coercivity  measured 
perpendicular  to  the  film  (2000-3000  Oe)  than  that  parallel  (1100-1300  Oe),  as  is  the  remanence. 
Coercivity  in  either  direction  decreases,  while  the  saturation  flux  density  (from  240  to  610  G) 
increases  with  increasing  substrate  temperature.  The  anomalous  perpendicular  magnetoanisotropy  is 
attributed  to  (1)  the  stress-induced  anisotropy  due  to  in-plane  tensile  stress  coupled  with  a  reverse 
magneto.striction,  and  (2)  the  shape  anisotropy  due  to  columnar  grain  structure. 


I.  INTRODUCTION 

In  1932  Ochsenfeld  observed  that  manganese  takes  up 
nitrogen  at  about  1100  °C  and  gives  it  off  again  at  1300- 
1320  °C,  and  that  the  nitrided  product  has  a  Curie  point  of 
about  500  °C,  a  coercive  force.  He,  of  200  Oe,  an  intrinsic 
induction  of  200  G  under  an  applied  field  of  600  Oe,  and  a 
remanence,  Br,  of  110  G.' 

Although  there  was  an  argument  that  Mn4N  is 
ferromagnetic,*’^  according  to  the  result  of  neutron  diffrac¬ 
tion  in  1962,  the  Mn4N  compound  was  identified  to  be  a 
ferrimagnetic  material,-*  which  can  be  formulated  as 
Mn(I)NMn(II)3.  It  crystallizes  in  a  perovskite-derived  struc¬ 
ture  ABXji  A  is  Mn(I)  at  the  corner  position,  B  is  N  at  the 
body  center,  and  X  is  Mn(II)  at  face  centers  of  the  cubic  cell. 
Mn(l)  has  a  large  moment  (3.53  (in  at  300  K)  with  antipar¬ 
allel  spin  alignment  with  respect  to  Mn(II)  (-0.89  /i,)  at  300 
K),  leading  to  a  ferrimagnetic  order  of  the  lattice  with  a  total 
magnetization  at  300  K  of  0.86  (ig  per  formula  unit.-* 

It  is  arduous  to  synthesize  Mn4N  powder  by  traditional 
ceramic  processes,  because  it  requires  high  temperature 
(>925  K),  long  reaction  time  (>200  u),  and  precise  atmo¬ 
sphere  control."'  However,  through  the  assistance  of  technol- 
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FIG.  1.  X-ray  diffraction  patterns  of  as-deposited  MlijN  lilms  at  various 
substrate  temperatures  shown. 


ogy  like  sputtering,  it  is  possible  to  obtain  such  films  much 
more  ea.sily,  because  high  temperature  phases  could  be  suc¬ 
cessfully  deposited  at  low  substrate  temperatures,  On  the 
other  hand,  Mn4N  films  were  rarely  studied.  One  report  stud¬ 
ied  Mn4N  films  prepared  by  facing  target  reactive  sputtering 
and  obtained  a  film  with  saturation  flux  density  of  510  G  and 
coercivity  of  less  than  900  Oe.'”*  It  is  interesting  to  investigate 
again  other  synthesis  methods  and  magnetic  properties  of 
such  films.  In  this  study,  Mn4N  films  have  been  prepared  by 
dc  reactive  magnetron  sputtering  at  low  substrate  tempera¬ 
tures  on  Si  (100)  substrate.  Structure  and  magnetic  properties 
of  the  films  were  studied. 

II.  EXPERIMENT 

The  Mn4N  films  were  prepared  by  dc  reactive  magnetron 
sputtering  from  sintered  Mn  (99.9%)  target.  The  substrates 
used  were  Si  (100).  The  vacuum  system  was  pumped  to  the 
base  pressure  of  SXIO”'"*  Torr.  Ultrahigh  purity  Ar  and  Nj 
gases  were  first  mixed  at  a  ratio  of  80:40  seem,  and  the  total 
pressure  during  deposition  was  set  at  3  mTorr,  controlled  by 
a  needle  valve.  The  substrate  temperature  was  varied  from 
150  to  250  °C.  Distance  between  the  target  and  the  substrate 
was  3.5  cm. 

The  resultant  films  were  examined  by  x-ray  diffract- 
ometry  (XRD)  using  Cu-Ka  radiation  at  a  scanning  speed  of 
r/min  for  phase  identification.  Hysteresis  loop  both  perpen¬ 
dicular  and  parallel  to  the  film  plane  were  measured  at  room 
temperature  by  using  a  vibrating  sample  magnetometer  with 
a  maximum  applied  field  of  20  kOe.  The  sign  of  magneto¬ 
striction  coefficient  was  measured  by  a  strain  gauge.  Micro- 
structure  of  the  films  was  observed  by  means  of  a  scanning 
electron  microscope  (SEM).  Stress  of  the  films  was  mca- 


TABLli  I.  Magnetic  properties  of  MiijN  vs  substrate  temperature  (7',,  in 
"O.  .S'  is  the  squareness  ratio.  H,  in  Oe,  It  ,  in  G. 
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FIG.  2.  Hysteresis  loops  measured  perpendicular  (1)  and  parallel  (||)  to  the 
lilm  plane  of  a  Mn^N  film  deposited  at  225  °C. 
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FIG.  3.  lypical  magnetostriction  vs  appued  Held  of  a  Mn4N  film, 


sured  by  a  film  stress  measurement  apparatus  (FSM).  Thick¬ 
ness  of  th  ’  films  was  measured  by  means  of  a  stylus  method. 

III.  RESULTS  AND  DISCUSSION 

Films  of  fixed  1.2  /u.m  thickness,  as  monitored  by  eji'  situ 
thickness  measurements,  were  deposited  on  Si  (100)  at  sub¬ 
strate  temperature  (T^)  of  150,  175,  225,  and  250  °C,  respec¬ 
tively,  with  a  controlled  deposition  rate  of  27  nm/min.  Figure 
1  shows  the  XRD  patterns  of  films  deposited  on  Si(lOO) 
substrates.  The  films  exhibit  a  strong  Mn4N  (002)  texture 
with  distinguishable  (001)  superlattice  reflection.  The  degree 
of  ordering,  estimated  from  the  peak  height  ratio  between 
(001)  and  (002)  diffractions,  is  practically  the  same  for  all 
Tf.  There  are  contaminative  phases,  MnO  and  a-Mn.  The 
amount  of  MnO  increases  with  due  to  higher  oxidation 
tendency  for  a-Mn  on  the  substrate  with  residual  oxygen. 
While  the  amount  of  a-Mn  decreases  with  increasing  due 
to  oxidation. 

Idagnetic  properties  of  the  films  are  shown  in  Table  I. 
For  an  fee  structure,  large  magnetic  anisotropy  is  not  usually 
anticipated.  However,  it  is  not  true  for  the  deposited  Mn4N 
films.  Comparing  the  hysteresis  loops  of  the  films  measured 
parallel  (|i;  to  the  film  plane  with  those  perpendicular  (1) 
(sec  Fig.  2)  the  perpendicular  coercivity  (Hcj^)  and  rema- 
nence  (Br^^),  hence  the  perpendicular  squareness  (5^)  are 
always  much  larger  than  Hc||,  Bry,  and  5||,  for  all  substrate 
temperatures  (T^).  Specifically,  Hc^  can  be  1  8-2.3  times 
higher  than  Hcy.  Due  to  much  higher  He  values  and  larger 
squrreness  ratio  in  the  perpendicular  direction,  the  films  de¬ 
posited  on  Si(lOO)  show  apparently  perpendicular  magnetic 
anisotropy.  A''o  it  is  found  that  saturation  flux  density  (Bs) 
increases  with  increasing  .  The  film  deposited  at  250  "C 
has  a  Bs  of  610  G,  which  is  34%  of  the  theoretical  value 


TABLE  II.  The  in-plane  stress  of  the  films  vs  substrate  temperature  (T, , 
in  “C). 


Sample 

T, 

Stress  (MPa) 

At 

150 

622 

A2 

175 

648 

A3 

;'25 

667 

A4 

250 

730 

(1770  G).  This  discrepancy  should  arise  from  impurity 
phases  (e.g.,  Mn  and  MnO)  embedded  in  the  films. 

By  FSM  measurement,  it  was  found  that  films  show  in¬ 
plane  tensile  stress,  which  increases  with  increasing  substrate 
temperature,  as  shown  in  Table  II.  Further,  by  measuring 
with  a  strain  gauge  bonded  on  the  film,  it  was  confirmed  that 
films  deposited  on  Si  (100)  at  various  substrate  temperatures 
have  negative  magnetostriction  coefficient  \  in  the  film 
plane,  as  shown  in  Fig.  3.  However,  precise  magnetostriction 
was  not  possible  by  this  method.  Magnetoelastic  anisotropy 
constant  Ku  can  be  calculated  by  the  following  formula;* 

Ku=-(3/2)\(t  (1) 

since  cr  of  the  films  is  positive,  the  reverse  magnetostriction 
makes  a  positive  Ku,  that  is  the  perpendicular  magne¬ 
toanisotropy. 

Besides,  microstructure  observation  of  the  films  by 
SEM,  as  shown  in  Fig.  4,  reveals  that  films  are  in  fact  com¬ 
posed  of  columnar  grain  structure  which  gives  rise  to  the 
shape  anisotropy  that  is  proportional  to  the  square  of  satura¬ 
tion  magnetization.  For  the  grain  shown  in  Fig.  4,  the  aspect 
ratio  is  estimated  to  be  5.6,  giving  rise  to  a  shape  anisotropy 
constant  Ks  of,  assuming  the  grain  structure  is  perfect  having 
a  theoretical  saturation  magnetization, 

Ks=(Na—Nc)Ms^=^  1.1X10*  ergs/cm*.  (2) 


FIG.  4.  A  typical  SF.M  micrograph  of  a  Mn.N  film  showing  cro.ss-sectional 
view  of  the  film  structure. 
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The  contribution  of  the  shape  anisotropy  to  coercivity 
would  be  as  high  as  760  Oe,  which  is  within  the  reasonable 
increment  range  as  comparing  the  perpendicular  coercivity  to 
that  parallel. 

IV.  CONCLUDING  REMARKS 

(1)  Ferrimagnctic  Mn4N  films  with  ordered  structure  and 
(002)  texture  can  be  successfully  deposited  at  low  substrate 
temperatures  from  150  to  250  °C  by  using  dc  magnetron  re¬ 
active  sputtering  from  sintered  Mn  target  onto  Si(lOO)  sub¬ 
strate  without  any  further  annealing. 

(2)  Anomalous  perpendicular  anisotropy  exists  in  these 
films.  The  coercivity  measured  perpendicular  to  the  film 
plane  (2000  to  3000  Oe)  is  1. 8-2.3  times  that  measured 
parallel.  The  perpendicular  raagnetoanisotropy  is  attributed 
to  the  combined  effects  of  (a)  the  stress-induced  anisotropy 


caused  by  in-plane  tensile  stress  coupled  with  a  reverse  mag¬ 
netostriction,  and  (b)  the  shape  anisotropy  caused  by  colum¬ 
nar  grain  structure. 
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Formation  kinetics  of  poiycrystaliine  Eu2  -xC®xCu04-y  obtained 
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Polycrystiilliiic  sampIcMif  I  II;  ,('c,(  u(),  >  (ti.O-  »•  (I.IS)  were  picparcd  from  a  sol-jjcl  prctursiir 
and  sintered  in  air  at  different  teni|x,Tatuies.  From  the  x-ray  diffraction  results,  the  beginning  of 
Eui  ,C’c,(’u()4  j  phase  formaliim  is  observed  by  increasing  the  sintering  temperature  up  to  .*i(K) 
as  indicated  by  the  presence  ol  very  broad  Bragg  reflections  l>elonging  to  the  desired  phase.  At 
7(K)  °C,  Eu;  ,('e,C’u()4  ^  coexists  with  Eii^Oi.  CeO;.  and  ('uO.  Addttional  sintering  at  ‘f.'iO  °C'  in 
air  for  20  h  results  in  single  phase  materials.  The  effectiveness  of  Eu  replacement  by  C'e  in  the 
EU2CUO4  pristine  phase  has  been  confirmed  by  a  decrease  in  the  lattice  parameter  c  with  increasing 
.V,  Also,  the  solubility  limit  of  C'e  in  these  series  was  found  to  be  higher  than  .v  =0.1.''.  The  results 
of  thermal  analysis  reveal  that  the  eutectic  temperature  7',.'^  1020  °('  is  C'e  independent.  On  the  other 
hand,  the  pcritectic  temperature  increases  significantly  with  increasing  Ce  concentration.  It  is 
close  to  r,,«=1180°C  for  Eu;Cu04  and  r^,*"ll“.S°C'  for  Eu,  |xC’u04  Thermogravimel.  ic 
analysis  performed  during  the  heating  process  in  all  samples  studied  revealed  a  weight  loss  of 
■^1.5%  at  the  pcritectic  temperature.  This  weight  loss  has  been  attributed  to  an  oxygen  removal 
which  is  partially  recovered  during  the  cooling  process. 


I.  INTRODUCTION 

Since  the  discovery  of  electron-doped  superconductors 
by  Tokura,  Uchida,  and  Takagi'  many  investigations  towards 
the  new  class  of  Ln2_4Ce4Cu04_j.  (Ln=Pr,  Nd,  Sm,  Eu; 
0.0«a:«0,20)  based  materials  have  been  carried  out  in  order 
to  better  understand  the  relationship  between  their  crystallo¬ 
graphic  structure  and  physical  properties.*'^  Compounds  of 
Ln2_xCe^Cu04_y  crystallize  in  the  so-called  T'  (Nd2Cu04) 
structure,  but  their  physical  properties  strongly  depend  on  the 
host  Ln  and  the  substituent  Ce  or  Th.^"’  In  fact,  this  is  mir¬ 
rored  in  the  observed  superconducting  critical  temperature 

it  is  almost  constant  '=^23  K  for  Ln  =  Pr,  Nd,  and  Sm,  and 
it  decreases  significantly  for  Eu  (r^.’^l.l  K).  In  addition, 
when  Ln  is  replaced  by  heavier  Gd,  although  the  T'  structure 
is  preserved,  the  material  does  not  reveal  superconducting 
properties  for  x  up  Some  authors  have  proposed 

that  Gd2..^Ce^Cu04_y  should  show  superconductivity  for  at 
higher  than  the  Ce  solubility  limit,  which  is  close  to  l).15. 
This  upper  limit  should  be  related  to  the  structural  instability 
originated  by  the  growth  of  the  intraplanar  stresses.''  Com¬ 
pounds  of  Eu2-4Ce4.Cu04..y  are  on  the  frontier  of  this  prob¬ 
lem  involving  crystallographic  properties  and  the  appearance 
of  superconducting  properties.  Up  to  now,  few  studies  have 
been  carried  out  on  the  crystallographic  and  physical  prop¬ 
erties  of  Eu2_;tCe^C“04-,v  compounds.^"^'^ 

The  conventional  procedure  used  to  obtain  polycrystal¬ 
line  samples  of  Ln2-iCe^Cu04  ._v  compounds  utilizes  simple 
oxides  as  starting  materials  and  subsequen.  heat  treatments 
to  promote  Ce  diffusion  into  the  T'  structure,  Usually,  these 
heat  treatments  are  carried  out  at  temperatures  above  the  eu¬ 
tectic  temperature  T^, ,  which  involves  the  presence  of  a  liq¬ 
uid  phase. On  the  other  hand,  it  is  desirable  that  sintered 


■'Permanent  address;  Faculdadc  de  Engenharia  Ouimica  de  Ixrrcna,  CP  16, 
12600  Lorena,  SP.  Brazil. 


materials  should  be  as  homogeneous  as  possible.  This  im¬ 
plies  samples  sintered  without  the  presence  of  a  liquid  phase, 
provided  that  an  appropriate  Ce  diffusion  also  occurs. 
Among  several  processes  available  in  the  literature,  the  sol- 
gel  route  allows  homogeneous  samples  and  complete  Ce  dif¬ 
fusion  at  sintering  temperatures  well  below  the  eutectic 
temperature.'^ 

In  this  work  we  focus  on  the  preparation  of  polycrystal¬ 
line  Eu2-.4Ce4.Cu04_4,;  O.O^x^O.lS,  starting  from  a  sol-gel 
precur.sor,  All  samples  were  heat  treated  in  air  and  at  differ¬ 
ent  temperatures  up  to  950  °C.  The  formation  of  the  desired 
phases  were  accompanied  by  x-ray  diffraction  measurements 
and  thermal  analysis.  We  have  also  determined  either  the 
eutectic  temperature  T,,  or  the  pcritectic  temperature  Tp  in  all 
samples  studied. 

II.  EXPERIMENTAL  DETAILS 

Powders  of  Eu2-4Ce4.Cu04_^,;  a:=0.0,  0.05,  0.10,  0.15, 
and  0.18,  were  prepared  as  de.scribed  below.  Initially,  appro¬ 
priate  amounts  of  high  purity  EU2O4  were  dissolved  in  75  ml 
of  water  and  10  ml  of  65%  HNO3  in  a  beaker  to  form  “3.5 
g  of  the  desired  phase.  The  solution  was  heated  on  a  hot  plate 
at  —50  °C  under  magnetic  stirring.  After  the  complete  disso¬ 
lution  of  the  EU2O2,  stoichiometric  amounts  of 
(NH4)2Ce(N03)h  and  Cu(NOi)2  were  slowly  added  to  the 
solution.  Ethylene  glycol  ("40  ml)  and  7.6  g  of  citric  acid 
were  also  dissolved  in  the  mixture.  The  resultant  blue  solu¬ 
tion  was  heated  at  T—lOO  °C  and  magnetically  stirred  to 
evaporate  water  in  order  to  form  a  homogeneous  mixture.  A 
brown  NO2  gas  evolution  during  the  heating  process  was 
frequently  observed.  Then,  the  solution  was  heated  until  it 
initiates  a  process  of  polymerization  through  a  transforma¬ 
tion  into  a  green  gel.  The  product  was  then  transferred  to  an 
alumina  crucible,  and  subjected  to  a  continuous  heating  up  to 
150  “C.  When  the  product  dried,  it  reacted  by  spontaneous 
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ignition,  iranstorming  into  a  fine  hrown  (lowdci  !  Ins  (lowilci 
was  heal  Ircalcil  in  air  in  a  inufllc  furnac’t  at  tcmjX'tatiircs  o! 
.MK).  MX),  7(X),  and  ‘>M)  "C  for  22  h. 

In  order  to  characterise  these  |X)wders,  \-ray  diilraction 
measurements  (XRDi  and  thermal  analysis  were  |H-rlormed. 
The  XRD  measurements  were  taken  in  a  Jena  /eiss  llRI)-<> 
diffractometer  with  Ni  filtered  (  uA'rr  radiation.  All  samples 
were  measured  between  10"-^.2H“=70"  with  angular  scan¬ 
ning  of  O.O.'i".  All  measurements  were  made  at  ambient  tem¬ 
perature,  latttice  parameters  were  obtained  through  the  re¬ 
finement  of  the  corrected  peak  prrsitions  utilizing  a  least- 
square  program. 

The  XRD  reflections  belonging  to  |H)lycrystalline 
samples  of  Eu;,  .Ce,Cu04  ,,  O.O^  .v-O.lS,  were  ind.-sed 
according  to  the  symmetry  of  the  tetragonal  /  "  phase, 
namely  the  /4/mmm  space  group.'"'"  A  computer  simulated 
pattern  was  generated  by  using  the  experimentally  calculated 
lattice  parameters  and  by  replacement  of  lai  by  Eu  aird  Ce  on 
the  atomic  coordinates  of  the  '/  '  structure.""  I  he  simulated 
and  the  experimental  patterns  were  in  good  agreement,  ssith 
typical  deviation  ^3%  for  the  intensity  t)f  the  Bragg  reflec¬ 
tions. 

Differential  thermal  analysis  and  thermogravimetric 
analysis  (TG)  were  performed  in  air  by  using  Aip<  as 
the  reference.  The  temperalure  /  ranged  between 
20  °C«7'«14()0  °C.  Heating  and  cooling  rates  of  K)  °(7min 
have  been  employed  in  these  measurements. 

III.  RESULTS  AND  DISCUSSIONS 

While  the  as-dried  precursors  revealed  low  crystallinity. 
Fig.  1  displays  XRD  patterns  measured  on  polycrystalline 
samples  of  Eui,i,5Ceo,i5Cu04..  ^  heat  treated  at  several  higher 
temperatures:  5(K)  °C  (a),  700  "C  (b),  and  d50  °C  (c).  In  Fig. 
1(a),  the  XRD  pattern  of  the  heat-treated  powder  at  .SIX)  °C' 
shows  very  broad  reflections  which  are  strong  evidence  for 
low  crystallinity.  Some  of  these  broad  peaks  have  been  iden¬ 
tified  as  belonging  to  CuO  and  EuiOv  All  the  reflections 
belonging  to  Ce02  arc  probably  overlapped  with  tho.se  ol 
EujOi.  A  few  reflections  attributed  to  Eu-.  .,Ce,Cu04 
phases  are  also  identified.  Additional  sintering  at  700  °C 
[Fig.  1(b)]  promoted  the  crystallization  process  of  the  de¬ 
sired  phase.  However,  vestiges  of  reflections  belonging  to 
EujOj,  CuO,  and  CeOj  were  still  present.  The  lattice  param¬ 
eters  obtained  for  sintered  samples  at  700  °C  showed  that 
they  have  intermediate  values  between  EU2CUO4  and 
Eui  85Ceo.i.sCu04_.j„  suggesting  a  partial  Ce  diffusion  at  this 
temperature. 

Finally,  sintering  at  T=950  °C  for  20  h  [Fig.  1(c)] 
resulted  in  almost  single  phase  material  for 
Eui,85Ce(,,i5Cu04_,,.  A  very  small  unidentified  peak  at 
-29.0°  has  been  detected  in  all  samples  studied  and  it  is  the 
object  of  future  work.  Similar  XRD  patterns  as  those  shown 
in  Fig.  1  were  obtained  for  other  x  values,  except  for  x=0.0. 
For  this  particular  concentration  and  sintered  samples  at 
500  °C,  the  XRD  patterns  showed  additional  peaks  (not 
shown),  which  were  attributed  to  Ce-free  complexes  formed 
during  the  ignition  of  the  mixture. 

By  comparing  the  diffractograms  obtained  in  heat- 
treated  samples  at  950  °C  with  different  Ce  concentrations. 
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I'ICi.  1  XRD  piiiii;rtis  of  hcal-lrcatcil  polycrystalline  samples  of 
lain, Ceil  |,Cu()4  ,  dUferenl  temperatures:  .S(KI  °C  (a).  7(H)  “C  (b),  and 
V.SO  "C  (c).  rile  desired  phase  is  marked  with  Miller's  indexes. 

the  lattice  parameter  evolution  has  been  followed.  This  can 
be  made  by  monitoring  the  observed  shift  in  the  (006)  peak 
in  samples  with  different  f.  It  shifts  to  higher  20  angles  with 
increasing  A',  while  the  (200)  peaks  are  almost  constant  since 
the  lattice  parameter  a  shows  small  changes  with  increasing 
Ce  concentration.  Another  perceptible  evidence  of  Eu  re¬ 
placement  by  Ce  is  the  observed  enlargement  of  the  (103)- 
(110)  peak  separation  with  increasing  Ce  concentration.  Fol¬ 
lowing  this  analysis,  the  lattice  parameters  a  and  c  have  been 
calculated  from  several  reflections  and  the  relevant  data  are 
shown  in  Fig.  2.  The  lattice  parameter  c  decreases  with  in¬ 
creasing  Ce  concentration,  while  the  lattice  parameter  a  is 
almost  constant  for  all  the  range  studied.  The  decrease  in  the 
lattice  parameter  c  with  increasing  Ce  concentration  strongly 
suggests  that  Ce^  ions,  with  an  effective  ionic  radius  0.97 
A,  replaces  Eu*^'\  with  an  effective  ionic  radius  1.066  A,  in 
these  series.  The  calculated  lattice  parameters  were 
0  =  11.902(2)  A  for  EU2CUO4  and  c=  11.834(3)  A  for 

Eui  n2Ce()  ij|Cu04 
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FIG.  2.  Lattice  parameters  a  and  c  as  a  function  of  Cc  concentration  of 
polycrystalline  samples  of  Eu2-^Cej,Cu04  .-v- 


The  results  of  differential  thermal  analysis  performed  on 
the  as-grown  powders  (not  shown)  revealed  a  broad  endo¬ 
thermic  peak  in  the  range  of  temperatures  between  260  and 
530  ®C  with  a  promineiit  maximum  at  -4(K)  “’C.  Such  a  peak 
has  been  associated  with  the  desired  phase  formation.  At 
higher  temperatures,  we  also  have  observed  two  endothermic 
peaks:  one  of  them  close  to  the  temperature  r,.~  1020  "C  and 
the  other  one  close  to  temperature  T',,'*'  1 1 90  ‘’C.  The  first  one 
has  been  attributed  to  a  eutectic  temperature  T,.  and  the  other 
one  to  the  peritectic  temperature  7",, .  We  have  obtained  these 
temperatures  for  all  the  samples  studied  and  the  relevant  data 
are  shown  in  Table  1.  It  is  worthwhile  to  mention  that  a  small 
variation  Ar<5  “C  has  been  found  in  the  determination  of 
the  eutectic  temperature  for  all  samples  studied.  Similar  be¬ 
havior  has  been  not  observed  at  the  peritectic  temperature 
which  increases  with  increasing  Ce  concentration.  For  ex¬ 
ample,  it  is  close  to  1178  °C  for  EU2CUO4  and  it  is  close  to 
1195  ®C  for  Eu,  H2Ceo  ij,Cu04_^.  Similar  behavior  in  the 
peritectic  temperature  as  a  function  of  Ce  content  has  also 


TABLE  I.  Eutectic  temperature  {T,)  and  peritectic  temperature  (7’,,)  mea¬ 
sured  in  polycry-stallinc  samples  of  Eu2  ,,Cc^Cu04-,.,  0.0SAr=sO.lH.  These 
temperatures  were  obtained  from  differential  thermal  analysis  measurements 
pcrforrcii'd  in  air. 


X 

T,  (  °C) 

7,C’C) 

0.0 

1178(5) 

0,05 

1021(3) 

1188(3) 

0.10 

1018(3) 

1190(.3) 

0.15 

1023(3) 

1191  (.3) 

0.18 

1025(3) 

1195(.3) 

been  observed  In'  Oka  and  Unoki''  in  isomorphic  scries  of 
Nd.  .Cc.CuO,  (I.O-  A  vJl.3. 

The  results  ol  Td  (not  shown)  revealed  a  large  weight 
loss,  about  ly't  of  the  total  mass,  during  the  reaction  of  the 
tormalioi)  of  the  phases.  This  weight  loss,  which  occurs  at 
lem|KTalures  between  2.^0  ”('1=  is  believed  to  be 

related  It)  the  decomposition  of  the  complexes  into  simple 
oxides  as  1  u.Or.  f'e()2.  and  (  uO.  Another  weight  loss, 
which  is  of  the  order  of  1.2r{.  near  the  peritectic  temperature 
- 1  l‘fO  has  been  also  observed,  during  the  heating  pro¬ 
cess.  Htiwever.  this  weight  loss  was  found  to  be  reversible 
during  the  cooling  process.  Such  a  weight  loss  was  then  at¬ 
tributed  to  the  oxygen  removal  from  the  T'  structure.  This 
point  is  now  being  explored. 

From  these  results  and  the  preliminary  dl.scussion  made 
above,  one  can  surmise  that,  in  .samples  prepared  through  the 
sol-gel  process,  the  Cc  diffusion  into  the  T'  structure  occurs 
even  at  low  temperatures  (7'=s95()  “C).  Such  a  complete  dif¬ 
fusion  can  be  explained  by  invoking  features  of  the  precursor 
material  as  a  higher  contact  surface  that  improves  the  diffu¬ 
sion  at  low  sintering  temperatures,  etc. 

In  summary,  the  formation  of  polycrystalline 
Eu,  .  ,Ce,.Cu04  ,.,  ().()=eAr^().18,  prepared  from  a  sol-gel 
precursor,  has  been  investigated.  The  desired  phase  has  been 
obtained  at  sintering  temperatures  up  to  700  °C,  but  the  com¬ 
plete  Cc  diffusion  only  occurs  at  •=»950  °C.  This  temperature 
is  well  below  the  eutectic  temperature  of  =*=1020  °C.  The  Ce 
solubility  limit  was  found  to  be  higher  than  j:=0.15  in  these 
series.  Thermogravimetric  analysis  showed  a  small  weight 
I0.SS  near  the  peritectic  temperature.  This  weight  loss  was 
found  to  be  reversible  and  it  was  attributed  to  an  oxygen 
removal  from  the  T'  structure. 
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A  periodic  chain  of  N  magnetostatically  coupled  uniaxial  particles  is  considered  within  the 
nearest-neighbor  approximation  of  weak  coupling.  The  time-dependent  magnetization  of  the 
ensemble,  which  .elaxes  thermally  in  constant  reversing  field,  is  calculated  using  a  master  equation 
approach.  It  is  found  that  at  very  small  applied  fields  the  net  magnetization  relaxes  via  simple 
exponential  decay  while  at  large  reversing  fields  its  relaxation  becomes  multiexponcntial.  It  is 
conjectured  that  at  large  N  this  effect  gives  rise  to  field  induced  logarithmic  decay. 


In  a  recent  work'  we  analyzed  the  evolution  of  an  array 
of  N  identical  interacting  uniaxial  particles  whose  magneti¬ 
zation  reverses  by  thermally  activated  coherent  rotation. 
Such  an  array  has  up  to .  /  '=2^  distinct  metastable  configu¬ 
rations  and  its  evolution  may  then  be  given  by  the  master 
equation 

.  I  ■ 

dnildt=  -  (H 

*=i 

where  n,  is  the  probability  that  the  system  finds  itself  in  the 
/'th  configuration  and  Kn,  is  the  matrix  of  transition  probabili¬ 
ties  between  these  configurations.  By  conservation  of  prob¬ 
ability  S,7i|  =  1  and  hence  for  every  k.  Zero  is  thus 

an  eigenvalue  of  K  to  which  there  corresponds  the  stationary 
state  of  thermal  equilibrium.  We  shall  address  first  the  formal 
properties  of  Eq.  (1):  If  K  is  independent  of  time  (constant 
applied  field  H  and  temperature  T)  and  if  it  has  no  degener¬ 
ate  eigenvalues  then  the  solution  of  Eq.  (1)  assumes  the 
simple  form  HiiO  =  where  u'*'  is  the  eigen¬ 

vector  corresponding  to  the  eigenvalue  (r,=()  and  is 
the  thermal  equilibrium  probability  distribution)  while  the 
integration  constants  are  to  be  determined  from  initial 
conditions.  Let  further  Af,  =  /n,M, ,  M,  is  saturation  magne¬ 
tization,  be  the  magnctizatioi.  of  the  /th  configuration  whose 
reduced  magnetization  is  m,.  The  nonequilibrium  magneti¬ 
zation  then  becomes 


,  I  ■ 


M{t] 

i  =  Af,S 
*=  1 

(2) 

where 

the  weights  w* 

arc  defined  as 

=  Equation  (2)  may  be  viewed  as  an  av¬ 
erage,  =  over  a  discrete  distribution  w  nor¬ 
malized  by  initial  conditions,  M(())/Af ,  =  ,  equilibrium 

magnetization,  M  =  M  The  time  dependence  of  Af  (r)  is 
determined  by  the  index  function  w*  and  one  may  encounter 
simple  exponential,  multiexponential,  or  logarithmic  decay. 
In  either  case  one  may  write 

,  / ' 

S{t)= -dM(t)ld  \n(llta)  =  M (3) 

(r^  is  an  arbitrary  time  scale).  Logarithmic  decay  is 
observed^  if  the  the  sum  5(r)  maintains  its  peak  value  over 


long  periods  of  time.  The  distribution  of  relaxation  rates 
within  the  sample  is  usually  attributed  to  a  distribution  of 
activation  volumes  or  nucleation  fields'  '  but  Eq.  (1)  shows 
that  a  similar  effects  may  occur  also  due  to  the  presence  of 
interparticlc  coupling.  This  conclusion  has  been  reached  pre¬ 
viously,  within  a  mean  field  theory,  by  1-ottis  et  al,‘* 

The  determination  of  the  matrix  K  poses  a  major  prob¬ 
lem.  We  have  analyzed'"'  the  case  of  two  magnetostatically 
coupled  particles  described  recently  by  Ch^n  el  al.''  The  easy 
axes  of  the  two  particles  are  aligned  with  applied  field  and 
their  bond  angle  /3=()  or  ttI2.  To  the  first  order  of  small 
coupling  .strength  p  (defined  below)  the  magnetization  rever¬ 
sal  of  the  particle  pair  takes  place'  '’  by  single  particle  switch¬ 
ing  events  during  which  one  particle  remains  frozen  at  the 
metastable  minimum  while  the  other  particle  reverses  in 
magnetostatic  field.  At  larger  p  both  particles  deviate  initially 
from  the  metastable  minimum,  but  only  one  of  them  over¬ 
comes  the  energy  barrier  while  the  other  returns  back''  and  at 
even  largci  p  In/th  particles  reverse  simultaneously." 

We  consider  here  a  chain  of  N  identical  uniaxial  par¬ 
ticles  with  individual  energies  Af,- ACTIsin’ W, -2h  cos  0,) 
where  K  is  the  anisotropy  constant,  V  is  the  activation  vol¬ 
ume,  and  I),  is  the  angle  spanned  by  the  applied  field  H  =  //k 
and  the  magnetization  of  the  /th  particle.  The  reduced  field 
h  =  H/H„,  //„=  2/C/Af , ,  Following  C'hen  etui.’'  we  write 
/■'i„,  =  2A.’V'r/la,  a^-.3(r’a,)(r  aj)l  for  the  interaction  energy 
of  two  particles  at  a  distance  R  from  each  other, 
p=Af  ;V/(2AfW')  is  the  coupling  constant,  a,  is  a  unit  vector 
in  the  direction  of  the  magnetization  of  the  /th  particle,  and 
r=sin /3i-l-co.s /3j,  fi=[)  or  trll.  We  assume  here  the  weak 


FICi.  1.  A  schematic  representation  of  the.  transition  matrix  K  for  /V  =  4 
particles, ,  /  =6,  with  periodic  boundary  conditions.  Labcied  arrows  repre¬ 
sent  transitions  between  individuai  coniiguralions  and  their  respective  rates. 
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Flo,  2.  The  weights  M'j  for  N-H  al  seicctcti  values  of  reversing  applied 
Held  h.  Ihe  system  was  initially  saturated  and  l(iVi  =  l.  Coupling  strength 
/i=().()3  for  ()^irl2  and  /)=l).tl5  for  /J=(l.  The  scaling  factor  *|yj„n=1.5  and 
I-  ''r  ~ is  il"!  smallest  nonzero  eigenvalue  of  K. 


coupling  limit  of  single  particle  reversals,  periodic  boundary 
conditions,  and  nearest-neighbor  interactions.  There  exist' 
then  only  six  independent  relaxation  rates 

TTT-nt^TtT,  (4) 

itT-iit-itI,  (5) 

iTi-iii-iti,  (6) 

where  Kai+i  =  /o  exp[  --  ^(1  -h  and  K2/.^2 

=  /o  exp[  -  q{\  -  /i‘‘(j=/i  +  e(/3),  and 

h^^=h  —  ei/3),  with  e(())~4p  and  e(7r/2)-  -2p.  For  the  pre¬ 
factor  we  take  the  value^  Hz  and  we  set 

q=^KVIkgT~25  throughout.  All  possible  metastable  con¬ 
figurations  of  four  particles  (.// ’=6)  are  schematically  shown 
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Fit).  .1.  llic  derivative  S(t)  plotted  vs  the  sealed  lime  rr,.  r>  =  rj(p./i). 
Af  =  8,  P-tt/Z  (lop),  and  p-i)  (bottom).  Applied  Held  /i  =0  (solid  lines)  and 
/i=().()5  (dashed  lines).  Coupling  strength  p=()  (no  murks),  p~().()l  (*), 
/)=0.().1  (O),  and  p=().()6  (*)  if  /3=7r/2;  /)=().().■)  (•),  P=().l  (O),  and 
P=().I.S  (a)  if  p={). 


in  Fig.  1.  Here  /fn=4K|,  K^2=-K4,  K2i  =  -4ki, 
^:2='^2+2/<,-l-rf,,  etc.  For  large  N  we  use  a  separate  pro¬ 
gram  which  classifies  all  configurations  and  writes  down  the 
FORTRAN  code  for  K  =  K{Kj)  which  is  sparse  and  the 
initial  value  problem  (1)  is  fairly  easily  solved"  even  for 
large  N. 

The  associated  eigenvalue  problem  is  numerically  much 
more  demanding  since  K  is  not  symmetric  and  its  eigenval¬ 
ues  are  not  necessarily  real  though  Re  by  construction. 
In  order  to  gain  some  insight  into  the  problem  we  shall  re¬ 
strict  ourselves  here  to  a  small  number  of  particles, 

.1  ‘=S27,  where  the  eigenvalue  problem  is  easily  solvable.  In 
all  cases  Af(0)  =  A/,.  and  /ii(0)  =  l  (see  Fig.  1).  Then  all  ei¬ 
genvalues  are  real''  and  for  A^  =  8  we  show  the  weights  w*  in 
Fig.  2  and  the  corresponding  functions  5(f)  in  Fig,  3.  The 
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two  bond  angles  share  a  common  feature:  At  very  small  h 
only  a  single  eigenstate  is  excited  and  one  observes  simple 
exponential  decay  regardless  of  the  coupling  strength  and  the 
h—0  curves  are  thus  almost  identical,  The  exception  is  the 
p=-0.()6  curve  and  we  ascribe  its  irregular  behavior 
to  a  t  reakOown  of  the  weak  coupling  limit.  With  growing  h 
ever  h  gher  eigenstates  are  excited  .so  that  the  system,  which 
at  zero  field  exhibited  simple  exponential  decay,  relaxes  mul- 
tiexponentially.  The  two  graphs  of  Fig.  2  arc  unlike  in  their 
character:  At  zero  bond  angle  the  weights  are  highly  oscilla¬ 
tory  (also  note  the  scale)  while  at  (3- nil  they  resemble,  in 
particular  at  higher  fields,  a  smooth  distribution.  This  leads 
us  to  conjecture  that  at  very  large  N  and  sufficiently  large 
reversing  fields  the  weights  may  assume  the  aspect  of  a 
real  distribution  function  and  give  rise  to  a  field-induced 
magnetic  viscosity  which  vanishes  if  the  applied  field  is  re¬ 
moved. 

The  finding  that  the  number  of  open  relaxation  channels 
depends,  in  interacting  systems,  on  the  magnitude  of  applied 
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Fine  equiaxed  y-Co,Fe2  ,0.1  (•'  =(),  0.06)  particles  with  a  diameter  ranging  from  200  to  10(M)  A 
were  prepared  by  chemical  precipitation.  The  average  crystallite  sizes  were  determined  from  x-ray 
litu  broadening  measurements.  The  saturation  magnetization  and  magnetocrystalline  anisotropy  of 
the  particles  were  dete.M.tined  by  using  the  approach  to  saturation.  An  empirical  linear  dependence 
of  the  specific  saturation  magnetization  rr,  on  the  specific  surface  area  .V„  of  the  fine  crystallites  was 
obtained  in  the  form  of  (t,(S)  ^  (r,(=c)(  1  -ASJ.  The  slope  A  which  reflects  the  surface  spin  canting 
anomaly  is  different  for  y^FciO,  and  y-CootiftFci  particles.  Under  the  supposition  of  the  fine 
crystallite  consisting  of  two  parts,  i.e.,  the  surface  layer,  whose  magnetic  moment  cannot  be  turned 
entirely  along  the  direction  of  the  applied  field,  but  makes  an  average  canting  angle  with  the  field, 
and  the  inner  part,  who.se  magnetic  moment  can  be  aligned  along  the  direction  of  the  applied  field, 
the  above  formula  can  be  interpreted  well.  The  different  slope  A  for  'y-Fc20,  and  ■>^Co,)„(,Fcn,40, 
particles  may  be  caused  by  the  different  ani.sotropics  of  the  two  series  particles. 


I.  INTRODUCTION 

More  recently  the  spin  canting  anomaly  and  its  origin  in 
fine  ferrimagnetic  particles  have  experienced  a  renaLssance 
of  fresh  research  activities.'’  The  surface  spin  canting 
anomaly  in  fine  ferrimagnetic  particles  was  demonstrated 
more  than  two  decades  ago,"  and  it  was  found  that  the 
smaller  the  particles,  the  larger  the  reduction  of  the  sa.uration 
magnetization. “*  However,  the  results  of  the  specific  satura¬ 
tion  magnetization  decreasing  with  the  reduction  of  the  par¬ 
ticles  or  crystallites  size  have  not  been  explained  yet.  The 
origin  of  this  phenomenon  is  still  a  matter  of  dispute.^""’  As 
Co-y-Fe202  particles  or  crystallites  have  become  the  funda¬ 
mental  structural  units  of  very  high  density  magnetic  record¬ 
ing  media,  it  is  necessary  to  study  the  dependence  of  the 
specific  saturation  magnetization  (cr,)  on  the  specific  surface 
area  (S^)  of  the  fine  crystallites  in  detail. 

!n  this  article,  the  relationship  between  cr,  and  of  the 
crystallites  of  equiaxed  7'-C0(Fc2 (jc  =  (),0.()6)  particles 
with  various  sizes  arc  studied.  An  empirical  formula  of 
cr,(S)- tr ,.(»)(!  -ASJ  was  obtained.  The  results  are  well 
explained  with  the  assumption  of  the  surface  spin  canting. 
The  different  slope  A  may  be  caused  by  the  different 
anisotropies  of  the  two  series  particles. 

II.  EXPERIMENT 

The  equiaxed  ■y^Co^.Fe2-,03  U  =  0,0.06)  particles  with 
the  diameter  from  200  to  1000  A  were  prepared  by  chemical 
precipitation.  The  samples  with  x  =0  are  denoted,  in  the  fol¬ 
lowing,  as  series  F,  and  the  ones  with  x=0.06  as  series  C, 
respectively.  The  crystal  structure  of  the  particles  was  deter¬ 
mined  by  using  a  SRA  M18XHF  x-ray  diffractometer.  The 
average  crystallite  sizes  were  determined  from  x-ray  diffrac¬ 
tion  line  broadening  measurements  by  using  the  Scherrer 
formula.^’  The  morphology  of  the  particles  was  determined 
by  using  a  Hitachi  H-7()0  transmission  electron  micro.scope. 
The  magnetic  properties  and  magnetocrystalline  anisotropy 
of  the  particles  were  measured  at  295  and  79  K  by  using  a 
LDJ  vibrating  sample  magnetometer  with  a  maximum  field 


of  20  kOe.  The  saturation  magnetization  of  the  particles  was 
obtained  by  a  \/H  extrapolation  to  infinite  field. 

111.  RESULTS  AND  DISCUSSION 

All  the  particles  were  determined  with  the  structure  of 
y.Fe202  with  a  crystalline  lattice  parameter  fl,)=8.35  A,  and 
no  other  phase  was  found.^  The  particles  arc  equiaxed  with  a 
small  size  di.siribution.  The  dependence  of  a  on  l/H  for  sc¬ 
ries  C,  measured  at  295  and  79  K  arc  shown  in  Figs.  1(a)  and 
1(b),  from  which  a,  can  be  obtained  by  extrapolation  to 
infinite  field.  As  the  result,  the  average  crystallite  size  D,  5^ 
under  the  assumption  of  cubic  crystallites,  as  well  as  cr,  are 
listed  in  Table  1.  The  dependence  of  tr,.  on  of  scries  C  and 
F  at  295  and  79  K  are  shown  in  Figs.  2(a)  and  2(b),  respec¬ 
tively.  It  can  be  seen  clearly  that  for  the  two  series  a,  de¬ 
creases  linearly  with  the  increasing  at  both  295  and  79  K. 
These  results  arc  very  similar  to  that  of  Mollard  et  al*  and 


FIG.  1.  The  dependence  of  ir  on  i/H  of  series  F  at  (a)  29.S  and  (b)  79  K. 
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TABLE  1,  1  he  measured  D,  ,S'„ ,  and  tr,  at  245  and  7‘J  K  of  scries  F  and  C. 


Sample 

D  (A) 

.S'„  (nF/g) 

(r,  (emu/g) 

79  K  29.S  K 

F-A 

4.11 

28.4 

71.1 

66.0 

F-B 

.105 

40.2 

70.1 

61.5 

F-C 

I5t 

81.1 

67.4 

58.9 

ID 

119 

101,1 

66.2 

57.6 

F-E 

10.1 

119.1 

62.7 

51.8 

(.'-A 

7(iS 

I.S.9 

K4.2 

71.8 

C  B 

2.11 

-Sl.l 

78.8 

65.1 

C-C 

1.S9 

7(>.S 

7.S.4 

60.5 

C-D, 

too 

11S.1 

72.5 

.55,6 

C-D, 

91 

1.14.1 

65.2 

49,2 

also  to  that  of  the  estimated  data  from  Berkowitz  el  at'* 
These  dependencies  can  be  expressed  as  the  following  em¬ 
pirical  linear  formula: 

<r,(.S'u)  =  <r,(»)(  1 -/f.S’u).  (1) 

where  is  the  specific  saturation  magnetization  of  the 

particles  composed  of  the  crystallites  with  an  average  diam¬ 
eter  D,  the  specific  saturation  magnetization  when  S„ 
approaches  zero,  and  A  the  slope  of  the  straight  line.  The 
values  of  and  J  by  linear  regression  of  rr>(.V^) 

vs  S„  for  series  F  and  C  are  listed  in  Table  11. 

Various  assumptions  have  been  proposed  to  explain  the 
decrease  of  the  saturation  magnetization  with  the  decrease  of 
particles  and/or  cry.stallites  size.  Some  of  them  arc,  (I)  the 
magnetization  is  actually  reduced  by  adsorbed  water  and  a 
noncollincar  spin  arrangement;’  (2)  the  nonmagnetic  grain 
boundary  may  instead  be  a  magnetic  boundary  in  which  the 
spin  suffers  considerable  canting,  and  at  4.2  K  the  random- 
angle  assumption  is  equivalent  to  an  average  canting  angle  o<' 


0  30  60  90  120  150 


So  (f'^Vg) 


FIG.  2.  The  dependencies  of  (f,  on  of  series  t'  and  C:  measured  at  (a)  29S 
and  (h)  79  K. 


TABLE  It.  The  values  nf  (r,!*)  and  1  hy  linear  regre.ssion  of 

vs  .V„  for  series  F  and  C  at  29,S  and  79  K. 


trA'- 

)  (cimi/gl 

l<L(').4 

1  (emu/m'l 

Sample 

295  K 

79  K 

295  K 

79  K 

F 

69. 1 

71.8 

11.12 

0.08 

(■ 

71.9 

86.1 

0.17 

I1.14 

.*>4.5°,’*  which  is  copsisleni  with  the  results  of  Coey  el  al.,^ 

(3)  the  crystallites  in  acicular  y-Fe^O,  particles  are  separated 
by  a  nonmagnetic  grain  boundary  on  the  order  of  b  A  wide;"' 

(4)  in  small  particles  below  the  superparamagnetic  blocking 
icmperalure.  ihe  magnetization  direction  fluctuates  around  an 
average  minimum  cirrresponding  to  an  etisy  direction  of 
magnetization  with  average  angle  (cos 

In  order  to  analyze  the  effects  of  the  lluctuation  on  the 
magnetization  reduction  of  the  particles,  the  coercivities, 
measured  at  7‘)  K.  of  samples  F-D  (242  Oe)  and  C-Di 
(2737  Oe)  were  first  taken  into  tq.  (2)"* 


2K 

\  — 

2^k„r 

1  : 

1 

KV 

to  calculate  the  elfeclive  anisotropy  constant  K,  and  then 
estimate  (cos  «), ,  respectively.  The  results  are  listed  in  Table 
III.  I  •rom  the  large  differences  between  the  calculated 
(cos  lt>i  ^  values  and  the  measured  ones  (cos  W)i.m  [mea¬ 
sured  from  Ihe  curves  of  7V  K  for  samples  F-D  and  C-Di  in 
Fig.  2(b)  and  Table  II,  respectively  ],  one  knows  that  the  mag¬ 
netization  reduction  with  the  increasing  ,V„  cannot  be  ex¬ 
plained  by  the  magnetization  thermal  lluctuation. 

We  assume  that  the  fine  crysudlile  consists  of  two  parts. 
The  first  part  is  the  noncollincar  surface  layer  with  a  thick¬ 
ness  /,  whose  magnetic  moment  cannot  be  turned  entirely 
along  the  direction  of  the  applied  magnetic  field,  but  makes 
an  average  canting  angle  o  with  respect  to  the  field  direction. 
The  second  one  is  the  inner  part,  whose  magnetic  moment 
can  be  aligned  along  the  direction  of  the  applied  magnetic 
field.  Under  this  circumstance  the  measured  rr,  of  the 
samples  is  actually  contributed  by  the  effective  magnetic  vol¬ 
ume  not  by  the  geometric  volume  Vi, ,  i.e., 


KiiM. 


(r,(.S'„), 


(>■,('«). 


(3) 


where  p  is  the  density  of  the  corresponding  materials  and  in 
this  article  it  is  taken  as  4,')  g/cm'  for  both  y-FciO,  and 
rC''niv.F''|  .uOi  particles. 

According  to  this  model  and  neglecting  the  small  values 
of  higher  powers  of  /,  the  relationship  between  rr,  and  .S'„  can 
be  deduced  as 


TABLI; 

<Cll.S  II), , 

ill.  I'hc  iiKTisurcil  H,  . 
of  samples  I'-D  and  C’-l) 

V^.  (ci)s  ll), 

,  at  79  K. 

,  anil  the 

calculated  K, 

Sample 

//.lOel  Intern') 

A'tcrg/cm') 

(cos  H), 

(cos  r/),,*, 

F-D 

242  8.8X10 

1.1  XU)' 

0.98 

0.85 

C-D; 

27.17  1.9X10 

1.4  X  10" 

0.99 

0.76 
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TABl.E  tv. 

The  measured  A . 

assumed  a  and  ' 

calculated  i  of  series 

F'  and  C, 

Sample 

T  (K) 

A  (tn  ‘g) 

(ridcgl 

/(A) 

F 

74 

1.14x11)  ' 

.54.7 

(t 

F 

24.S 

].77x  11)  ' 

.54.7 

H 

C‘ 

74 

]. 02x11)  ' 

.14.7 

8 

C 

24.5 

2. .14x11)  ' 

54.7 

11 

y-FcjOp 

4.2 

.14.5’ 

4-7'’ 

y-FcjO,'' 

4.2 

2.01x10 

.14.7 

l.V’ 

y  Fc-O,' 

241 

1.20X10  ' 

54.7 

'Measured  from  Mdssbaucr  erfcci, 

'’Measured  from  the  relation  of  rr,  vs  the  average  particles'  size. 
'Reference  8. 

''Reference  4. 

'Reference  9. 


O' AS  a) 


Vcfl 

v„ 


=  1  -  ( 1  —  COS  a)ptS„ . 


(4) 


Comparing  Eq.  (4)  to  Eq.  (1),  one  knows  that  the  measured 
linear  dependence  of  has  the  same  form  to  that 

of  the  deduced  one  wun  an  equation  of 


/4=(1 -cos  a)p/,  (5) 

Therefore  according  to  the  measured  A  in  Eq,  (1)  and  the 
assumed  a  in  Eq.  (5)  one  can  calculate  the  thickness  t  of  the 
noncollinear  surface  layer. 

It  is  worthy  to  point  out  that  in  Figs.  2(a)  and  2(b)  there 
are  obvious  differences  in  slope  A  between  series  F  and  C  at 
the  same  temperature  and  between  295  and  79  K  for  one 
series.  At  a  certain  temperature,  as  shown  in  Figs,  2(a)  and 
2(b),  y-Co,|,oftFei,940.,  particles  show  a  larger  slope  than  that 
of  y‘Fc20;,  particles.  And  for  a  certain  series  the  slope  is 
larger  at  79  K  than  that  at  295  K.  According  to  Eq.  (5)  the 
slope  of  the  straight  line  is  affected  by  two  independent  fac¬ 
tors  a  and  t.  If  one  factor  is  measured  or  assumed,  then  the 
other  one  can  be  calculated  from  Eq.  (5),  Morrish  el  alA 
have  assumed  that  for  y-FejO,  particles  a  is  54.5°.  If  assum¬ 
ing  a  for  both  y-Fe20,i  and  y-Coo.ohFei  U4O,  particles  and  at 
both  79  and  295  K  to  be  34.7°,  then  we  can  obtain  the  thick¬ 
ness  t  of  the  noncollinear  surface  layer. 

The  measured  A,  assumed  a  and  calculated  r  for  scries  F 
and  C  are  listed  in  Table  IV.  As  a  reference,  the  results  of 
Morrish  ef «/.,“  Mollard  el  al.A  as  well  as  Berkowitz  et  aiA 
are  also  listed  in  Table  IV.  From  this  table  one  knows  that  the 
measured  relationship  between  (tAS^)  and  can  be  ex¬ 


plained  with  the  simple  model  of  the  fine  crystallite  being 
consisted  of  the  spin  collincar  core  and  the  spin  canted  sur¬ 
face  layer.  Under  the  assumption  of  the  same  <r, 
y-CoiKK.Fei  yjO,  crystallites  show  a  larger  /,  8  and  II  A  at 
295  and  7‘>  K,  respectively,  than  those  of  y-Fe,0,  crystal¬ 
lites.  b  and  8  A  at  the  above  two  temperatures.  The  different 
slopes  of  the  different  straight  lines  for  series  F  and  ('  may 
be  caused  by  the  different  effective  anisotropies  of  the  two 
series  particles.  The  magnetocrystalline  ani.sotropy  constants 
A I  were  determined  by  using  the  approach  to  saturation  at 
295  K  to  be  2.2xl()'  ergs./cm'  for  series  C  and  4.4x10'' 
ergs/cm'  for  series  F,  respectively.  The  larger  thickness  1  of 
the  surface  spin  canting  layer  for  series  C,  comparing  to  that 
of  series  F,  may  be  caused  by  the  larger  effective  magneto- 
crystalline  anisotropy  of  the  particles. 

IV.  CONCLUSION 

The  specific  saturation  magnetizations  of  both  y-FciO, 
and  y-  ii(,Fe  1  (mO,  particles  decrease  linearly  with  the  in¬ 
creasing  specifie  surfaee  area  of  the  fine  crystallites.  The 
results  can  be  explained  with  the  model  of  the  spin  canted 
surface  layer.  The  fine  crystallites  consist  of  two  parts,  i.e., 
the  surface  layer,  whose  magnetic  moment  cannot  be  turned 
entirely  along  the  direction  of  the  applied  field,  but  make  an 
average  canting  angle  with  the  field,  and  the  inner  part, 
whose  magnetic  moment  can  be  aligned  along  the  direction 
of  the  applied  field.  With  this  u.ssumption,  the  empirical  lin¬ 
ear  formula  of  rr,  and  S„  can  be  interpreted.  The  different 
thickne.ss  I  of  the  surface  spin  canting  layer  between  series  F 
and  C  may  be  caused  by  the  different  effective  anisotropies 
of  the  two  series  particles. 
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Magnetic  properties  of  nanometer-sized  Fe4N  compound  (abstract) 
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Beijing  100  OSO,  China 

Nanomctcr-sizcd  magnetic  materials  have  attracted  a  lot  of  attention  because  of  their  potential 
applications  in  the  fields  of  ferrotluids,  high  density  magnetic  recording,  and  magnetic  refrigeration. 
The  sol-gel  method'  has  been  considered  to  be  effective  for  creating  dispersions  of  small  metal 
particles  in  nonmetallic  materials.  In  this  work,  nanometer-sized  Fe-N  compound  particles  were 
prepared  by  nitrogenating  the  iron-boron  oxide  glass  powders,  which  were  synthesized  by  the 
sol-gel  method  from  ethylene  glycol  gel.  The  magnetic  properties  of  nanometer-sized  iron  nitride 
were  measured  by  a  vibrating  sample  magnetometer  (VSM).  The  specific  magnetic  moment  tr  is 
equal  to  132  emu/g  and  the  coercivity  W,.  is  150  Oe.  The  pha.se  composition  was  determined  by 
using  an  x-ray  diffractometer  (XRD).  The  diffraction  pattern  shows  that  the  sample  consisted  of  a 
main  phase  of  Fe^N  and  a  small  «-Fe  phase.  The  crystallite  size  d  of  the  Fe4N  particles  was 
estimated  by  Scherrer's  formula,  and  is  about  12  nm.  The  nanometer-sized  Fe-N  compound  was  also 
studied  by  using  Mossbuuer  spectroscopy.  The  Mossbauer  absorption  pattern  consisted  of  a 
ferromagnetic  component  superimposed  on  a  .supcrparamagnctic  doublet.  The  ratio  of 
superparamagnetic  fraction  to  ferromagnetic  is  about  13%.  It  is  shown  that  the  sol-gel  technique 
could  be  used  to  prepare  ultrafine  particles  of  Fe-N  compound. 
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Giant  Magnetoresistance 
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Theory  of  the  negative  magnetoresistance  of  ferromagnetic-normal 
metallic  multilayers  (invited) 

L.  M.  Falicov  and  Randolph  Q.  Hood 

Department  of  Physics,  University  of  CUlifornia,  Berkeley,  California  94720-7300  and  Materials  Sciences 
Division,  Lawrence  Berkeley  Laboratory,  Berkeley,  California  94720 

Transport  properties  for  a  system  consisting  of  a  ferromagnetic-normal  metallic  multilayer  are 
theoretically  examiined.  The  in-plane  conductance  of  the  film  is  calculated  for  two  configurations; 
the  ferromagnetic  layers  aligned  (i)  parallel  and  (ii)  antiparallel  to  each  other.  The  results  explain  the 
giant  negative  magnetoresistance  encountered  in  these  systems  when  an  initial  antiparallcl 
arrangement  is  changed  into  a  parallel  configuration  by  application  of  an  external  magnetic  field. 
The  calculation  depends  on  (a)  geometric  parameters  (the  thicknesses  of  the  layers);  (b)  intrinsic 
metal  parameters  (number  of  conduction  electrons,  magnetization  and  effective  masses  in  the 
layers);  (c)  bulk  sample  properties  (conductivity  relaxation  times);  and  (d)  interface  scattering 
properties  (diffuse  scattering  versus  potential  .scattering  at  the  interfaces).  It  is  found  that  a  large 
negative  magnetoresistance  requires,  in  general,  considerable  asymmetry  in  the  interface  scattering 
for  the  two  spin  orientations.  All  qualitative  features  of  the  experiments  are  reproduced.  Quantitative 
agreement  can  be  achieved  with  sensible  values  of  the  parameters.  The  effect  can  be  conceptually 
explained  based  on  considerations  of  phase-space  availability  for  an  electron  of  a  given  spin 
orientation  as  it  travels  through  the  multilayer  sample  in  the  various  configurations. 


I.  INTRODUCTION 

Ferromagnetic-normal  metallic  superlattices  and 
sandwiches''^  display  several  interesting  properties,  such  as  a 
varying  interlayer  magnetic  coupling^  and  a  negative,  some¬ 
times  very  large  magnetoresistance  (MR)  effect.'*"'''  A  few 
examples  include  (Co/Cu)„ ,  (Fe/Cr),, ,  (Fe/Cu)„ ,  (Co/Ru)„ , 
(NiFe/Cu/NiFe),  and  (NiFe/Ag/NiFe).  In  these  systems  the 
magnetic  moment  of  each  ferromagnetic  layer  is  arranged 
with  respect  to  that  of  the  neighboring  ferromagnetic  layers 
either  in  a  parallel  or  an  antiparallel  fashion,  depending  on 
the  thickness  of  the  metal  .spacers  and  on  the  quality  of  the 
interfaces. 

When  the  consecutive  moments  are  arranged  antiparallel 
to  each  other,  the  application  of  an  external  magnetic  field  to 
the  sample  rearranges  the  moments  into  a  completely  parallel 
arrangement  for  fields  of  the  order  of  1  T.  Also,  the  resistance 
of  the  sample  decreases — negative  MR — in  all  directions  (in¬ 
plane  in  particular).  The  MR  can  vary  from  a  few  percent  to 
as  large  as  55%  (for  Co/Cu  at  liquid-helium  temperatures).'* 
A  decrease  by  more  than  20%  is  generally  known  as  the 
giant  magnetoresistance  effect  (GMR). 

Spin-dependent  interfacial  scattering  plays  an  important 
role  in  the  MR  in  many  different  ferromagnetic-normal  me¬ 
tallic  multilayers.  Experiments  by  Fullerton  et  al.'^'  indicate 
that  increased  interfacial  roughness  enhances  the  GMR  in 
(Fe/Cr)„ .  Parkin'*"  found  that  the  addition  of  thin  Co  layers  at 
the  interfaces  of  (NiFe/Cu)„  enhanced  the  MR.  The  MR  in¬ 
creased  monotonically  as  the  Co  layer  increa.sed  to  4  A,  then 
become  insensitive  to  the  thickness  of  the  Co  layer  with  a 
MR  similar  to  that  of  (Co/Cu)„  despite  the  presence  of  the 
NiFe  layers  sandwiched  between  thin  Co  layers.  Baumgart 
et  al}^  have  found  that  ultrathin  layers  of  elements  (V,  Mn, 


Ge,  Ir,  or  Al)  deposited  at  the  Fe/Cr  interface  lead  to  changes 
in  the  MR  which  correlate  with  the  ratio  of  spin-up  and  spin- 
down  resistivities  arising  from  spin-dependent  impurity  scat¬ 
tering  of  these  elements  when  alloyed  with  Fe.  This  result  is 
in  agreement  with  the  suggestion  of  Baibich  et  al.*  that  the 
spin  dependence  of  impurity  scattering  at  the  interfaces  is 
related  to  that  observed''*  in  alloyed  ferromagnetic  metals 
such  as  Fe,  Co,  and  Ni. 

Further  confirmation  of  the  importance  of  the  interface 
in  the  MR  effect  was  provided  by  Barthelemy  el  who 
point  out  that  the  experimental  data  they  obtained  for  epitaxi¬ 
ally  grown  Fe(0()l)/Cr(0()l)  multilayers  seem  to  be  in  agree¬ 
ment  with  a  variation  of  the  MR  of  the  form 

exp(-rcr/>^*)- 

where  is  the  thickness  of  Cr  layer  and  X’"  is  a  length  of 
the  order  of  the  mean-free  path.  Such  a  variation  of  the  MR 
v,,ih  layer  thickness  is  expected  from  spin-dependent  inter¬ 
face  scattering. 

It  is  important  to  distinguish  clearly  between  the  con¬ 
cepts  of  spin-flip  scattering  and  spin-dependent  scattering. 
The  first  refers  to  an  event  in  which,  during  scattering,  an 
electron  reverses  its  spin  orientation;  such  a  phenomenon  is 
normally  caused  by  spin-orbit  effects  and/or  by  scattering 
from  impurities  with  a  localized  magnetic  moment.  Spin-flip 
scattering  is  neglected  in  this  contribution.  The  second  one 
refers  to  the  fact  that  electrons  with  different  spin  orienta¬ 
tions  experience  different  potentials  and  have  different 
phase-space  distributions.  Consequently,  they  have  very  dif¬ 
ferent  scattering  cross  sections  both  in  the  bulk  and  at  the 
interfaces.  The  latter  is  extremely  relevant  for  the  purposes 
of  this  study. 
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The  aim  of  this  contribution  is  to  present  a  model  that 
incorporates  spin-dependent  interfacial  scattering  in  a  more 
realistic  way.  While  the  model  presented  here  is  similar  in 
many  respects  to  that  of  Camley  and  Barnas^‘'^’  it  does  not 
suffer  from  the  shortcomings  encountered  there  in  the  de¬ 
scription  of  interfacial  scattering.  Utilization  of  a  more  accu¬ 
rate  description  of  the  interface  permits  a  study  and  separa¬ 
tion  of  the  various  scattering  mechanisms  and  their  relevance 
in  the  MR  effect. 

The  present  model,  an  extension  of  the  Fuchs- 
Sondheimer  theory, uses  a  Stoner  description^'^  of  the 
itinerant  ferromagnetic  layers;  it  introduces  different  poten¬ 
tials  for  majority  and  minority  spins.  Band-structure  and 
electron-density  effects  are  included  only  by  means  of  a  con¬ 
stant,  metal-  and  spin-dependent  potential,  and  an  isotropic 
effective  mass  for  each  spin  in  each  layer.  The  different  po¬ 
tentials  in  neighboring  layers  result  in  coherent  potential 
scattering  (i.e.,  refraction)  of  electrons  as  they  traverse  the 
interface.  The  angular-dependent  effects  are  treated  by  a 
quantum-mechanical  matching  of  the  electron  wave  func¬ 
tions  at  the  interfaces.  Scattering  at  the  interfaces  from  im¬ 
purities  and  interfacial  roughness  are  also  a  source  of  spin- 
dependent  scattering,  and  they  contribute  to  the  present 
model  through  a  spin-dependent  function,  in  a  way  similar  to 
that  used  by  Camley  and  Barnas. 

The  model  predicts  the  dependence  of  the  MR  on  the 
quality  of  the  samples  fmuan-free  path),  on  the  quality 
(roughness)  of  the  interfaces,  and  on  the  thickness  of  the 
layers. 

II.  THE  MODEL 

The  in-plane  conductivity  was  calculated  for  a 
multilayer  consisting  of  alternating  layers  of  a  ferromagnet 
(F)  of  thickness  d,.-,  and  a  spacer  layer  of  thickness  d,. .  The 
coordinate  system  is  chosen  with  the  z  axis  perpendicular  to 
the  layers.  There  is  complete  isotropy  in  the  (Arty)  plane. 

For  each  structure  the  conductivity  was  calculated  for 
both  an  antiparallel  alignment,  denoted  erfi,  and  for  a  paral¬ 
lel  alignment,  denoted  atti  of  the  moments  of  successive  F 
layers.  The  structure  repeats  itself  after  four  layers  ("7Ff/ 
a/F1/.v/"-)  in  the  antiparallel  arrangement,  lii  the  parallel 
arrangement  the  period  consists  of  two  layers  (.../F|/s7...). 
Application  of  a  sufficiently  large  magnetic  field  to  a  sample 
in  the  antiparallel  arrangement  results  in  a  parallel  alignment 
of  the  magnetic  moments.  The  magnetoresistance  (Ap/p).  is 
defined  by 

Ap_pTl-pTT  (rTt-o-Tl 

P  P\l  crt1  ’ 

where  ‘.  Note  that  this  quantity  varies  between 

zero  and  one  (or  0%  and  100%)  whenever  the  resistance 
decreases  upon  the  application  of  an  external  magnetic  field. 

For  both  alignments  the  conductivity  is  obtained  by  add¬ 
ing  the  contributions  of  the  spin-iip  and  the  spin-down  elec¬ 
trons,  calculated  separately.  This  is  the  two-current  model, 
which  provides  a  good  description  of  electron  transport  in 
magnetic  3d  metals.  As  mentioned  above  spin-llip  processes, 
which  mix  the  two  currents,  are  neglected.  Their  effect  is 
know  to  be  small  at  low  temperatures. 
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The  electrons  involved  in  transport  are  considered  as 
free-electron-like  with  spherical  Fermi  surfaces.  Within  each 
layer  the  electrons  move  in  a  constant  potential  which 
depends  on  the  particular  layer  /  and  the  spin  a  of  the  elec¬ 
tron. 

The  electron  distribution  function  is  written  in  the  form 

/^a(V,^)  =  /^■U'’)  +  ^»r(V,^),  (2) 

for  each  layer  i  and  for  each  spin  tr,  which  is  independent  of 
X  and  y  by  symmetry.  The  first  term  /^'„(v)  is  the  equilibrium 
distribution  in  the  absence  of  an  electric  field  and  g,,,(v,z)  is 
the  deviation  from  that  equilibrium  in  the  presence  of  the 
electric  field.  For  an  electric  field  of  magnitude  E  in  the  x 
direction,  the  Boltzmann  equation  in  the  relaxation-time  ap¬ 
proximation  reduces  to 

^Sur  8ur  ^  \e\E 

Hz  ' 

where  is  the  relaxation  time  in  layer  i  for  spin  a,  and  e  is 
the  charge  of  the  electron.  The  second-order  term,  propor¬ 
tional  to  the  product  (E'  gj^),  has  been  discarded  since  non¬ 
linear  effects  (deviations  from  Ohm’s  law)  are  neglected.  The 
Lorentz-force  term,  proportional  to  (vxH/c),  has  also  been 
dropped  from  the  Boltzmann  equation  since  it  gives  an  effect 
which  is  orders  of  magnitude  smaller  than  those  considered 
here.^' 

Because  of  the  nature  of  the  boundary  conditions  it  is 
useful  to  divide  into  two  parts;  g*,r{x,z)  if  and 

g7,(v,z)  if  t;j<0.  The  boundary  conditions  for  the  potential 
(nondiffusive)  scattering  at  the  (/,/)  interface  then  take  the 
form 

8  iir~  ^  ijur8  ^  ji  jr.irS  jir  ’ 

8  j(r~  ^  ji'.trS  ^  ij\(T8itr  •  (^) 

Here  which  varies  between  zero  and  one,  is  a  factor 

that  indicates  the  degree  of  potential  scattering  at  the  inter¬ 
face  (i,y)  for  an  electron  of  spin  a  arriving  at  the  interface 
from  the  layer  i  and  being  scattered  into  the  layer  k.  The 
scattering  is  completely  diffusive  when  S  =  0  and  follows  the 
reflection-refruction  laws  when  all  5=1.  The  notation  used 
for  the  transmission  T  and  the  reflection  R  coefficients  is  the 
following:  probability  for  an  electron  of  spin  a  in 

layer  i  to  be  transmitted  (refracted)  into  layer  j ;  Rij-,r^  prob¬ 
ability  for  an  electron  of  spin  a  in  layer  i  with  a  velocity 
directed  towards  layer  j  to  be  reflected  back  into  layer  i.  The 
equations  and  boundary  conditions,  as  written,  satisfy  all 
necessary  conservation  laws. 

The  functional  dependence  of  the  transmission  and  re¬ 
flection  coefficients  was  determined^'’  by  matching  the  free- 
elcctron-like  (plane-wave)  functions  and  their  derivatives  at 
each  interface.  The  solution  to  this  problem,  which  is  identi¬ 
cal  to  that  encountered  in  optics  for  an  interface  between  two 
media  with  different  index  of  refraction,  is  illustrated  in 
Fig.  1. 

The  current  density  along  the  electric  field  in  each  layer 
i  for  electrons  with  spin  ir  is  given  by 
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FIG.  1.  Schematic  di?gram  of  the  scattering  process  at  the  metal-metal 
interface.  The  p,'>.rameter  defines  the  fraction  controlled  by  the  potentials; 
SJR  is  the  probability  of  specular  scattering;  S^T  is  the  probability  of  trans¬ 
mission  (refraction)  into  the  other  metal. 

where  h  is  Planck’s  constant.  The  conductivity  of  the 
multilayer  is  obtained  by  averaging  over  the  whole  film 

(T=  rrr—  S  S  f  J,i„{z)dz. 

The  MR,  i^p/p),  is  found  by  calculating  independently 
the  conductivities  ertJ.  and  <rtT.  Many  parameters  are  neces¬ 
sary  to  characterize  a  structure.  Associated  with  the  electrons 
in  the  F  layers  are  the  minority  (denoted  using  a  small  sub¬ 
script  m)  and  the  majority  (denoted  using  a  capital  subscript 
M)  spins  with  effective  masses  m„  and  ,  relaxation  times 
T„  and  ,  and  potentials  V„  and  In  the  spacer  layer  s 
the  spin-up  and  spin-down  electrons  move  in  a  potential  V, 
with  an  effective  mass  /«,  and  relaxation  time  t,.  At  the 
interfaces,  the  functions  5, which  vary  with  angle  of 
incidence,  describe  the  interfacial  scattering  of  the  majority 
and  the  minority  spins. 

The  values  of  the  potentials  are  determined  by  treating 
all  of  the  valence  .s  and  d  electrons  as  being  in  ?.  single 
free-electron-like  band  with  an  isotropic  effective  mass.  In 
general  the  effective  mass  is  taken  to  be  larger  than  the  elec¬ 
tron  mass,  since  the  d  electrons,  which  contribute  to  the  den¬ 
sity  of  electrons,  are  in  narrower  bands  than  the  free- 
elcctron-l'ke  s  electrons.  Within  the  F  layers  the  bands  for 
the  minority  and  the  majority  spins  are  shifted  by  a 
/:-independent  exchange  potential,  yielding  two  different 
spin-dependent,  constant  potentials,  V„,  and  .  The  value 
of  the  exchange  splitting  is  chosen  so  that  the  difference  in 
the  density  of  the  majority  and  the  minority  electrons  yields 
the  net  magnetic  moment  of  the  bulk  ferromagnetic  material. 

III.  RESULTS 

As  developed  thus  far,  the  theory  includes  1 1  parameters 
and  eight  angular  functions: 

three  effective  masses  ntf^,  nt„,,  and  m  , ; 

three  constant  potentials  ,  V„, ,  and  ; 

three  relaxation  times  % ,  r,,, ,  and  ; 

)  two  thicknesses  dp ,  and  d^ ; 

and 

eight  interface  scattering  functions  Sp^.p.^,  Sp  ,,.p.,„, 

>  ^s,F-,s\m  >  ^.•s,F\FM  '  ^s.F.F.m  • 

The  results  presented  here  include  only  the  cases  for 
which  the  relaxation  times  are  identical  t=t„= 

(Note  that  the  mean-fi-Fe  paths  of  the  minority  and  the  ma¬ 


jority  spins  within  the  F  layers  and  for  the  spacer  metal  are 
different,  since  the  Fermi  velocities  are  different.)  The  inter¬ 
faces  are  treated  in  two  different  ways.  In  the  first  approach 
the  angular  dependence  of  the  functions  is  neglected 

and  the  eight  functions  are  replaced  by  two  constants 

^F.S.F-.M  ~  Sf.s-,s\M  ~  ^S.F-,S-.M  “  ^ s.F-.F-,M  “  > 

^F,s-,F-.m  ~  ^F.s-,s-,m  ~  ^s.F'.s'.m  ~  ^s.F-,F-,m  ~  ■ 

In  this  approach  the  system  is  defined  by  11  constants. 

In  the  second  approach  the  different  angular  depen¬ 
dences  in  various  are  explicitly  included. 

Results  are  presented  for  two  different  multilayer  sys¬ 
tems,  (Fe/Cr)„  and  (Fe/Cu)„ .  In  these  three  metals  the  iso¬ 
tropic  effective  mass  is  assumed  to  be  independent  of  the 
material  and  spin  orientation  with  a  value 
mp,  =  m„  =  m^  =  4.0X  free-electron  mass.  With  this  effective 
mass  the  potentials,  with  respect  to  the  Fermi  energy  Ep 
chosen  to  be  at  Ff=0,  are 

Vm=-8.73  eV,  V„=-5.73  eV  for  Fe; 

V,=  -5.17  eV  for  Cr; 

V'j=-8.54  eV  for  Cu. 

The  parameters  that  remain  to  be  specified  for  each 
case — (Fe/Cr)„  and  (Fe/Cu)„ — in  the  constant-S  approxima¬ 
tion  are  altogether  five;  (a)  one  relaxation  time  t,  which  de¬ 
pends  on  bulk  sample  properties;  (b)  two  geometric  param¬ 
eters  dp  and  d, ;  and  (c)  two  interface  scattering  parameters 
Si^,  (diffuse  scattering  versus  potential  scattering  at  the 
interfaces  for  the  majority  and  the  minority  spins,  respec¬ 
tively). 

Even  with  these  simplifications,  the  phenomena  under 
consideration  are  complicated  functions  of  the  five  variables, 
and  the  task  of  describing  these  dependencies  is  not  simple. 
In  general  terms,  and  with  excpo^'ons,  it  is  found  that  (Ap/p) 
is  a  strong  function  of  the  intt.iia.;e  parameters  5^  and  S„ , 
and  a  relatively  weak  function  of  the  thicknesses  and 
the  mean- free  path.  For  example,  as  and  S„,  indepen¬ 
dently  vary  between  0  and  1,  the  calculated  i^plp)  varies 
between  0%  and  92.7%  for  (Fe/Cr)„  and  0%  and  94.4%  for 
(Fe/Cu)„,  when  values  of  dp=20.0  A;  i/j  =  10.0  A  and 
t=5.0X  10'  s  are  chosen.  Figure  2  shows  the  regions  in  the 
two-dimensional  parameter  space  where  (Ap/p)  is 

greater  than  20%  for  these  values  of  dp,  d^,  and  r.  With  this 
choice  of  t,  the  mean-free  paths  are  (i)  4250  A  for  the 
majority-spin  electrons  and  3540  A  for  the  minority-spin 
electrons  in  Fe;  (ii)  3560  A  for  electrons  in  Cr;  and  (iii)  4330 
A  for  electrons  in  Cu.  These  values  correspond  to  all  mean- 
free  paths  which  are  orders  of  magnitude  larger  than  the  film 
thicknesses,  i.e.,  the  clean-film  limit,  where  interface  effects 
are  supposed  to  be  paramount. 

Some  of  the  interesting  results  of  the  calculations  are 
illustrated  in  Figs.  2-6.  It  was  found  in  general  that: 

(a)  (Ap/p)  is  only  a  few  percent  when  S/n  =  S„ ,  except^^ 
when  both  parameters  are  close  to  1  (see  Figs.  2  and  3). 

(b)  i^plp),  as  a  function  of  dp,  exhibits  a  variety  of 
behaviors  that  include  (i)  a  monotonic  decrease  with  increas- 
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FIG.  2.  The  region  in  the  two-dimensional  parameter  space  ,S„),  whore 
(Ap/p)>0.2  for  df  =20  A,  d,=  lO  A,  and  r=5.0X10"*^  s.  (a)  Potential 
parameters  corresponding  to  (Fc/Cr), .  (b)  Potential  parameters  correspond¬ 
ing  to  (Fc/Cu)„ . 


F!G.  3.  Variation  of  (Ap/p)  as  a  function  of  S„  for  the  parameters  of 
(Fc/Cr)„,  7=5.0X10"'^  s,  df  =  d,=  10  A  and  three  values  of  S*,;  (1) 
dashed  curve  =  (2)  chain-dotted  curve  S*(=0.S;  and  (3)  solid  curve 

5«=0. 

scattering  at  the  interface  requires  the  full  angular  depen¬ 
dence  of  the  eight  functions  In  general^*'^'  the  dif¬ 

fuse  scattering  is  considerably  larger  for  electrons  impinging 
upon  the  interface  in  directio.ns  close  to  the  normal.  Grazing- 
angle  electrons  are  less  effectively  scattered,  and  they  tend  to 
be  almost  completely  internally  reflected.  A  common  (first- 
order)  approximation  to  these  functions^'^"^'  is 

SiiUi<T=S„  exp[-477^(*i^  cos  6,)^],  (6) 

•Si7i;!o’=‘S,r  exp[-  cos  Qt-kj„  cos  ©y)].  (7) 

Here,  77  is  a  parameter  which  depends  on  the  roughness  of 
the  interface  as  well  as  the  strength  and  physical  distribution 
of  the  scattering  centers  at  the  interface,  is  the  magnitude 
of  the  k  vector  at  the  Fermi  sphere  of  the  spin-o-  electrons  in 
layer  i,  and  0,'  is  the  angle  between  the  electron  velocity  and 


ing  dp;  and  (ii)  an  initial  increase  followed  by  a  decrease  (a 
single  maximum);  in  all  cases  the  asymptotic  value  as  dp— ><» 
is  zero  (see  Fig.  4). 

(c)  (Ap/p),  as  a  function  of  increasing  dj ,  exhibits  either 
(1)  a  continuous  monotonic  decrease,  or,  more  commonly,  (ii) 
a  single  maximum  at  a  value  of  d,  of  the  order  of  dp ;  the 
asymptotic  value  as  dj— is  also  zero  (see  Fig.  5). 

(d)  (Ap/p),  as  a  function  of  the  relaxation  time  t,  either 
(i)  increases  monotonically  and  saturates  at  a  maximum 
value,  or,  more  commonly,  (ii)  increases  to  a  maximum,  and 
then  very  gradually  decreases  (see  Fig.  6). 

Figuve  2  contains  information  on  how  the  quality  of  the 
iiitirfaces  influences  the  MR,  for  specific  values  of  dp,  d^, 
and  r.  From  the  figure  it  is  evident  that  the  region  of  large 
MR  is  close  either  to  the  line  o'"  *he  line  S,„=l, 

and  away  from  the  line  .  There  is  a  very  large  asym¬ 

metry  between  S and  .S'„,  in  (Fe/Cr)„ ,  but  considerably  less 
so  in  (Fe/Cu)„ . 

A  more  realistic  approach  to  the  diffuse-versus-potential 


o 


dp  (A) 

FIG.  4.  ’'ariation  of  (Ap/p)  as  a  function  of  for  tl'.e  parameters  of 
(Fe/Cr)„.  A,  T=.'5.()X10  "  s  and  three  different  values  of  57^  and 

:  (1)  ehain-dotted  eurve  A'(„  =  5„  =  ().S;  (2)  dashed  curve  .V^,=(),  S„=  1; 
and  (3)  solid  curve  Sm  =  l,  I). 
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FIG.  5.  Variation  of  (Ap/p)  as  a  function  of  </,  for  the  parameters  of 
(Fe/Cr)„ ,  iff  =-20  A,  t=5.0X10“*^  s  and  different  vatues  ofS/^  andS„:(l) 
solid  curve  5^^  =  !,  S„=0;  (2)  dashed  curve  Sm=0,  S„  =  1;  and  (3)  chain- 
dotted  curve  S;i/  =  S„  =  0.9. 


FIG.  7.  Variation  of  (Ap/p)  as  a  function  of  t;  for  the  parameters  of 
(Fe/Cr)„  ,  dj= 10  A,  dp=20  A  and  two  different  values  of  in  Eqs.  (6)  and 
(7):  (1)  solid  curve  =  1;  and  (2)  dashed  curve  .Sj/=0.  .i«„  =  l. 


the  normal  to  the  interface;  is  the  overall  diffuse  scatter¬ 
ing  strength  at  grazing  angle  6=7r/2.  It  should  be  noted  that 
the  limit  7=0  reduces  the  approximation  to  the  one  previ¬ 
ously  discussed. 

The  influence  of  this  angular  dependence  on  the  MR  is 
shown  in  Fig.  7.  As  7  increases,  the  MR  in  general  de¬ 
creases,  except  for  the  case  in  which  and  S„  are  very 
close  in  value;  in  the  latter,  the  difference  in  k  vector  be¬ 
tween  the  two  spins,  and  the  nonvanishing  7  produce  an 
asymmetry  in  the  diffuse  interface  scattering  between  the 
spins  in  the  F  layers,  and  thus  increases  the  MR. 

IV.  DISCUSSION  AND  CONCLUSIONS 

Figure  2(a)  shows  a  marked  asymmetry  in  the  depen¬ 
dence  of  (Ap/p)  for  (Fe/Cr)„  on  5^  and  S„,  i.e.,  the 
majority-  and  minority-spin  interface  scattering  have  a  very 
different  effect  on  the  MR.  For  this  system 


*r  11  mill — rnrmri — 1  . . — 1  1  niiiii — 1  1  iiiiii| 

10'"  10'”  10’’'  10'“  10'"  10'’° 

T  (s) 

FIG.  6.  Variation  of  (Ap/p)  as  a  function  of  t  for  the  parameters  of  (Fe/Cr)„ , 
<f,  =  10  A,  dp=20  A,  and  three  different  values  of  5a/  and  S„  :  (1)  chain- 
dotted  curve  ■5a/=0  and  S„=0.7;  (2)  dashed  curve  Sa/=0.5  and  S„=  1;  and 
(3)  solid  curve  Sa/  =  1  and  5„=0. 


By  contrast,  a  large  asymmetry  is  not  present  in  (Fe/Cu)„ , 
Fig.  2(b).  Here, 

\VsHv»\<\vj. 

This  difference  in  K,  has  a  large  effect  on  the  MR,  as  can  be 
seen  in  plots  of  the  in-plane  current  distribution  across  the 
layers.^*  Often  when  (Ap/p)  is  very  large,  the  current  distri¬ 
bution  responsible  for  the  large  value  of  ertt  is  such  that  it  is 
highly  concentrated  in  one  type  of  layer,  either  in  the  ferro- 
magnet  or  in  the  spacer.  This  effect,  which  can  be  called 
channeling,  appears  frequently  when  there  is  a  GMR.  When 
the  channeling  is  in  the  spacer  layer  it  occurs  only  when  there 
I.V  parallel  alignment.  Channeling  in  the  FM  layers,  on  the 
other  hand,  occurs  (in  one  type  of  F  layer  for  each  electron 
spin  orientation)  for  both  the  parallel  and  the  antiparallel 
configurations.  From  these  considerations  the  channeling  in 
the  spacer  layer  should  be  more  intimately  connected  with  a 
GMR.  It  should  emphasized  that  channeling  is  present  when 
the  potentials  are  different;  GMR  requires,  in  addition,  asym¬ 
metric  values  of  S^.  Channeling  and  GMR  are  strongly 
correlated.^^ 

The  experimentally  observed  values  of  MR  in  (Fe/Cr)„ 
and  (Fe/Cu)„  multilayers  can  be  obtained  by  the  calculation 
with  a  proper  choice  of  the  parameters.  However,  the  model 
in  its  present  form,  v/hich  considers  all  of  the  valence  s  and 
d  electrons  as  comprising  a  single  band  with  a  single  isotro¬ 
pic  effective  mass,  yields  effective  resistivities  ptt  and  pt  i 
which  are  about  an  order  of  magnitude  smaller  than  those 
measured  in  multilayer  structures.  The  effective  resistivities 
are  too  small  because  the  model  has  too  many  free-eleclron- 
like  conduction  electrons:  8  in  Fe,  6  in  Cr,  and  11  in  Cu. 
Proper  consideration  must  be  taken  of  the  fact  that,  in  these 
metals,  s  and  d  electrons  contribute  very  differently  to  the 
transport  properties.  The  narrow  character  of  the  d  bands  has 
been  accounted  for  in  the  single-band  approach  by  a  single, 
large,  isotropic  effective  mass,  four  times  larger  than  the 
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free-electron  mass.  A  better  approach  to  the  problem  would 
be  to  include  a  realistic  band  structure  with  its  12  bands, 
wide  and  narrow,  as  well  as  the  hybridization  and  spin  po¬ 
larization.  Such  a  treatment  would  make  the  calculations 
much  more  difficult. 

Within  the  confines  of  a  single-band  model  a  simple, 
natural  way  to  decrease  the  number  of  conduction  elections 
is  by  reducing  the  density  of  the  electrons  in  each  layer  by  - 
constant  scaling  factor,  y,  independent  of  the  material  and 
the  spin  of  the  electron.  It  should  be  stressed  that  the  intro¬ 
duction  of  such  a  scaling  factor  does  not  change  the  form  of 
the  results  found  above.  The  number  of  electrons  and  the 
magnetization  decreases  by  a  factor  of  y.  The  resistivities 
pTT  and  pti  increase  by  a  factor  of  about  y,  and  (^pfp) 
decreases  by  a  factor  of  about  y'^^.  A  value  of  y=8  was 
chosen  for  making  comparisons  with  experimental  data. 
With  this  value  the  number  of  effective  free-electron-like 
conduction  electrons  are  1.00  in  Fe,  0,75  in  Cr,  and  1.38  in 
Cu.  Calculations  were  able  to  yield  values  of  the  MR  and  the 
resistivities,  ptt  and  pti,  similar  to  those  measured  experi¬ 
mentally. 

Baibich  et  al^  found  that  a  multilayer  of  (Fe  30  A/Cr  9 
Aifio,  prepared  by  molecular  beam  epitaxy,  had  (Ap/pi'^O.dfi 
and  a  absolute  resistivity  change  of  about  23  /ifl  cm.  With 
Sm=0.23,  5’„=0.98,  dp=30  A,  d,-=9  A,  and  t=1X10"'^  s 
values  of  ptt =30.6  /ifl  cm  and  pti  =56.6  pil  cm  were  cal¬ 
culated,  which  corresponds  to  (Ap/p)=0.46  for  the  MR.  Hx- 
perimental  values  of  p  are  between  20  and  80  /jlH  cm.  With 
this  choice  of  y,  t,  and  effective  mass  (i.e,,  an  effective  mass 
of  four  times  the  electron  mass),  the  bulk  mean-free  paths  are 
425  A  for  the  majority-spin  electrons  and  354  A  for  the 
minority-spin  electrons  in  Fe;  and  356  A  for  the  electrons 
in  Cr. 

Petroff  et  al}*  report  that  a  multilayer  (Fe  15  A/Cu  15 
Ajgo  made  by  sputtering,  had  the  following  characteristics: 
ptt=24.8  /rflcm,  pti=27.8  fxTlcm,  and  (Ap/p)=0.108. 
With5’„=0.71,  5;v,=0.92,  rf/r=</,=  15  A  and  t=1X10~'^s 
values  of  pTT  =  25.2  pTL  cm  and  pti=28.3  fiil  cm  were  cal¬ 
culated,  which  correspond  to  (Ap/p)=0.11.  Here,  the  bulk 
mean-free  paths  are  425  A  for  the  majority-spin  electrons 
and  354  A  for  the  minority-spin  electrons  in  Fe;  and  433  A 
for  the  electrons  in  Cu. 

As  seen  above,  a  large  MR  requires,  in  general,  a  large 
difference  in  interface  scattering  for  the  different  spins. 
When  the  MR  is  found  to  be  not  more  than  a  few 

percent.  Therefore,  a  large  MR  cannot  be  explained  as  being 
caused  solely  by  different  densities  of  electrons  with  differ¬ 
ent  spins,  which  vary  from  layer-to-layer.  What  is  required  is 
a  spin  imbalance  and  a  spin-dependent  scattering  mechanism 
at  the  interface,  i.e.,  .  When  such  a  spin-dependent 

scattering  mechanism  exists,  for  example  when  magnetic  im¬ 
purities  are  present  at  the  interfaces,  the  MR  is  profoundly 
influenced  by  spatial  variations  in  the  density  of  electron 
spins.  This  is  the  main  cause  of  the  GMR  effect  in  ferromag¬ 
netic  multilayers. 
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Multilayer  films  of  [Co  10  A/Cu(t)](;4  with  copper  thicknesses  from  f=  10  to  29  A  annealed  for  1 
h  at  temperatures  about  350  °C  showed  a  decrease  in  sample  resistivity  at  4.2  K.  The  giant 
magnetoiesistance  (GMR)  maximums  for  as-deposited  films  at  (=10  A  and  (  =  23  A  shifted  with 
annealing.  The  GMR  decreased  for  (=  10  A  and  (  =  23  A  but  increased  for  (  =  19  A  and  (  =  29  A 
indicating  a  complex  behavior  with  annealing.  Similarities  with  granular  films  are  discussed. 


I.  INTRODUCTION 

It  is  known  that  both  granular  Cu-Co  films'""^  and 
multilayer  films'*'^  undergo  large  changes  in  giant  magnetore¬ 
sistance  (GMR)  with  annealing.  Hylton  et  al*  found  that 
sputtered  multilayers  of  NigoFe2o/Ag  have  no  significant 
magnetoresistance  in  the  as-prepared  state  but  after  anneal¬ 
ing  at  just  above  300  °C  a  GMR  of  over  5%  at  i  'om  tem¬ 
perature  is  observed.  This  GMR  is  attributed  to  the  breakup 
of  NiFe  layers  because  of  diffusion  of  the  Ag  layer  into  grain 
boundaries  and  cracks  in  the  NiFe  layers.  A  discontinuous 
magnetic  layer  is  created  with  a  distribution  of  magnetization 
directions  which  increases  the  spin-dependent  electron  scat¬ 
tering  causing  GMR. 

For  the  Cu-Co  system  consider  first  the  granular  films 
where  annealing  precipitates  Co  particles  from  the  Cu  ma¬ 
trix.  These  particles  cause  large  GMR  from  conduction  elec¬ 
tron  spin-dependent  scattering  attributed  mainly  at  the  inter¬ 
face  of  the  Co  particle  with  the  Cu  matrix.  In  addition 
resistivity  (p)  decreases  in  annealed  granular  Cu-Co  films 
because  of  the  increased  purity  of  the  Cu  matrix  as  the  Co 
precipitates  out. 

Annealed  multilayers  of  Cu/Co  have  been  studied  by 
Zhang  et  al.^  They  find  for  a  series  of  films  with  varying  Cu 
thickness  that  there  is  a  decrease  in  resistivity  with  increas¬ 
ing  annealing  temperature  (T)  up  to  300  °C.  There  is  also  a 
decrease  in  GMR  at  300  °C  but  in  some  cases  an  increase  is 
found  at  lower  T.  The  GMR  results  are  mainly  for  room 
temperature. 

It  is  the  objective  of  the  present  work  to  study  a  similar 
series  of  films  as  reported  by  Zhang  et  al.^  with  emphasis  on 
low  temperature  measurements  where  the  GMR  is  largest. 
Data  are  given  in  units  of  specific  resistivity  (p)  and  volume 
magnetization  (A/)  to  help  in  interpretation  and  for  compari¬ 
son  with  previous  work. 

II.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Our  multilayer  films  are  deposited  on  glass  substrates  by 
magnetron  sputtering  in  a  3  m  Torr  Ar  atmosphere. 
Multilayer  structures  are  made*’’^  using  computer  control 
where  substrates  at  ambient  temperature  are  moved  sequen¬ 
tially  over  each  gun  to  deposit  the  Co  or  Cu  layer.  The  films 
have  the  form  Cu  10  A/[Co  10  A/Cu(()]f,4  where  the  Cu 
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thickness  (  has  values  ranging  from  10  to  29  A.  We  previ¬ 
ously  reported*’  that  Co/Cu  multilayer  films  studied  by  high 
angle  x-ray  and  transmission  electron  microscopy  were 
found  to  be  polycrystalline  with  a  (111)  texture  and  the  Co 
had  the  fee  structure. 

The  films  are  annealed  in  a  vacuum  furnace  at  350  °C. 
This  temperature  was  based  on  that  used  in  other  studies'^''*  as 
well  as  from  a  continuous  in  situ  measurement  of  p  vs  T  for 
the  multilayer  film  (Co  10  A/Cu  23  A)(i4  which  showed  a 
linear  rise  in  p  up  to  235  °C  followed  by  a  strong  decrease  at 
higher  temperatures.  Two  films  for  each  Cu  thickness  are 
annealed:  a  rectangular  one  for  M  and  a  disc  sample  for  p. 
They  were  both  measured  prior  to  annealing. 

Magnetic  measurements  are  made  with  a  “quantum  de¬ 
sign”  superconducting  quantum  interference  device  magne¬ 
tometer  with  the  applied  field  H  parallel  to  the  plane  of  the 
film.  The  film  is  initially  cooled  in  a  -20  kOe  field  and  then 
measured  over  the  range  //=  ±20  kOe.  The  total  volume  of 
Co  is  determined  from  the  rectangular  area  (approximately 
0.55X1.2  cm^)  and  Co  thickness  which  is  640  A  for  this 
series  of  films.  Measured  values  of  saturation  volume  mag¬ 
netization  M  at  4.2  K  are  listed  in  the  Table  1.  The  saturated 
value  for  bulk  Co  at  4.2  K  is  A/()=  1430  emu/cm’,  the  listed 
values  are  scattered  about  the  bulk  value.  Because  of  this 
variation  of  A/  we  could  not  determine  if  there  was  any 


TABLE  1.  Dala  at  4.2  K  for  as-deposited  (J)  aiu'  annealed  (ri)  [Co  10 
A/Cu(()L  films." 
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FIG.  1.  Magnetization  M  and  resistivity  /)  at  4.2  K  of  as-deposited  and 
annealed  multilayer  film  (Co  10  A/Cu  19  as  a  function  of  applied  Held 
H,  'ITic  saturation  value  Wo  f"'  Co  is  marked  by  an  arrow. 

change  in  saturation  M  before  and  after  annealing. 

Figures  1  and  2  shows  M  H  plots  at  low  values  of  H 
taken  from  a  complete  magnetization  curve  for  as  deposited 
and  annealed  films  with  (=19  A  and  Fig.  2  for  (  =  23  A. 
These  plots  illustrate  a  general  feature  that  the  annealed 
samples  all  saturate  more  slowly  and  have  a  slightly  higher 
coercive  field  (H^)  than  the  as-deposited  samples.  At 


FIG.  2.  Magnetization  M  and  resistivity  />  at  4.2  K  of  as-de|«)sitcd  and 
annealed  multilayer  film  (Co  10  A/Cu  2.1  A), ,4  as  a  function  of  applied  field 
H.  The  saturation  value  Wo  for  Co  is  marked  by  an  arrow. 
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Cu(t)  in  A 

FIG.  3.  Resistivity  at  4.2  K  for  various  Cu(/)  thicknesses.  GMR  is  caicu- 
lalcd  from  ■ 

W=10UO  Oe  the  as-deposited  multilayer  film  has  almost 
reached  saturation  while  the  annealed  film  is  several  percent 
below  saturation. 

Figures  1  and  2  also  show  resistivity  as  a  function  of 
field  for  the  re.spective  compositions  and  annealed  state.  Re¬ 
sistivity  is  measured  on  a  disc  sample  using  the  van  der 
Pauw  method  over  the  range  //  =  ±  1 8  kOe.  In  both  Figs.  1 
and  2  the  maximum  in  resistivity  (Pma*)  is  approximately  at 
//,. .  Both  Pn,a,  at  and  Pn,!,,  at  //=  1 8  kOe  are  listed  in  the 
Tabic  1.  The  ratio  (Pmnx~ Pm\n  gives  the  GMR  and  this  is 
tabulated  as  MR(%).  We  note  that  MR(%)  increases  with 
annealing  for  the  /  =  1 9  A  but  MR%  decreases  for  ( =  23  A. 
The  annealed  magnetization  curves,  however,  look  about  the 
same  for  both  thicknesses.  Figure  3  shows  Pn,..*.  Pmi,,,  and 
MR(%)  vs  Cuff).  Compositions  1=  10  A  and  /  =  23  A  cor¬ 
respond  to  the  first  two  peaks'*’^  in  GMR  as  a  function  of  (  for 
as-deposited  films.  As  seen  in  Fig.  3  the  peaks  in  GMR  arc 
shifting  with  annealing. 

Another  change  that  takes  place  during  annealing  is  the 
width  of  the  p  vs  f/  curve.  As  shown  on  Figs.  1  and  2  the 
width  of  the  maximum  region  in  the  annealed  films  has  in¬ 
creased  somewhat.  We  define  the  half-width  (w)  of  the  p  vs 
H  curve  as  that  width  in  kOe  tnidway  between  p,,,,,,  and  p,,,!,, . 
We  find  that  w  increases  at  4.2  K  from  about  2.6  to  3.5  kOc 
for  (=10  A  and  0.7  to  0.8  kOe  for  (  =  23  A  with  annealing 
as  listed  in  Table  1.  This  increase  in  w  is  opposite  to  that 
found  by  Hylton  ei  al*  in  NiFe/Ag  multilayers  where  w  nar¬ 
rowed  with  annealing. 

The  decrease  in  p  in  Cu/Co  multilayers  has  been  attrib¬ 
uted  in  part  to  grain  growth  by  Zhang  et  al.'*  We  suggest  also 
there  is  the  possibility  that  any  mixing  of  the  Cu  and  Co  at 
the  interface  in  the  as-prepared  film  is  now  changed  in  some 
way  by  Co  precipitation  from  annealing  as  found  in  granular 
films.  Since  the  spin-dependent  scattering  of  the  conduction 
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electrons  is  chiefly  involved  with  the  interface^  this  could 
cause  a  change  in  GMR  depending  on  initial  conditions  of 
the  as-deposited  film  and  the  annealing  temperature.  Zhang 
et  al.  found  that  room  temperature  GMR  increased  at  anneal¬ 
ing  temperatures  of  250  °C  in  some  of  their  compositions.  It 
appears  that  the  annealing  has  a  complex  behavior  and  that 
there  may  exist  a  sensitive  threshold  of  temperatures  which 
gives  the  b^-st  interface  conditions  for  large  GMR. 

In  adjition  we  had  previously  pointed  out'’  that  the  shape 
of  the  f  vs  H  curve  for  [Co  10  A/Cu  10  A]^  is  within  a  few 
percent  identical  with  granular  Cu-Co  films."  This  similarity 
suggests  that  as-deposited  multilayer  [Co  10  A/Cu(/)]„  may 
have  noncontinuous  Co  layers  that  act  like  a  granular  par¬ 
ticulate.  After  annealing  the  discontinuities  in  the  Co  layer 
are  no  longer  the  same  size  and  GMR  is  decreased  but  in 
some  cases  an  optimum  is  reached  in  terms  of  discontinuities 
as  well  as  interface  conditions  and  GMR  is  increased.  A  .se¬ 
ries  of  annealing  temperatures  for  each  composition  are 
needed  to  determine  the  best  T  to  give  maximum  GMR. 


III.  SUMMARY 

(a)  The  peak  value  of  GMR  with  Cu  thickness  shifts 
with  annealing  at  350  °C. 

(b)  There  is  a  decrease  of  film  resistivity  as  much  as 
50%  with  annealing  at  350  °C. 

(c)  The  half-width  of  the  magnetoresistance  vs  field 
curve  increases  with  annealing  and  this  increase  correlates 
with  the  slower  increa.se  in  films  magnetization  with  field. 
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Magnetoresistance  and  magno^tization  oscillations  in  Fe/Cr/Fe  trilayers 

R.  Schad,  C.  D.  Potter,  P,  Belien,  G.  /erbanck,  V.  V.  Moshchalkov,  and  Y.  Bruynseraede 
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M.  Schafer,  R.  Schafer,  and  P.  Griinberg 

IFF-FZ,  Kernforschungsanlage  Jiitich,  Postfiicli  1913,  D-52425  Jiilich,  Germuny 

The  2-ML  (monolayer)  oscillation  period  has  been  observed  in  the  magnetization  as  well  as  in  the 
magnetoresistance  of  Fe/Cr/Fc  trilayers.  Kerr  effect  measurements  were  performed  in  order  to  verify 
the  periodicity  and  determine  the  kind  of  the  coupling  between  the  Fe  layers.  The  magnetoresistance 
loops  show  characteristic  steps  at  magnetic  field  values  at  which  the  size  of  the  magnetization 
changes. 


1.  INTRODUCTION 

Magnetic  multilayers  have  attracted  much  attention  since 
they  display  a  wide  variety  of  interesting  physical 
properties.''"  In  the  Fe/Cr  system,  the  coupling  between 
adjacent  Fe  layers  was  found  to  switch  between  ferromag¬ 
netic  and  antiferromagnetic  depending  on  the  thickness  of 
the  Cr  interlayer.'  This  was  seen  first  in  a  giant  magnetote- 
sistance,  the  amplitude  of  which  oscillated  with  the  thickness 
of  Cr  with  a  period  of  18  A.^'^  Magneto-optic  Kerr  effect 
measurements  (MOKE)  confirmed  this  period  for  the  cou¬ 
pling  between  Fe  layers.^  With  improvements  in  the  layering 
quality,  an  additional  short  period  oscillation  was  seen  in 
Fe/Cr/Fe  trilayers,  probed  by  scanning  electron  microscopy 
with  spin  polarization  analysis  (SEMPA).*'  The  short  period 
oscillation  was  found  to  have  a  length  of  two  monolayers 
and  be  commensurate  with  the  spin  density  wave  found  in 
bulk  Cr.'^"^  However,  the  SEMPA  and  MOKE  studies  were 
performed  on  trilayers  which  were  grown  on  Fe  whiskers  or 
thick  metallic  buffer  layers,  making  these  samples  unsuitable 
for  electrical  transport  studies. 

We  report  here  on  electrical  transport  and  magneto¬ 
optical  studies  performed  on  Fe/Cr/Fe  trilayers  grown  epi¬ 
taxially  on  MgO(l()0)  substrates  without  any  buffer  layer. 
Both  the  magnetoresistance  (MR)  and  the  MOKE  measure¬ 
ments  clearly  display  the  existence  of  the  short  period  oscil¬ 
lation,  At  the  same  time  the  MOKE  measurements  are  used 
to  identify  the  nature  of  the  coupling  between  the  Fc  layers. 
This  also  allows  the  direct  comparison  of  the  Kerr  loops  with 
the  magnetic  field  dependence  of  the  MR.  The  magnetoresis¬ 
tance  displays  steps  at  values  of  the  magnetic  field  at  which 
the  absolute  value  of  the  magnetization  of  the  sample 
changes. 


II.  SAMPLE  PREPARATION 

The  Fe/Cr/Fe  trilayers  were  prepared  in  a  Riber  molecu¬ 
lar  beam  epitaxy  (MBE)  deposition  system  (base  pressure 
2X10'"  mbar)  equipped  with  two  electron-beam  guns  and 
four  Knudsen  cells.  Fe  and  Cr  (both  starting  materials  of 
99.996%  purity)  were  e-beam  evaporated  at  a  rate  of  1  A/s 
on  MgO  (100)  substrates  held  at  15t)  °C.  A  homemade  feed¬ 
back  control  system  using  Balzers  quadrupolc  mass  spec¬ 
trometers  was  utilized  to  stabilize  the  rate  to  within  1%.  In 


situ  reflection  high-energy  electron  diffraction  (RHEED)  was 
used  to  monitor  the  quality  of  the  substrate,  the  epitaxial 
relationship  and  the  quality  of  the  growth. 

The  Fc  thickness  of  the  top  and  bottom  layers  wr  s  50  A 
and  the  Cr  thickness  varied,  respectively,  from  4  to  TO  A  and 
from  0  to  40  A  with  slopes  of  1  and  2  A  of  Cr  per  n  m  for  the 
two  samples.  The  wedges  were  prepared  using  j.  computer 
controlled  movable  shutter.  The  wedge  direction  was  chosen 
parallel  to  the  [010]  direction  of  the  Fe/Cr  layers  (the  [011] 
direction  of  the  MgO)  in  order  to  facilitate  alignment  with 
the  magnetic  field  during  the  MOKE  and  MR  experiments. 
The  trilayer  was  then  covered  with  30  A  of  Ag  as  protection 
against  oxidation  of  the  Fe. 

Finst,  MOKE  experiments  were  performed  at  room  tem¬ 
perature,  using  a  Kerr  effect  configuration  which  is  sensitive 
for  the  longitudinal  Kerr  effect.  The  field  was  applied  paral¬ 
lel  to  the  ea.sy  [010]  axis  of  the  Fe  layers.  A  micrometer 
screw  was  used  to  move  the  wedged  sample  through  the  laser 
beam,  with  an  alignment  accuracy  of  10  yum.  The  coupling 
.strength  between  the  Fe  layers  was  estimated  from  the  satu¬ 
ration  field  of  the  Kerr  rotation. 

Subsequently,  one  sample  was  patterned  using  standard 
photolithographic  techniques  to  produce  a  stripe  pattern.  The 
stripes  used  for  transport  measurements  were  80  yum  wide 
and  about  I  cm  long  and  separated  from  each  other  by  about 
.30  ytim.  Each  stripe  has  a  Cr  thickness  variation  of  0.2  A,  due 
to  the  wedge  itself  and  any  possible  misalignment  during  the 
lithography  procedure.  To  measure  the  MR,  leads  were  at¬ 
tached  to  the  sample  by  ultrasonic  wire  bonding.  Four-probe 
measurements  were  performed  at  4.2  K  in  a  cryostat 
equipped  with  a  superconducting  magnet.  Since  the  signal 
was  relatively  small,  a  Linear  Research  bridge  was  used  to 
measure  the  resistance  versus  field  data.  The  sample  was 
aligned  in  such  a  way  that  the  Fe  [010]  direction  was  parallel 
to  the  field. 

In  the  following  the  magnetorcsistanee  is  defined  as  the 
ratio  Ap/p,.  with  Ap=pi)-p,. ,  where  p„  is  the  resistivity  at 
F/=0  Oc  and  p,  is  the  saturation  resistivity  at  W  =  3  kOe.  We 
defiiii-  the  magnetization  saturation  field  as  the  field,  W,  at 
which  the  Kerr  signal  reaches  its  saturation  value. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  a  pk)t  of  //,.  from  the  MOKE  measure¬ 
ments  and  the  MR  of  the  transport  measurements  versus  Cr 
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FIG.  1.  The  saturation  field  H,  (crosses,  scale  at  left)  for  the  Kerr  rotation, 
and  MR  (filled  circles,  scale  at  right)  fur  the  magiieturcsistancc  v.s  Cr  intcr- 
lavcr  thickness  in  angstroms  and  monolayers.  The  inset  shows  a  plot  of  the 
saturation  fields  obtained  from  the  MOKE  mcas'ircmcnts  over  a  wider  range 
of  tc, . 


thickness  in  both  angstroms  and  monolayers.  Both  sets  of 
data  clearly  show  four  peaks  in  the  range  4  to  10  ML  (mono- 
layers),  This  2-ML  oscillation  period  is  in  agreement  with 
the  value  reported  from  SEMPA  measurements.^  The  inset  in 
Fig.  1  shows  a  plot  of  the  saturation  fields  over  a  wider  range 
of  /q  determined  from  the  MOKE  measured  on  a  sample 
with  a  larger  variation  in  Iq,  .  The  oscillation  with  the  period 
of  18  A  in  tc,  is  clearly  visible. 

Figure  2  shows  typical  MR  and  MOKE  hysteresis  curves 
for  different  values  of  Iq-  With  increasing  tc,  the  nature  of 
the  coupling  changes  from  biquadratic  coupling  [at  about 
tc,=7  A,  see  Fig,  2(a)],  over  to  a  combination  of  bilinear  and 
biquadratic  coupling  [around  A,  see  Fig.  2(b)]  to 

again  biquadratic  coupling  [at  tc,,~  13  A,  see  Fig.  2(c)].  The 
arrows  on  the  figures  indicate  the  orientation  of  the  magne¬ 
tization  of  the  top  and  bottom  Fe  layers, 

in  the  case  of  biquadratic  coupling,  there  is  a  remnant 
field  at  zero  applied  field  and  the  magnetization  vectors  in 
the  layers  of  Fe  are  not  parallel,  but  differ  by  90°.  As  the 
field  increases,  the  magnetization  of  the  layers  becomes 
aligned  parallel  at  the  saturation  field.  The  sample  with 
rcr=8.5  A  is  antiferromagnetically  coupled  at  zero  field,  and 
switches  to  90°  coupling  at  a  higher  field  before  being  satu¬ 
rated  at  H, .  The  90°  coupling  is  explained  in  terms  of  biqua¬ 
dratic  coupling  possibly  due  to  a  roughness  at  the  interfaces 
of  1  ML  monolayer. In  all  cases,  the  total  strength  of  the 
coupling  is  well  described  by  the  saturation  field.  The  surface 
energy  per  unit  area  as  a  function  of  the  individual  coupling 
strengths  is  given  by 

E,=  -7]  cos  9-J2  cos^  8, 

where  7)  and  J2  are  the  bilinear  and  biqua  Iratic  coupling 
strengths  and  0  is  the  angle  between  the  magnetization  vec¬ 
tors  in  the  two  Fe  layers.  From  the  MOKE  measurements,  7 1 
and  72  can  be  determined.  For  example,  at  *0=8.5  A,  7 1  and 
J2  were  found  to  be,  respectively,  -0.46  mJ/m^  and  —0,20 
mJ/m^. 


H  (Oe) 


H  (Oc) 


FIG.  2,  MR  ut  4.2  K  and  Kerr  effect  at  300  K  over  applied  magnetic  field  of 
Fc/Cr/Fc  trilayers  for  three  different  values  of  fc,:  (a)  A,  showing 
biquadratic  coupling;  (b)  rt,=8.5  A,  showing  a  combined  bilinear  and  bi¬ 
quadratic  coupling:  (e)  (ci=  A,  showing  biquadratic  coupling.  The  arrows 
indicate  the  direction  of  magnetization  of  the  two  Fe  layers.  The  correspond¬ 
ing  MR  loops  show  steps  at  field  values  at  which  the  size  of  the  magneti¬ 
zation  changes. 


Figure  2  also  shows  the  measured  MR  loops  for  the  dif¬ 
ferent  values  of  tc, .  In  the  case  of  biquadratic  coupling  [Figs. 
2(a)  and  2(c)]  the  MR  displays  steps  at  values  of  the  mag¬ 
netic  field  at  which  the  90°  coupling  is  saturated.  The  rever¬ 
sal  of  the  sign  of  the  magnetization  at  zero  field  produces 
only  a  step  in  the  Kerr  loop  but  not  in  the  MR.  This  can  be 
easily  explained  by  the  fact  that  the  MR  is  .sensitive  only  to 
changes  in  the  size  of  the  magnetization  but  is  not  sensitive 
to  changes  of  its  orientation. 

In  Fig.  2(c)  the  magnetic  field  values  of  the  steps  in  the 
Kerr  effect  (measured  at  300  K)  and  the  MR  (measured  at 
4.2  K)  do  not  match,  a  fact  which  is  likely  due  to  the  tern- 
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perature  dependence  of  the  coupling  constants.  This  tempera¬ 
ture  dependence  is  changing  with  which  is  in  qualita¬ 
tive  agreement  with  the  decrease  of  with  increasing 
temperature  at  /ci=13  A  [Fig.  2(c)]. 

The  MR  loop  at  A  [Fig,  2(b)],  corresponding  to 

the  maximum  of  the  MR  o.scillations,  reproduces  all  four 
steps  visible  in  the  magnetization.  Each  of  the  steps  in  the 
magnetization  corresponds  to  a  change  in  its  absolute  value 
and  accordingly  causes  a  change  in  the  magnetoresistance. 
Small  differences  in  the  values  of  the  switching  fields  can  be 
e.xplained  by  the  different  coupling  strength  due  to  the  dif¬ 
ferent  measuring  temperature. 

The  MR  curves  of  Fe/Cr  superlattices  do  not  display 
sharp  steps  but  have  more  bell-shaped  or  triangular-field 
dependencies^’'*’’'^  This  may  be  due  to  an  averaging  effect 
over  many  layers  which  have  different  coupling  strengths.  A 
bell-shaped  MR  curve  would  correspond  to  either  biqua¬ 
dratic  coupling  as  in  Fig.  2(a)  or  to  bilinear  coupling  which 
should  naturally  produce  a  similar  shape.  The  triangular 
shape  would  be  a  reminiscent  of  the  combined  bilinear  and 
biquadratic  coupling  as  in  Fig.  2(b). 

IV.  CONCLUSION 

We  have  observed  the  2-ML  period  in  the  oscillations  of 
the  i.iugnetoresistancc  in  Fe/Cr/Fc  trilayers.  This  periodicity 
arises  from  the  antiferromagiietism  of  the  Cr  interlayer. 
MOKE  measurements  indicate  that  the  Fe  layers  can  be 
aligned  parallel,  antiparallel,  or  90°  degrees  off.  The  magnc- 
toresistancc  displays  characteristic  steps  at  values  of  the  ap¬ 
plied  •nugnetic  field  at  which  the  amplitude  of  the  magneti¬ 
zation  changes. 
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The  structural  properties  and  growth  of  sputtered  Co/Ag  multilayers  were  studied  with  nuclear 
magnetic  resonance.  For  samples  with  a  nominal  Co  thickness  of  le.ss  than  10  A  the  Co  grows  in 
three-dimensional  islands,  If  the  nominal  Co  thickness  is  larger  than  lO-A  continuous  Co  layers  are 
formed.  The  relation  of  the  structural  properties  with  magnetization  and  magnetoresislance  is 
discussed. 


Currently  Co/Ag  multilayers  and  Co-Ag  alloys  are 
widely  studied  because  of  their  giant  magnetoresistance 
(MR)  effects.'"'^  Since  the  magnetoresistance  and  the  mag¬ 
netic  properties  are  strongly  related  to  the  structure  of  the 
magnetic  layer  and  the  topology  of  the  interfaces,  the  present 
paper  focuses  on  the  structural  information  as  can  be  ob¬ 
tained  from  '’‘^Co  nuclear  magnetic  resonance  (NMR)  studies. 
We  also  discuss  the  influence  of  annealing  on  the  magnetorc- 
sistance.  The  strain  in  these  Co/Ag  multilayers  has  been 
studied  previously,'* 

The  Co/Ag  multilayers  were  made  by  magnetron  sput¬ 
tering  on  Si  [100]  at  the  Michigan  State  University.  The 
depositioti  rate  was  4  A/s  for  Co  and  8  A/s  for  Ag.  The  Ag 
layer  thickness  was  20  A  for  all  the  samples,  the  Co  thick¬ 
ness  varied  between  4  and  100  A.  The  number  of  repetitions 
was  100,  X-ray  diffractometry  confirmed  the  superlattice 
modulations  and  showed  [111]  texture. 

I'hc  NMR  experiments  were  performed  with  a  coherent 
spin  echo  spectrometer  at  a  temperature  of  1 .5  K.  Magnetic 
fields,  larger  than  the  saturation  field,  were  applied  parallel  to 
the  film  plane.  The  hyperfine  field  was  obtained  from  the 
resonance  field  II,.  and  the  frequency  /  using  the  relation 
27r/=  where  y  is  the  ■‘’‘*Co  nuclear  gyromagnetic 

ratio  {yl27T=  10.054  MHz/T),'  The  transverse  magnetoresis¬ 
tance  was  measured  at  room  temperature  in  fieU's  up  to  1 .3  T 
using  a  .standard  four-probe  method. 

Figure  1  shows  the  NMR  spectra  of  the  lOO-fA'  A 
Co-f20  A  Ag)  multilayers  with  .v  =  4,  8,  10,  12,  and  15  A  Co. 
The  integral  of  the  intensity  is  normalized  to  the  nominal  Co 
thickness.  Apart  from  the  intensity  which  arises  from  bulk 
Co  nuclei  around  21  T,  a  clear  contribution  at  lower  fields 
can  also  be  observed.  This  intensity  at  lower  fields  is  be¬ 
lieved  to  originate  from  Co  atoms  at  or  near  the  interfaces 
(Co  atoms  with  one  or  more  Ag  neighbors).  The  maximum  at 
17.5  T  probably  arises  from  Co  atoms  at  locally  Hat  (111) 
interfaces.  Both  the  interface  and  the  bulk  lines  are  much 
broader  than  the  lines  found  in  Co/Ni  and  Co/Cu  multilayers 
were  the  structure  of  the  Co  is  mainly  fee."'  This  is  because 
the  Co  in  Co/Ag  multilayers  is  a  mixture  of  fee  Co,  hep  Co, 
and  Co  in  stacking  faults. 

Figure  2  gives  a  survey  of  the  different  contributions  to 
the  spectrum  as  a  function  of  the  Co  thickness.  The  intensi¬ 
ties  are  obtained  by  dividing  the  spectra  in  two  parts  and 
integration  of  these  parts  (interface  part  15-19.5  T,  bulk  part 
19.5-23  T).  Changing  the  boundary  between  the  bulk  and 
the  interface  part  a  little  bit,  as  well  its  comparing  the  height 
of  the  interface  and  the  bulk  line,  give  similar  results. 


Remarkable  is  the  presence  of  the  bulk  Co  signal  for  the 
.sample  with  a  nominal  thickness  of  4  A  (2  monolayers)  Co 
(Fig.  1).  The  presence  of  this  signal  demonstrates  that  the  Co 
did  not  grow  in  the  laycr-by-layer  mode  but  in  three- 
dimensional  islands,  becuasc  in  the  case  of  layer-by-layer 
growth  every  Co  atom  would  have  Ag  neighbors.  If  the  Co 
layer  thickness  is  increased  from  4  to  8  to  10  A  both  the 
interface  and  the  bulk  intensity  increases  and  the  relative 
incrca.se  is  approximately  the  same  for  both.  Consequently, 
this  implies  that  the  volume  to  surface  ratio  remains  constant 
[see  Fig.  2(c)].  This  behavior  can  only  be  under.stood  if,  in 
the  nominal  Co  thickness  range  4-U)  A,  the  growth  mode  is 
such  that  the  number  of  three-dimensional  islands  increases 
or  the  islands  become  larger,  (This  last  option  is  only  pos¬ 
sible  when  the  influences  of  the  edges  of  the  islands  are 
negligible.)  The  bulk  intensity  [Fig.  2(b)]  incrca.scs  from  4  to 
10  A  Co  with  a  certain  slope.  The  fact  that  this  line  extrapo¬ 
lates  approximately  to  zero  also  indicates  that  the  growth 
cannot  be  layer-by-layer  [such  a  growth  would  result  in  a 
straight  line  with  a  positive  intersection  with  the  Co  thick¬ 
ness  axis;  4  A  for  perfectly  smooth  layers  and  more  than  4  A 
for  layers  with  a  certain  roughness  (Ref,  5)]. 

For  Co  thicknesses  increasing  from  10  to  15  A  the  in¬ 
tensity  of  the  interface  remains  approximately  constant  [Fig. 
2(a)]  while  the  amount  of  Co  atoms  in  the  bulk  increases 
[Fig.  2(b)].  The  constant  intensity  of  the  interface  shows  that 
for  Co  thicknesses  larger  than  10  A  apparently  a  continuous 
Co  layer  is  formed  and  the  islands  mentioned  before  have 
merged  and  cover  the  whole  layer  at  a  nominal  thickness  of 
10  A.  This  implies  that  the  Co  layers  are  build  with  clusters 
of  Co  with  a  thickness  of  about  5  ML  (monolayers)  in  the 
nominal  range  up  to  10  A  Co.  As  an  additional  check  on  this 
conclusion  we  can  compare  the  interface  to  bulk  ratio  of  the 
spectra  of  4,  8,  and  10  A  Co.  Clusters  with  a  Co  thickness  of 
5  ML  would  have  at  least  2-ML  Co  at  the  interface  and  at 
most  3  ML  bulk  Co  resulting  in  a  bulk  to  interface  intensity 
ratio  of  at  most  3/2  (if  the  interfaces  are  sharp  and  the  islands 
are  relatively  large).  Roughne.ss  as  well  as  a  finite  lateral  size 
would  result  in  a  ratio  smaller  than  .3/2.  The  measured  bulk/ 
interface  ratio  of  about  1  [Fig.  2(c)J  fits  reasonably  in  this 
model.  If  we  assume  that  the  islands  are  cubes  or  cylinders 
with  a  thickness  of  10  A  and  implement  the  experimental 
bulk  to  interface  ratio  of  1,  we  can  estimate  the  lateral  di¬ 
mensions  of  the  islands.  This  approximation  results  in  t'  pical 
lateral  length  scales  of  about  50  A.  Roughne.ss  would  de¬ 
crease  this  number. 

In  this  same  (simple)  growth  model  we  can  also  predict 
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Co  thickness  (A) 


FIG.  1.  NMR  spectra  measured  at  1.5  K  of  100  (a'  A  Co  +  20  A  Ag)  multi¬ 
layers.  The  integral  (between  15  and  23  T)  of  the  spectra  are  normalized  to 
the  nominal  Co  thickness.  The  spectra  are  corrected  for  enhancement. 


the  increase  of  the  bulk  to  interface  ratio  above  the  nominal 
thickness  of  10  A  since  in  our  model  all  Co  above  this  thick¬ 
ness  contributes  to  the  bulk  intensity.  The  resulting  predic¬ 
tion  is  shown  by  the  solid  line  in  Fig,  2(c)  and  fits  remark¬ 
ably  well  with  the  data  for  Co  thicknesses  just  above  10  A.  If 
the  Co  thickness  is  further  increased  (fco>15  A)  the  increase 
of  the  interface  intensity  [Fig.  2(a),  interfaces  become 
rougher]  brings  about  a  deviation  of  the  data  with  this  theo¬ 
retical  line. 

The  growth  mode  of  the  Co/Ag  multilayers  observed  in 
the  present  experiments  is  in  accordance  with  the  expecta¬ 
tions  based  on  a  comparison  of  the  surface  energies  of  Co 


Cl)  llikkncN.s  (A) 


FIG.  2.  Inicnsily  of  the  interface  part  (a),  the  bulk  part  (b),  and  the  ratio 
between  the  bulk  and  the  interface  part  (c),  as  a  function  of  the  nominal  Co 
thickness.  The  dotted  lines  are  guides  to  the  eye,  the  solid  line  in  Fig.  2(c)  is 
in  accordance  with  the  model  discussed  in  the  text. 
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ITG.  .3.  Magnetorcsistunce  us  a  function  of  the  noininul  Co  tliiekness,  Tlie 
inset  shows  the  MR  of  (iU  A  Co-i-2()  A  Ag)  us  a  function  of  the  anneal 
temperature.  All  MR  measurements  were  performed  ut  room  teniperuture 
with  the  applied  field  parallel  to  the  film  plane. 


and  Ag.**  Because  the  surface  energy  of  Co  is  much  larger 
than  the  surface  energy  of  Ag  and  because  the  atomic  inter¬ 
action  between  the  Co  and  the  Ag  atoms  is  weak,’  Co  is 
expected  to  grow  in  three-dimensional  islands  on  Ag 
(Volmer-Webcr  mode)  and  Ag  is  expected  to  grow  in  the 
layer-by-liiycr  mode  on  Co.  Earlier  reflection  high-energy 
electron  diffraction  (RHEED)  studies  on  molecular  beam  ep¬ 
itaxy  (MBE)  grown  Co/Ag  multilayers'^  yielded,  for  some 
growth  temperatures,  similar  results,  although  in  this  paper 
no  information  is  given  about  the  size  of  the  clusters. 

The  magnetoresistance  as  well  as  the  magnetization  of 
the  present  scries  of  samples  has  been  investigated.'’  We  will 
restrict  ourselves  here  to  a  few  general  comments  specifically 
in  relation  to  the  structural  data  observed  by  NMR. 

The  magnetoresistance  of  these  Co/Ag  multilayers,  de¬ 
fined  as  {Rit^[)  -  's  shown  in  Fig.  3.  The 

MR  increases  strongly  for  nominal  Co  thicknesses  smaller 
than  10  A.  As  we  have  seen  this  is  the  regime  in  which  the 
Co  layers  arc  discontinuous.  For  nominal  Co  thicknesses 
larger  than  10  A  (continuous  Co  layers)  the  MR  is  small  and 
almost  independent  of  the  Co  thickness.  The  larger  MR  for 
the  discontinuous  Co  layers  might  be  caused  by  mechanisms 
similar  as  reported  by  Hylton  efa/.'"  for  the  NiFe/Ag  sys¬ 
tem;  isolation  of  pinholes  or  interlayer  magnetostatic  cou¬ 
pling.  One  difference  between  the  present  Co/Ag  system  and 
the  NiFc/Ag  system  is  that  now  the  transition  from  continu¬ 
ous  to  discontinuous  layers  is  not  achieved  by  annealing  but 
is  already  present  in  the  as  deposited  state  (for  A), 

The  re.storation  of  interlayer  (AF)  coupling  as  deduced 
from  the  decrease  of  the  remanent  magnetization  (Af,.)  in 
NiFe/Ag  does  not  seem  valid  for  Co/Ag.  Although  we  ob¬ 
served  in  (Co/20  A  Ag)  a  strong  decrea.se  oi  M ^  in  the  nomi¬ 
nal  /c,)  range  below  10  A  (when  discontinuous  layers  are 
formed),  we  also  found  an  identical  decrease  in  a  (6  A 
Co+40  A  Ag)  multilayer,  where  the  interlayer  coupling  (if 
any)  is  weak.  In  our  analysis  the  behavior  of  M ^  is  brought 
about  by  the  change  of  anisotropy  (magnetostatic  as  well  as 
surface)  when  the  continuous  layer  breaks  up  in  (noninter¬ 
acting)  clusters.  This  ultimately  results  in  almost  isotropic 
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magnetization  for  the  4-A  Co  system  and  an  increase  in  MR 
due  to  the  transition  from  a  ferromagnetic  layer  system  to  an 
assembly  of  decoupled  clusters.  This  effect  is  enhanced  upon 
annealing  as  is  corroborated  by  NMR. 

A  similar  dependence  of  the  MR  on  the  Co  thickness  for 
Co/Ag  multilayers  is  reported  by  Araki.^  As  a  reason  for  the 
strong  increase  of  the  MR  properties  below  10  A  of  Co  an 
increase  of  the  fee  phase  of  Co  for  thin  Co  layers  is  sug¬ 
gested.  In  Fig.  1,  however,  we  can  see  that  the  line  shape  of 
the  bulk  part  does  not  change  when  the  Co  layers  become 
thinner.  From  this  we  can  conclude  that,  for  the  present 
Co/Ag  multilayers,  the  changes  in  the  MR  cannot  be  ex¬ 
plained  by  changes  in  the  structure  of  the  Co. 

The  inset  of  Fig.  3  shows  the  magnetorcsistance  of  the 
Co/Ag  multilayer  with  10  A  Co  and  20  A  Ag  as  a  function  of 
the  anneal  temperature.  When  the  multilayer  is  annealed  the 
MR  first  increases  (from  3%  to  7%),  while  for  anneal  tem¬ 
peratures  higher  than  about  360  °C  the  MR  decreases  upon 
annealing.  This  behavior  agrees  with  earlier  results  of  Tosin 
et  a/..*' 

In  summary,  we  have  shown  with  NMR  that  the  growth 
of  sputtered  Co/Ag  multilayers  starts  with  a  three- 
dimensional  island  growth  of  Co.  For  nominal  Co  thick¬ 
nesses  larger  than  10- A  continuous  Co  layers  arc  formed. 
The  strong  increase  in  the  magnetoresistance  for  nominal  Co 
thicknesses  smaller  than  10  A  is  related  to  the  transition  from 


continuous  to  discontinuous  Co  layers  in  this  thickness 
range.  A  more  detailed  paper  on  the  MR  of  Co/Ag  multilay¬ 
ers  with  discontinuous  Co  layers  is  planned.*^ 
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The  resistance  of  an  as-sputtered  magnetic  multilayer  in  zero  applied  magnetic  field  can  be 
considerably  different  from  the  maximum  resistance  measured  after  the  multilayer  has  been  cycled 
to  above  its  saturation  field.  We  examine  the  relation  between  these  two  resistances  in  some  Ag/Co, 
Cu/Co,  and  Cu/NiFe  multilayers,  and  its  implications  for  interpreting  giant  magnetoresistance. 


The  magnetoresistance  (MR)  of  a  magnetic  multilayer 
composed  of  alternating  thin  layers  of  a  ferromagnetic  (F) 
and  a  nonmagnetic  {N)  metal  is  defined  as 
MR(//)  =  [F(F/)-F(W,)]/^(Wv),  where  H,  is  the  in-plane 
magnetic  field  at  which  the  resistance  R(H)  saturates  at  its 
lowest  value.  This  quantity  can  be  measured  with  the  current 
parallel  (CIP-MR)  or  perpendicular  (CPP-MR)  to  the  layer 
planes.  Figure  1  shows  the  resistance  in  CIP  and  CPP  geom¬ 
etries,  along  with  the  total  magnetization  M  parallel  to  the 
layer  planes,  for  a  Cu(6  nm)/Co(6  nm)  multilayer  as  a  func¬ 
tion  of  //.  We  see  that  there  are  two  different  states  of  locally 
maximal  MRs:  one,  labeled  Wo,  the  as-grown  state  at  W=(), 
which  might  be  associated  with  the  demagnetized  state  of  the 
multilayer;  and  one  at  Hp ,  the  state  of  maximum  resistance 
after  cycling  to  above  W, .  Hp  is  close  to  the  coercive  field, 
Wj. ,  where  M  =0.  In  this  article,  we  provide  some  new  ex¬ 
perimental  information  about  MR(Wo)  and  MR(Wp),  to 
stimulate  more  thought  about  the  significance  of  both  quan¬ 
tities. 

The  largest  MRs  in  magnetic  multilayers  occur  when  the 
W -metal  layer  thicknes,s,  /jv,  is  .such  that  the  magnetizations 
of  neighboring  F  layers  are  aligned  antiparallel  (AP)  to  each 
other  in  zero  field — antiferromagnetic  (af)  coupling.  In  this 
ca.se,  Hp  is  essentially  zero,  and  MR(W,))”*MR(W,,).  This  is 
the  situation  that  is  standardly  modeled,  because  the  mag¬ 
netic  states  of  the  system  are  known  at  both  limits  of  the  MR. 
Unfortunately,  af  coupling  gives  large  values  of  W,  ,  which 
make  such  multilayers  unsuitable  for  most  applications. 
There  is  thus  interest  in  understanding  the  MR  when  there  is 
only  weak  coupling  between  F  layers,  such  as  that  illustrated 
in  Fig.  1.  From  studies  of  oscillatory  behavior  in  magnetic 
multilayers,  we  take  this  regime  as  tp^(>  nm.''^ 

The  most  direct  attack  upon  the  “weak  coupling"  regime 
was  made  by  Zhang  and  Levy,'^  who  proposed  modeling  the 
W  =  W,. ,  M ={)  state  as  a  superposition  of  statistically  uncor- 
related  (SU)  magnetic  configurations  that  satisfy  the  condi¬ 
tion  2M,  =().  (Mj  is  the  magnetization  of  individual  layers.) 
They  noted  that  the  CPP-MR  should  be  the  same  for  the  SU 
and  AP  states,  but  that  the  ClP-MR  should  be  smaller  for  the 
SU  than  the  AP  state. 

In  the  weak  coupling  regime,  the  CIP-MR  has  usually 
been  evaluated  at  W,, ,  both  because  this  state  is  reproducible 
after  cycling  to  above  W,  and  because  it  occurs  near 
W,. — i.e.,  near  M  =  ().  Zhang  and  Levy’  have  analyzed  such 
data  in  terms  of  a  SU  state,  and  argued  that  such  a  state  is 
needed  to  explain  why  the  CPP-MR  is  usually  so  much 
larger  than  the  CIP-MR.  [We  note  that  our  experiments  sug¬ 


gest  that  Hp  is  not  identical  to  W,. ,  and  M{Hp)  may  be  an 
appreciable  fraction  of  A/(W,).] 

For  the  CPP-MR,  in  contrast,  we  have  focused  upon 
Wo'*""’  as  the  M  =0,  SU  state,  for  two  reasons;  (1)  MR(W(])  is 
usually  larger  than  MR(W,,) — and  one  expects  the  AP  and 
SU  states  to  have  the  highest  possible  MRs.  (2)  It  fits  better 
a  data  analysis'’  involving  extrapolation  from  the  af  regime  to 
the  completely  uncoupled  regime,  that  we  now  describe.  We 
and  others  have  shown"’'^'*'  that  a  two-current  model,  in 
which  spin  up  and  spin  down  electrons  carry  current  inde¬ 
pendently  through  the  multilayer,  gives  a  good  description  of 
a  wide  range  of  CPP-MR  data  on  Ag/Co,"’''’'''  Cu/Co,'’'''  and 
Cu/NiFe. For  multilayers  in  the  AP  or  SU  configurations, 
with  fixed  F  metal  thickness  f/.-  and  fixed  total  thicknesses 
tr,  this  model  predicts  that  the  plot  of  the  total  resistance  Fj- 
versus  number  of  bilayers  iV,  should  be  a  straight  line  with 
an  intercept  on  the  ordinate  axis  that  can  be  independently 
determined.  This  straight  line  should  pass  through  the  data 
for  AP  states  and  for  uncoupled  SU  states,  but  not  those  for 
which  significant  ferromagnetic  coupling  is  present.  Experi¬ 
mentally  we  find  that  such  a  line  fits  the  data  for  much 
better  than  the  data  for  Hp  in  Cu/Co,'’  where  the  differences 
between  the  two  sets  of  data  are  large.  The  W,,  data  for  Cu/ 
NiFe  also  fits  this  pattern  but  the  distinction  between  the  H^ 
and  Hp  data  is  small." 

With  this  background  we  now  turn  to  a  more  detailed 
examination  of  the  ratio  MR(W(|)/MR(W^,)  in  our  sp  nered 
multilayers  than  has  hitherto  been  presented.  We  firs  exam¬ 
ine  the  ratio  under  different  conditions  in  different  multilayer 
systems,  and  then  describe  some  preliminary  tests  we  have 
made  to  see  whether  the  //(i  states  can  be  restored  by  demag¬ 
netizing  a  sample. 

In  Figs.  2(a),  2(b)  we  plot  the  ratio  MR(W,|)/MR(//,,)  for 
a  series  of  Ag/Co,  Cu/Co,  and  Cu/NiFe  samples  with  fixed 
r/.  =6  nm,  and  with  respectively. 

For  “uncoupled"  samples,  nm,  wc  see  that  most  of 
the  Ag/Co  and  Cu/Co  data  lie  in  a  band  around  a  ratio  of  1.5 
in  Fig.  2(a)  and  around  2  in  Fig.  2(b).  Importantly,  most  of 
the  CIP-MR  data  for  Ag,'Co  behave  very  similarly  to  the 
CPP-MR  data  for  both  Ag/Co  and  Cu/Co.  For  these  "un¬ 
coupled"  samples,  W,,  and  Hp  thus  seem  to  have  similar 
significance  for  the  CPP-  and  ClP-MRs.  This  similarity  rides 
out  the  possibility  that  the  //d  and  Hp  states  are  AP  and  SU 
states,  re.spectively.  For  while  in  CIP  this  would  result  in 
R{H„)/R{H p)>\,  in  CPP  the  ratio  would  be  1,  The  situation 
for  Cu/NiFe  is  more  complex,  with  some  data  falling  close  to 
the  data  for  Ag,'Co  and  Cu/Co,  and  other  data  falling  around 
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FIG.  1,  (a)  and  (b)  give  Ihc  resistances  of  a  [Cu(6  nm)/Co(6  nm)]X60 
multilayer  in  the  CPP  and  CIP  geometries,  respectively,  (c)  shows  the  mag¬ 
netization  of  the  same  sample. 


1.  Tlie  reasons  for  these  variations  are  not  yet  understood, 
but  it  should  be  noted  that  the  uncertainties  in  the  Cu/NiFe 
ratios  are  large  partly  because  the  MRs  themselves  are 
smaller  than  those  for  equivalent  Ag/Co  and  Cu/Co  samples. 

For  the  samples  with  the  thinnest  Ag  layers  in  Figs.  2(a) 
and  2(b),  we  find  MR(/-/g)/MR(//p)<l.  Values  of  this  ratio 
below  1  have  been  found  rather  generally  in  Ag/Co  samples 
with  t,\g<3  nm,  as  we  will  show  elsewhere.*^  This  may  in¬ 
dicate  ferromagnetic  bridging  between  the  Co  layers.  Ap-'ar- 
ently  the  values  ~  1.5-2  shown  in  Figs.  2(a)  and  2(b)  aie 
representative  only  of  weakly  coupled  samples. 

If,  as  sugge.sied  at  the  beginning,  we  wish  to  associate 
the  H 0  state  with  a  demagnetized  state,  then  we  could  hope 
to  restore  this  state  by  demagnetizing  the  sample  by  cycling 
it  through  steadily  decreasing  fields.  In  Table  1  we  give  MRs 
evaluated  for  H  for  the  states  //„,  and  Hi  which  is  the 
zero  field  state  after  demagnetization.  The  first  sample  is 
strongly  af  coupled,  and  the  second  is  /  coupled.  Here,  ex- 
chPi.gc  forces  dominate  coercive  effects  and  the  MRs  are  not 
dramatically  different.  The  third  sample  is  weakly  af  coupled 
and  the  remaining  samples  are  uncoupled,  and  now  there  are 
significant  differences.  For  Cu(9  nm)/Co(6  nm),  MR(//;;)  is 
appreciably  greater  than  MR(f/p)  but  much  le.ss  than 
MR(F/u).  This  result  supports  our  assumption  that  the  //„ 
state  is  the  best  candidate  to  date  for  the  AP  state.  For  Cu/ 
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FIG.  2.  (a)  MRlf/ol/MRIW^,)  ploUed  againsl  thickncsse,s  of  Ag  and  Cu  for  a 
variety  of  mullilaycr.s  with  constant  nm.  (b)  MR(//o)/MR(H,,)  plotted 
against  /,  the  thickness  of  both  the  F  and  N  layers,  for  samples  with 
l  =  ty=lN- 


NiFe,  on  the  other  hand,  for  /c.u<10  nm,  MR(f/,))<MR(//^,), 
and  MR(//g)  is  larger  than  both.  Here,  MR(//jJ)  is  probably 
the  best  available  experimental  estimate  for  the  AP  state. 

For  the  Cu/Co  and  Ag/Co  systems,  both  and  seem 
to  be  rather  well-defined  states,  in  the  sense  that  their  prop¬ 
erties  vary  systematically  with  other  parameters  in  the  sys¬ 
tem.  In  the  uncoupled  region,  the  //g  state  seems  to  corre¬ 
spond  better  with  the  AP  state.  Once  a  sample  has  passed 


TABl.E  I.  MR(W,|),  and  MRf/fJJ)  are  the  MRs  (in  percent)  of  the  multilay¬ 
ers  in  zero  field  as  prepared,  and  after  demagnetization,  respectively. 
MR(//p)  is  Ihc  peak  MR  after  cycling  to  /f , ,  Layer  dimensions  arc  given  in 
nm. 


System 

MR(//„) 

MR(«,) 

mr(h;;) 

[Cu((I.H)/NiFc(f))]x5.1 

CIP 

35 

34 

34 

tCu(.1)/NiFc{6)]x4() 

CPP 

1.3 

1,3 

1,3 

i(,u(2.0)/Co(1.5)]xl4.'! 

CPP 

68 

58 

64 

CIP 

12 

8.2 

9.3 

[Cu(9.0)/Co(f).0)]x49 

CPP 

hi 

37 

44 

[Cu(5.7)/NiFc(1..5)Jx50 

CPP 

17 

26 

33 

(Cu(3.,1)/NiFc(l..S)]x7.') 

CPP 

23.5 

35 

39 

CIP 

7.f) 

8.0 

10,5 
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through  a  complete  hysteresis  cycle,  we  have  no  s;i'  •  •'ded 
in  restoring  the  original  state  by  demagnetization  ? 
K.  For  our  “uncoupled”  sputtered  multilayers  of  Ag/Co  and 
Cu/Co,  the  ratio  MR(//o)/MR(//,,)  is  rather  stable  at  =«1,6  or 
2  for  multilayers  with  fixed  ip  or  respectively.  For 

“uncoupled”  Cu/NiFe  with  tcu'^10  nm,  on  the  other  hand, 
larger  resistances  at  zero  field  can  generally  be  obtained  by 
demagnetizing  at  4.2  K;  here,  the  //„  state  cannot  be  the  AP 
state. 

We  conclude  that  Hp  is  unlikely  to  closely  represent  the 
SU  state.  Further  study  is  needed  to  establish  how  close 
comes  to  the  AP  state  in  different  systems.  In  hopes  of  clari¬ 
fying  this  issue,  we  are  making  CPP-MR  measurements  on 
spin-valve  multilayers,  in  which  alternating  layers  of  and 
Fg  have  values  of  different  enough  that  they  should  give 
an  AP  state  for  H^/^<H<Hcb  • 
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The  magnetic  structures  which  occur  in  {Co/Nig|Fe|Q/Co)/Cu  multilayer  films  showing  giant 
magnetoresistance  have  been  investigated  using  electron  microscopy.  Rather  similar  fine  domains, 
with  sub-/im  dimensions,  were  found  in  films  comprising  14  and  6  magnetic  layers.  Whilst  the 
observed  structure  depended  greatly  on  the  magnetic  history  of  the  sample,  a  combination  of 
differential  phase  contrast  imaging  and  low  angle  diffraction  allowed  an  estimate  to  he  made  of  the 
extent  to  which  neighboring  magnetic  layers  were  aligned  antiparallel  to  each  other.  For  both 
samples  typically  two  layers  were  found  to  have  parallel  alignment  leading  to  the  possibility  that 
departures  from  the  expected  antiferromagnetic  behavior  are  more  prevalent  at  the  surfaces  rather 
than  in  the  bulk  of  the  multilayer. 


I.  INTRODUCTION 

In  a  recent  paper  the  magnetic  structures  present  in  giant 
magnetoresistive  (Co/NigiFeiy/Co)/Cu  multilayer  films  with 
14  magnetic  layers  were  investigated  using  various  Lorentz 
modes  of  transmission  electron  microscopy.'  The  films, 
which  gave  magnetoresistance  ratios  of  up  to  18%  at  room 
temperature,  displayed  distinct  and  rather  complex  small- 
scale  magnetic  structures  at  zero  field  that  were  incompatible 
with  complete  antiparallel  alignment  of  the  magnetization  in 
adjacent  layers.  Whilst  Lorentz  microscopy  is  one  of  the  few 
techniques  with  the  ability  to  image  submicron  domain  struc¬ 
tures,  a  detaiied  interpretation  of  the  images  is  made  difficult 
in  this  instance  because  information  is  provided  only  on  the 
projection  of  the  in-plane  component  of  magnetic  induction 
averaged  through  the  multilayer  stack.  In  the  present  work 
we  have  gained  further  insight  into  the  magnetic  structures 
by  comparing  observations  in  the  14-iaycr  sample  with  those 
in  a  sample  of  identical  composition  but  which  comprised 
only  six  magnetic  layers.  Furthermore,  low  angle  electron 
diffraction  (LAD)  has  been  introduced  to  provide  quantita¬ 
tive  data  on  the  degree  of  magnetic  alignment  throughout  the 
multilayer  stack. 

The  multilayer  material  was  chosen  to  ensure  that  films 
were  soft  whilst  retaining  high  magnetoresistance  (MR) 
values,^  its  composition  being  substrate  13()ARu!5ACo|11 
ANiFe|5ACo|n  X  { 19.5Cu|5ACoillANiFe|5ACo|}  150ARu|. 
M-l-1  is  the  number  of  magnetic  layers  in  the  multilayer 
stack.  The  magnetic  structures  were  observed  by  Fresnel  im¬ 
aging  and  differential  phase  contrast  (DPC)  microscopy.  The 
former  is  an  out-of-focus  technique  suitable  for  domain  ob¬ 
servations  during  magnetization  reversal.  Large  in  situ  per¬ 
pendicular  fields  were  available  using  the  objective  lens 
field’’  and,  on  tilting  the  sample,  an  in-plane  field  component 
of  up  to  lOOO's  Oe  could  be  applied.  DPC  imaging  was  u.sed 
to  iook  in  more  detail  at  structures  of  particular  interest  and 
processed  DPC  image  pairs  yielded  vector  maps  of  the  mag¬ 
netic  induction  averaged  through  the  magnetic  layers."*  LAD 
was  employed  to  quantify  the  total  Lorentz  deflection  suf¬ 
fered  by  the  electrons  as  they  passed  through  the  magnetic- 


layers  of  the  multilayer  films  and,  as  such,  gave  a  direct 
measure  of  the  net  magnetization  alignment  in  the  multilayer 
stack.  The  LAD  patterns  were  recorded  from  sample  areas 
=^20  /uni  in  diameter  and  the  patterns  were  calibrated  by 
reference  to  a  standard  diffraction  grating  specimen. 

II.  RESULTS 

A  Fresnel  image  of  a  typical  fine  domain  structure  in  the 
14-layer  sample  at  near-zero  field  is  given  in  Fig.  1  (the 
applied  field  orientation  is  given  by  the  double  headed  ar¬ 
row).  This  is  the  highest  magnetic  contrast  slate  during  mag¬ 
netization  reversal.  For  comparison,  some  features  of  interest 
during  magnetization  reversal  in  the  six-layer  sample  are 
shown  in  Fig.  2.  As  the  field  was  reduced  from  saturation, 
fine  striations  which  are  similar  to  magnetization  ripple  were 
observed  [Fig.  2(a)].  Reduction  of  the  applied  field  to  zero 
followed  by  a  small  increase  in  the  reverse  sense  [Figs.  2(b) 
and  2(c)]  led  to  an  increase  in  the  magnetic  contrast  and  the 
formation  of  an  irregular  submicron  domain  structure  similar 
to  that  observed  in  the  original  14-layer  film  (Fig.  1).  Thus 
the  generic  form  of  the  domain  structure  formed  during  mag¬ 
netization  reversal  from  a  saturated  state  did  not  change 
when  the  number  of  magnetic  layers  was  reduced  to  six. 


FIG.  1.  ItcsiicI  image  of  the  near./ero  licid  domain  structure  (H  =  4  Oc)  in 
the  14-laycr  sample. 
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FIG.  2.  Fresnel  images  of  magnetization  reversal  in  the  six-layer  sample. 


Application  of  higher  fields  to  the  six-layer  sample, 
however,  introduced  further  complexities.  In  the  presence  of 
a  greater  reverse  field,  a  high  density  of  360°  wall  structures 
formed  as  the  irregular  domain  structure  collapsed  [Fig. 
2(d)].  Annihilation  of  these  360°  wall  structures  required 
field  values  in  excess  of  350  Oc.  These  observations  should 
be  contrasted  with  what  happened  when  the  sample  was  de¬ 
magnetized  along  a  minor  hysteresis  loop  for  maximum  field 
values  between  20  and  30  Oe.  Under  these  circumstances 
much  larger  domains  were  nucleated  [Fig.  3(a)].  Whilst  in¬ 
creasing  the  field  from  this  state  once  again  led  to  the  forma¬ 
tion  of  360°  loops,  these  spanned  much  larger  areas  than 
those  in  Fig.  1(d)  as  a  consequence  of  their  originating  from 
the  larger  domains.  Figure  3(b)  shows  such  360°  wall  struc¬ 
tures  after  the  field  was  removed.  Thus  substantially  different 
magnetic  structures  could  be  induced  in  the  sample  depen¬ 
dent  on  its  magnetic  history. 

Vv'e  have  investigated  the  small  and  large  domain  struc¬ 
tures  discussed  above  [Figs.  2(c)  and  3(a)  ]  using  DPC  mi¬ 
croscopy.  One  of  a  pair  of  DPC  images  for  each  of  the  small 
and  large  domain  structures  at  zero  field  are  given  in  Figs. 
4(a)  and  4(b).  While  the  large  domains  [Fig.  4(b)]  are  =^1 
;zm  across,  the  dimensions  of  the  small  domains  [Fig.  4(a)] 
■are  *^1  /um.  Using  pairs  of  DPC  images  sensitive  to  orthogo¬ 
nal  induction  components,  the  vector  maps  corresponding  to 


FIG.  4.  DPC  images  of  (a)  small  anO  (li)  large  lioniain  striiclures  in  the 
six-layer  sample  mapped  along  directions  given  by  the  double  headed  arrow, 
(c)  and  (d)  are  vector  maps  for  the  regions  in  (a)  and  (b),  each  with  a 
scattergram  inset. 


FIG.  .S.  (at  Large  domains  induced  in  the  six-layei  sample  and  (b)  resulting 
360°  wall  structures. 


the  regions  shown  in  Figs.  4(a)  and  4(b)  were  formed,  These 
are  given  in  Figs.  4(c)  and  4(d)  and  clearly  show  spatial 
variations  in  magnetization  orientation  and  magnitude  on  a 
sub~/i.m  scale.  The  inset  in  each  vector  map  is  a  scattergram 
which  can  be  thought  of  as  a  two-dimensional  histogram  of 
the  in-plane  induction  components  within  each  area 
mapped."'  The  scattergram  in  Fig.  4(c)  indicates  that  all  ori¬ 
entations  of  the  projected  induction  and  magnitudes  below  a 
certain  limit  (defined  by  the  width  of  the  scattergram)  are 
present.  The  elongation  of  the  scattergram  in  Fig.  4(d)  is 
con.sistent  with  the  horizonial  directionality  of  Fig.  4(b)  but  it 
is  clear  that,  as  before,  all  magnitudes  for  the  projected  in- 
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FIG.  5.  LAD  patterns  for  (a)  a  14-laycr  fcrromagnetically  coupled  sample  at 
a  region  of  ncar-180°  domain  walls;  the  litie  domain  states  of  (b)  the  14- 
laycr  sample  and  (c)  the  6-layer  sample. 


duction  tiom  the  maximum  ob.served  value  down  to  zero  are 
present.  Similar  observations  were  made  on  the  14-laycr 
sample.' 

Quantitative  information  on  the  magnitude  of  the  pro¬ 
jected  induction  were  obtained  using  LAD.  For  comparison 
purposes,  an  LAD  pattern  for  a  14-layer  sample  containing 
magnetic  layers  of  the  same  thickness  but  with  intervening 
Cu  interlayers  of  reduced  thickness,  thereby  favoring  parallel 
alignment  of  the  magnetic  layers,'  is  given  in  Fig.  5(a).  This 
pattern  is  typical  of  one  from  a  simple  ferromagnetic  film 
supporting  in-plane  magnetization  and  containing  domains 
separated  by  *180”  walls.  The  two  lobes  in  the  LAD  pattern 
corre.spund  to  the  two  almost  anitparallel  domain  magnetiza¬ 
tion  orientations  and  the  circumferential  spread  in  the  lobes 
is  an  indication  of  the  magnetization  dispersion  in  the 
sample.  The  expected  Lorentz  deflection,  ,  for  a 
multilayer  supporting  parallel  magnetization  alignment  is 
given  by  /8f^=(e\//i)/fl,)  cif,  where  Zin  is  the  magnetic  in¬ 
duction  of  the  material,  \  is  the  electron  wavelength,  and  the 
integral  is  evaluated  over  the  thickness  of  the  magnetic  lay¬ 
ers.  Assuming  saturation  magnetization  values  appropriate  to 
bulk  Co  and  permalloy,  the  expected  value  of  P;  was  calcu¬ 
lated  to  be  26  /urad.  This  compares  reasonably  with  the  ex¬ 
perimental  value  of  23  /xrad. 

The  LAD  patterns  seen  in  Figs.  5(b)  and  5(c)  are  very 
different  to  that  in  Fig.  5(a).  They  were  taken  from  the  fine 
domain  structures  seen  in  the  14-  and  6-layer  samples  and 
closely  resemble  the  scattergram  of  Fig.  4(c),  Furthermore. 


despite  the  fact  that  the  number  of  layers  in  the  two  samples 
differs  markedly,  the  extent  of  the  LADs  are  remarkably 
similar  and  substantially  less  than  that  of  Fig.  5(a).  Indeed 
most  of  the  intensity  in  the  diffraction  patterns  is  within  an 
angular  radius  of  6  yurad.  This  corresponds  to  *25%  of  the 
maximum  deflection  angle  that  would  be  obtained  for  the 
14-layer  sample  if  the  magnetization  in  adjacent  layers  was 
always  parallel  and  *60%  of  the  corresponding  quantity  for 
the  6-layer  .sample.  More  significantly  the  observed  distribu¬ 
tions  resemble  what  would  be  observed  if,  in  different  areas 
of  the  multilayer  film,  zero,  two,  and  occasionally  up  to  four 
layers  were  aligned  parallel  rather  than  antiparallel  to  each 
other. 


We  have  shown  that  complex  domain  structures,  depen¬ 
dent  on  the  magnetic  history  of  the  sample,  exist  in 
multilayer  films  with  a  composition  that  ensures  a  high  value 
of  MR  and  relatively  low  switching  fields,  In  general,  the 
magnetic  contrast  is  rather  low  but  neither  it,  nor  the  geom¬ 
etry  of  the  .structures,  differs  substantially  in  films  compris¬ 
ing  both  14  and  6  magnetic  layers.  A  combination  of  DPC 
imaging  and  LAD  has  shown  that  whilst  local  areas  exist 
within  the  films  where  the  net  magnetic  deflection  is  zero,  in 
most  regions,  the  electrons  suffer  a  small  deflection  as  they 
pass  through.  This  is  consistent  with  an  incomplete  antipar¬ 
allel  alignment  of  magnetization  in  adjacent  layers  through¬ 
out  the  multilayer  stack.  Furthermore,  using  LAD  we  hav»; 
made  a  quantitative  estimate  of  the  extent  to  which  parallel 
alignment  is  present  and  have  shown  that  the  parallel  align¬ 
ment  is  usually  between  two  layers,  and  rarely  exceeds  four 
magnetic  layers.  As  similar  results  are  found  for  both  14-  and 
6-layer  samples,  rather  than  there  being  a  scaling  with  the 
number  of  layers,  it  is  possible  that  parallel  alignment  is 
most  frequently  found  near  one  or  both  film  surfaces.  Further 
investigations  involving  smaller  numbers  of  layers  should 
help  to  clarify  this.  We  conclude  that  a  contribution  of  elec¬ 
tron  imaging  and  diffraction  techniques  provides  information 
on  magnetization  processes  in  complex  multilayer  structures 
that  would  not  be  accessible  by  other  experimental  tech¬ 
niques. 
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Distribution  of  current  in  spin  vaives  (abstract) 

Bruce  A.  Gurney,  Virgil  S.  Speriosu,  Harry  Lefakis,  and  Dennis  R.  Wilhoit 

IBM  Research  Division,  Almaden  Research  Center,  650  Harry  Road,  San  Jose,  California  95120-6099 

We  present  a  model  describing  the  distribution  of  spin  up  and  spin  down  currents  within  the  layers 
of  spin  valve  structures.  With  this  model  and  experimentally  determined  bulk  mean  free  paths  we 
successfully  describe  a  variety  of  experimental  results,  including  the  variation  of  resistance  and 
magnetoresistance  with  both  ferromagnetic  and  nonferromagnetic  layer  thicknesse.s,  and  the 
current-induced  field  acting  on  the  ferromagnetic  layers  versus  overall  current.  Our  model  is  based 
on  an  approximate  path  integral  solution  of  the  Boltzmann  equation  for  in-plane  tran.sport  in  a 
multiply  layered  structure.  For  a  given  orientation  of  the  magnetizations  it  calculates  the  current 
density  j"{r)  at  each  point  r  for  each  spin  a  throughout  the  structure.  From  j''{r)  it  is 
straightforward  to  obtain  the  current  in  each  layer  for  parallel  versus  antiparallel  magnetizations,  or 
of  the  current  density  near  interfaces  relevant  to  electromigration.  Included  in  our  model  are  both 
spin  dependent  bulk  scattering  as  well  as  scattering  at  interfaces,  which  are  treated  as  thin  layers. 
For  example,  in  order  to  obtain  quantitative  agreement  with  experiments  with  permalloy  based 
structures  it  is  essential  to  include  spin  independent  scattering  arising  from  Fe  and  Ni  atoms 
rendered  nonferromagnetic  next  to  the  spacer  due  to  interfacial  intermixing.  Our  results  bear  directly 
on  the  fundamentals  of  GMR  by  successfully  describing  transport  in  spin  valves  using  the  measured 
bulk  spin  dependent  mean  free  paths  of  the  individual  layers.  Our  results  arc  also  of  technological 
interest  because  they  predict  how  current  affects  the  MR  re.sponsc  to  an  external  field. 


A  comparison  of  the  giant  magnetoresistance  and  anisotropic 
magnetoresistance  in  Co/Cu  sandwich  films  (abstract) 

B.  H.  Miller,  E.  Youjun  Chen,®'  Mark  Tondra,  and  E.  Dan  Dahiberg 

School  of  Physics  and  Astronomy,  University  of  Minnesota,  116  Church  , Street  SR,  Minneapolis, 

Minnesota  55455 

By  a  systematic  variation  of  structures,  recent  measurements  conclude  the  scattering  associated  with 
the  high  resistance  giant  magnetorcsis'ance  (GMR)  state  occurs  within  0.25  nm  of  the  magnetic 
interface.*  We  have  accomplished  a  similar  measurement  that  docs  not  require  such  stringent  control 
of  the  sample  structure.  Instead,  the  present  work  uses  measurements  of  the  anisotropic 
magnetoresistance  (AMR)  in  both  the  high  resistance  and  low  resistance  GMR  states,  The  samples 
are  sandwiches  of  Co/Cu/Co/CoO  with  Co  thicknesses  ranging  from  I  to  10  nm  and  Cu  thickness 
of  approximately  2.5  nm.  The  AMR  is  measured  with  the  Co  magnetizations  aligned  parallel  to  one 
another  (the  low  resistance  GMR  state)  and  with  the  Co  magnetizations  aligned  antiparallel  to  one 
another  (the  high  resistance  GMR  state).  The  data  show  that  the  AMR  in  the  antiparallel 
configuration  is  less  than  that  in  the  parallel  configuration.  An  analysis  that  relates  the  reduced  AMR 
to  the  magnetic  interfacial  region  giving  rise  to  the  high  resistance  GMR  state  indicates  the 
scattering  occurs  within  approximately  0.5  nm  of  the  interface. 
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Enhanced  magnetoresistance  in  chromium  doped  Fe/Cr  muitiiayers 
(abstract) 

Noa  M.  Rensing  and  Bruce  M.  Clemens 

Deparlment  of  Applied  Physics  and  Department  of  Materials  Science  and  Engineering,  Stanford  University, 
Stanford,  California  94305-2205 

Wc  report  enhanced  room  temperature  magnetoresistance  of  up  to  1 1 .4%  in  sputter  deposited  Fe/Cr 
multilayers  when  the  iron  layers  are  doped  with  additional  chromium.  To  our  knowledge,  this  is  the 
largest  room  temperature  magnetoresistance  in  polycry-stalline  Fe/Cr  multilayers  reported  to  date.  In 
comparison,  the  magnetoresistance  was  7.5%  in  a  similar,  undoped  sample  made  at  the  same  time. 

The  magnetoresistance  of  antiferromagnetically  coupled  Fe/Cr  multilayers  has  been  the  subject  of 
considerable  .study  in  the  past  five  years.  We  have  investigated  the  possibility  of  doping  the  Fe  layers 
with  additional  chromium,  in  order  to  increase  the  magnetoresistance  by  enhancing  the  spin 
dependent  scattering.  In  one  series  of  samples,  the  chromium  dopant  was  concentrated  into  thin 
layers  within  the  Fe  layer.  A  1  A  layer  of  chromium  (j  monolayer)  was  deposited  at  a  depth  of  4, 

8,  or  15  A  into  the  30-A-thick  iron  layers  of  the  multilayers.  The  magnetoresistance  was  enhanced 
in  all  of  the  samples,  to  8%  when  the  doping  layer  was  at  4  A  and  to  10.5%  in  the  others.  In  the 
second  series  of  samples  the  iron  layers  were  alloyed  with  between  1.5%  and  50%  chromium.  The 
maximum  magnetoresistance  was  11.4%,  observed  in  the  sample  with  20%  chromium  in  the  Fe 
layers.  This  is  larger  than  the  magnetoresistance  in  any  of  the  samples  where  the  Cr  was 
concentrated  in  a  thin  layer  within  the  Fe  layer,  but  a  given  amount  of  chromium  appears  to  be  more 
effective  in  increasing  magnetoresislance  when  it  is  concentrated  in  a  layer  rather  than  distributed 
as  an  alloy.  A  1  A  layer  of  Cr  is  roughly  equivalent  to  a  3%  alloy,  but  the  alloyed  sample  only 
showed  8%  magnetoresistance,  in  comparison  to  up  to  10.5%  in  the  samples  with  layered  doping. 


Low  field  giant  magnetoresistance  and  oscillatory  interlayer  exchange 
coupling  in  poiycrystalline  and  (111)-oriented  permalloy/Au 
multilayers  (abstract) 

S.  S.  P.  Parkin,  T,  A.  Rabedeau,  R.  F.  C.  Farrow,  and  R.  Marks 

IBM  Research  Division,  Almaden  Research  Center,  San  Jose,  California  95120-6099 

The  existence  of  oscillatory  interlayer  exchange  coupling  of  ferromagnetic  layers  via  (lll)-oriented 
noble  metal  spacer  layers  is  controversial.  Wc  present  evidence  from  magnetic  and  giant 
magnetoresistance  studies  for  well-defined  antiferromagnetic  interlayer  coupling  in  single 
crystalline  (111)  permalloy/ Au  multilayers.  Four  oscillations  in  the  coupling  are  observed  as  the  Au 
spacer  layer  thickness  is  increased.  The  oscillation  period  is  “10  A  which  is  significantly  shorter 
than  the  period  of  “11.5  A  predicted  in  Ruderman-Kittel-Kasuya-Yosida  based  models.  Similar 
oscillatory  interlayer  coupling  is  found  in  poiycrystalline  permalloy/Au  multilayers  prepared  by  dc 
magnetron  sputtering.  The  interlayer  coupling  strength  is  significantly  weaker  in  tf  poiycrystalline 
as  compared  to  the  (lll)-oriented  crystalline  samples.  In  both  cases  the  coupling  strength  is  weaker 
than  in  comparable  structures  containing  Ag,  for  which  the  coupling  is  weaker  than  in  similar 
structures  containing  Cu.  The  weakness  of  the  antiferromagnetic  interlayer  coupling  via  Au  leads  to 
very  low  saturation  fields,  lower  than  for  all  other  noble  and  transition  metals.  Indeed,  the  saturation 
fields  are  as  low  as  just  a  few  Oersted  for  sufficiently  thick  Au  layers.  Consequently,  we  find  giant 
magnetoresistance  values  of  “1%/Oe  or  greater  at  room  temperature  in  poiycrystalline  permalloy/ 

Au  multilayers.  These  values  are  the  highest  values  yet  reported  in  multilayer  structures  and  are 
comparable  to  or  greater  than  those  recently  reported  in  discontinuous  permalloy/Ag  multilayers. 


J.  Appl.  Phys.  76  (10),  15  November  1994 


002 1  -897g/94/76(  1 0)/e6 1 7/1  /$6,00 


©  1994  American  Institute  of  Physics  6617 


Giant  magnetoresistance  at  iow  fields  in  [(NixFei_x)yAgi-y]/Ag  multilayers 
prepared  by  molecular  beam  epitaxy  (abstract) 

R.  F.  C.  Farrow,  R,  F.  Marks,  A.  Cebollada,  M.  F.  Toney,  D.  Dobbertin,  R,  Beyers, 
and  S.  S.  P.  Parkin 

IBM  Research  Division,  Almaden  Research  Center,  (tHO  Harry  Road,  San. lose.  California  95 1 2I)-6()W 

T.  A,  Rabedeau 

Stanford  Synchrotron  Radiation  Laboratory,  .Stanford,  California  94305 

The  structural  changes  that  accompany  the  development  ot'GMR  (giant  magnetoresistance)  at  low 
(slO  Oe)  fields  in  annealed  magnetic  multilayers'  arc  of  current  interest  because  of  potential 
applications  of  such  structures  in  sensors.  In  this  paper  we  report  a  study  of  the  development  of 
GMR  in  [II  l]-orientcd  multilayers  comprising  ferromagnetic  films  of  a  mixture  of  Ag  and 
permalloy  (Nij-Fe,  a~().8)  alternating  with  Ag  spacer  films.  The  multilayers  were  grown  by 
molecular  beam  epitaxy  (MBE)  on  Pt(l  11)  seed  films  on  .sapphire  (OOOl)  substrates  at  temperatures 
in  the  range  20  to  200  °C.  The  structure  of  the  multilayers  was  investigated  using  x-ray  diffraction 
and  electron  microscopy.  For  a  .series  of  multilayers  grown  with  nominally  identical  ferromagnetic 
and  spacer  layer  thicknesses,  the  magnctoresistancc  is  found  to  be  strongly  dependent  on  both 
growth  temperature  and  subsequent  annealing  temperature.  The  multilayers  exhibited  a  negative 
magnetoresistance  in  the  as-grown  state  which  more  than  doubled  when  the  growth  temperature  was 
increased  from  20  to  100  °C.  However,  the  highe.st  magnetoresistance  (peak  5.6%;  maximum  slope 
0.4%  per  Oe)  was  obtained  by  annealing  (at  400  °C)  multilayers  grown  at  100  °C.  Transmi.ssion 
electron  microscopy  studies  of  such  multilayers  showed  no  evidence  for  discontinuities  or 
penetration  of  the  ferromagnetic  films  by  Ag  along  grain  boundaries.  Thus,  we  conclude  that 
discontinuous  or  granular  multilayers  with  complete  phase  separation  are  not  necessary  for  GMR 
with  low  saturation  fields. 


The  full  uriiele  iippcareJ  in  the  l.S  September  IU‘J‘1  issue  of  Jourital  of 
Appllcil  Physics  oil  p.  .''(iSH. 
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Effects  of  domains  on  magnetoresistance  (abstract) 

Shufeng  Zhang  and  Peter  M.  Levy 

Department  of  Physics,  New  York  University,  New  York,  New  York  10003 

Our  present  understanding  of  the  giant  magnetoresistance  observed  in  magnetic  multilayered 
structures  is  based  on  the  premise  that  the  layers  are  either  monodomains  or  that  the  sizes  of  the 
domains  are  much  larger  than  all  other  length  scales  (mean  free  path,  spin-diffusion  length,  and 
layer  thickness)  relevant  to  the  magnetoresistance.  We  extend  our  theory  of  magnetoresistance  to 
include  multilayers  with  small  in-plane  domains  where  there  is  the  possibility  that  their  size  may  be 
limited  by  columnar  growth.'  We  study  magnetoresistance  in  the  presence  of  in-planc  domains  both 
for  the  current  parallel  and  perpendicular  to  the  plane  of  layers,  The  domain  boundaries  introduce 
additional  scattering  and  the  direction  of  the  internal  current  will  be  different  from  that  of  the  driven 
current.  In  the  presence  of  spin-dependent  scattering,  a  transverse  spin  current  develops  so  that  the 
current  in  each  of  the  spin  channels  is  “mixed”  even  without  spin-flip  processes.  Analytical 
expressions  will  be  given  for  limiting  cases  where  the  mean  free  path  is  either  much  larger  or  much 
smaller  than  the  layer  thickness  and  the  domain  size.  We  find  that  the  domain  size  is  a  relevant 
length  scale  and  contributes  to  the  spin  diffusion  length  in  the  equations  that  govern  the  spin 
diffusion  attendant  to  charge  transport  in  magnetic  multilayers.  If  one  does  not  know  the  domain 
structure,  nor  the  amount  of  spin-flip  scattering,  both  mechanisms  are  equally  plausible  for 
producing  spin  diffusion  which  suppresses  the  magnetoresi.stancc  for  the  current  perpendicular  to 
the  plane  of  the  layers. 
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Fei6N2:  Giant  Moment  or  Not 
(Panel  Discussion) 


A.  S.  Arrott,  Chairman 


The  synthesis,  structure,  and  characterization  of  a''-Fei6N2  (invited) 

K.  H.  Jack 

University  of  Newcastle  upon  Tyne  and  the  Caokson  Group  pic.,  United  Kingdom 

Controversy  about  the  magnetic  properties  of  a"-Fei6N2  thin  films  makes  it  desirable  to  examine 
bulk  material.  In  the  original  preparation  and  crystal  structure  determination  of  a"  in  1951, 
N-austenite  (y)  prepared  by  nitriding  a-iron  powder  at  700-750  °C  was  quenched  to  give 
N-martensite  {a')  which  then  gave  a+a"  on  long  tempering  at  120  °C.  The  final  product  was  a 
mixture  of  either  a+o"  or  a+£i;"+'y  with  less  than  50%a".  Recent  repetitions  of  this  preparative 
method  in  three  different  laboratories  have  given  mixtures  with  varying  amounts  of  a",  again  never 
greater  than  50%,  and  with  magnetic  moments  of  o/' — assessed  from  measurements  made  on  the 
mixtures — that  show  considerable  variation.  Studies  of  a'  tempering  by  XRD,  and  of  a" 
precipitation  from  supersaturated  N  ferrite  (a)  by  high-resolution  TEM,  both  show  that  slow 
ordering  of  N  atoms  to  produce  a"  occurs  only  after  localized  regions  of  a'  and  a  reach  the  FegN 
composition  by  a  clustering  process.  Thus  a'-FegN  can  be  obtained  with  a  tetragonality  c/ti  equal 
to  that  of  a",  but  without  the  complete  N  ordering  that  is  characteristic  of  Fe,(,N2.  This  might 
explain  some  of  the  variability  in  magnetic  properties.  The  inhibiting  effect  of  oxygen  and  other 
impurities  on  the  nitriding  of  iron  is  emphasized,  the  existence  of  the  a"-carbonitride  Feift{C,N)2  is 
noted,  and  possible  methods  for  100%  production  of  bulk  a"  are  suggested. 


I.  INTRODUCTION 

a''-Fei6N2  was  discovered  and  its  crystal  structure  deter¬ 
mined  in  1951, ‘  but  its  magnetic  properties  remained  unex¬ 
plored  until  1972  when  Kim  and  Takahashi^  reported  an  ab¬ 
normally  high  magnetization  in  films  obtained  by 
evaporating  iron  onto  a  glass  substrate  in  low-pressure  nitro¬ 
gen.  The  major  phase  was  a",  and  from  the  experimentally 
determined  volume  fraction  its  polarization  was  calculated  as 
2.76  T,  corresponding  to  an  average  moment  of  H  9  per 
Fe  atom.  This  discovery,  neglected  for  nearly  two  uw  ’des, 
has  Inspired  much  recent  activity.  Various  techniques  iiave 
been  used  to  produce  films  on  a  variety  of  substrates  with 
very  variable  results;^"®  see  Table  I.  Most  remarkably,  Sugita 
and  co-workers'*’^  claim  single-crystal  a"  films,  prepared  by 
MBE  on  Gao.gino  2As  substrates,  with  a  moment  per  Fc  atom 
of  3.2  pb  at  room  temperature.  At  the  other  extreme,  Taka- 
hashi  and  his  colleagues  more  recently  report'’  that  films  pro¬ 
duced  both  by  plasma  evaporation  and  by  sputtering  show  no 
abnormally  large  magnetization.  A  “giant  magnetic  mo¬ 
ment”  seems  incompatible  with  band  theory;  three  indepen¬ 
dent  calculations^"'*  based  on  the  structure  of  a"-FeiftN2  give 
an  average  moment  of  2.4  pg  per  Fe  atom,  i.e.,  only  about 
10%  higher  than  that  of  a-iron. 

Because  of  the  controversy  engendered  by  these  widely 
different  observations,  it  seems  essential  to  measure  the 
properties  of  pure,  bulk  samples  of  a"-FeifiN2.  So-far,  this 
has  been  attempted  in  three  different  laboratories,"’"'^  but 
again  with  different  icsults.  Reasons  for  the  variability  of 
products  and  possible  methods  of  meeting  the  objective  are 
suggested  in  the  present  paper. 


II.  ORIGINAL  PREPARATION  AND 
CHARACTERIZATION  OP  o'-FOieNj 

a"-Fe,6N2  was  first  prepared  during  an  investigation  of 
the  Fc-N  system.  The  solubility  of  molecular  nitrogen  in  iron 
is  negligible  and  so  Fig.  1  is  not  a  true  equilibrium  diagram 
because  the  nitrogen  is  not  at  one  atmosphere  pressure.  Dif¬ 
ferent  phases  and  exact  compositions  within  a  phase  are 
readily  obtained  by  nitriding  with  NH3:H2  gas  mixtures  in 
which  the  N  potential,  ^  can  be  precisely 

controlled. 

N-austenite  (y)  exists  above  590  °C  and  is  a  fee  arrange¬ 
ment  of  Fe  atoms  with  N  randomly  occupying  up  to  one  in 
ten  of  the  octahedral  interstices,  The  y'  nitride  Fe4N  also  has 
a  fee  Fc-atom  arrangement  but  with  one  in  four  of  the  octa¬ 
hedral  holes  occupied  in  a  perfectly  ordered  manner;  see 
Figs.  2  and  3. 

When  y  is  quenched  rapidly  from  above  600  “C  the  Fe- 
atom  arrangement  changes  from  fee  to  approach  that  of  bcc 


'rABLE  1.  Magnetic  properties  of  a/'  thin  films. 


Reference 

Method 

(T, 

(2T-'kg-') 
(emug' ') 

J, 

(T) 

(10''  G) 

M-h 

per  Fe  atom 

2 

.sputtering 

296±14 

2.76±0.13 

2.9±0.2 

3 

N  ion 

Implantation 

256 

2.40 

2.5 

4.5 

MBF; 

3 10  ±10 

2.9+0. 1 

3.2±0.1 

6 

(i)  sputtering 

218 

2.0 

<ii)  plasma 

235 

2.2 

a-Fe 

220 

2.15 

2.2 
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r'-Fe.^N 


X  Unoccupied  Interstices 


FIO,  1,  The  Fe-N  phase  diagram. 


Nitrogen  atom 


a-Fe.  However,  the  N  atoms  have  insufficient  time  to  move 
from  the  interstices  they  occupied  in  the  austenite  and  '.he 
extra  holes  created  by  the  fee— ♦bcc  transition  remain  enipty. 
The  result  is  a  be  tetragonal  martensite  (a')  of  the  same 
composition  as  the  parent  austenite,  and  where  up  to  a  maxi¬ 
mum  of  one  in  ten  of  the  holes  at  the  midpointf  of  the  c 
edges  and  the  centers  of  the  C  faces  arc  occupied  by  N  (the 
N*  sites).  Figure  4  shows  a  variable  position  for  the  Fe  at¬ 
oms;  where  a  hole  is  occupied,  the  Fc  atoms  a'.e  pushed  apart 
in  the  c  direction;  when  the  hole  is  empty  the  Fe-atom  posi  • 
tions  are  the  same  as  in  a-Pe.  Dimensions  of  unfilled  and 
filled  octahedra  are  shown  by  Fig.  5. 


;>•  Nitrogen  austenite 


Octahedral  Interstices, 
1  in  10  randomly  filled 

FIG.  2.  y  phase,  N-austenite. 


FIG.  3.  y  phase,  FC4N. 

V/heit  N-martensite  (or'),  obtained  by  quenching  %  is 
tempered  below  590  “C,  the  phase  diagram  indicates  that  the 
products  should  be  a-t-y'.  Instead  they  are  a+a".  The 
FcifNj  unit  cell  (Fig,  6)  consists  essentially  of  eight  (2 
X2X2)  distorted  bcc  cells  of  a-Fe  with  N  atoms  occupying  2 
of  the  48  octahedral  interstices  in  a  perfectly  ordered  manner, 
i.e.,  2  of  the  16  sites  with  16  N*  and  16  sites  com- 


F'G.  4.  a'  phase.  N-martcnsitc. 
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FIG.  .I.  Unfilled  and  filled  oetuhedru  In  ficc  a-Fc. 

pletely  empty.  The  Fe  atoms  arc  in  three  ditferent  cry.stallo- 
graphic  sites:  4(c')  and  8(/i)  which  form  the  octahedra  coor¬ 
dinating  the  two  N  atoms  and  which,  within  experimental 
error,  arc  all  equidistant  from  a  N  atom;  and  sites  4{d)  which 
have  no  nearest  N-atom  neighbors. 

Figure  7  shows  that  a"  viewed  along  [1 10]  is  a  distorted 
yFe4N  with  alternate  N  atoms  missing.  Thus,  in  both  struc¬ 
ture  and  composition,  Fei(,N2  (  =  Fe4N,)5)  is  midway  between 
bcc  a-Fe  and  fee  y-Fe4N.  In  all  the  Fe-N  phases  («,  a',  a", 
y,  and  y')  the  filled  octahedra  (NFc^,)  are  all  the  same  size; 
only  their  numbers  and  distribution  change. 

III.  THE  FORMATION  OF  a'  AND  a"  PHASES 

Figure  8  shows  x-ray  powder  photographs  of 
N-martensites  (a')  prepared  by  quenching  austenites  (y).  As 
the  N  content  increases,  the  increasing  tetragonality  of  «'  is 
shown  by  the  increasing  separation  of  the  component  reflex¬ 
ions  of  the  “tetragonal  pairs”  A/2,  A/4,  A/6,  and  A/8,  i.e., 
(101)  and  (110),  (002)  and  (200),  etc.  The  maximum  N  con¬ 
tent  of  y,  and  hence  of  the  a'  that  forms  from  it,  is  >10 
N/lOO  Fe  and  so  it  never  reaches  FcjiN  (12.5  N/lOO  Fe). 
Even  the  highest  N-martensite  must  give  a-Fe+a"  on  tem¬ 
pering;  it  can  never  give  pure  a".  Further,  «'  is  not  produced 
isothermally  from  y.  It  is  formed  only  during  cooling,  and 
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Nitrogen  atom 


FIG,  ft.  Structure  of  tt"-Fei/,N,. 
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MO.  7.  The  .'itruclure  of  tr"  considered  as  u  distorted  fee  lattice. 


the  A/,,  temperature — the  temperature  at  which  transforma¬ 
tion  starts — decreases  as  the  N  concentration  increases.  For 
high-N  contents  which  might  be  expected  to  produce  high-N 
a'  phases  and  hence  purer  Fci,,N2,  A/,,  is  at  subzero  tempera¬ 
tures.  Also,  the  .stresses  set  up  when  y  transforms  to  a'  in¬ 
hibit  further  transformation  and  the  effect  increases  as  A/,, 
decreases. 

To  summarize,  low-N-contcnt  austenites  produce,  by 
quenching  and  then  tempering,  a  mixture  of  a+a/'  with  only 
a  small  proportion  of  a".  High-N  austenites  produce  more 
o/',  up  to  perhaps  50%,  but  with  some  a  and  u  large  amount 
of  nonmagnetic  retained  austenite  (y). 

It  is  also  important  to  appreciate  that  when  a'  is  tem¬ 
pered  at  low  temperatures,  the  a"  does  not  form  instanta¬ 
neously.  The  N  atoms  in  localized  regions  gradually  cluster 
together  to  produce  a  martensite  of  higher  N  content  and 
hence  of  greater  tetragonality  with  concurrent  formation  of 
ferrite.  Figure  9  shows  x-ray  photographs  of  N  martensite 
(2.0  wt  %  N;  8.1  N/l()()  Fe)  aged  at  80  “C.  With  increasing 
lime,  the  separation  of  the  paired  reflections  A/2,  A/4,  ..„ 
A/ 10  gradually  increases,  showing  increasing  tetragonality 
and  hence  increasing  N  concentration  of  a';  compare  Fig.  8. 
Even  when  the  tetragonality  c/o  reaches  that  of  a",  corre- 
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FIG.  K.  X-ray  powder  pluitoj;raplis  of  N  martensites  (with  retained  y)  with 
increasing  N  content. 
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FIG.  9.  X-ray  powder  photographs  of  N  niartcnsilcs  (2.(1  wt%  N-8.1 
N/lOO  Fc)  aged  at  80  °C  for  iiiereasiiig  times. 


spending  to  an  a'  composition  FchN,  weak  reflections  due  to 
N-atom  ordering  that  are  characteristic  of  the  Feif,N2  struc¬ 
ture  are  not  observed;  these  appear  only  after  further  pro¬ 
longed  tempering. 

IV.  AGING  NITROGEN  FERRITE 

Another  way  of  producing  a"-Fei(,N2  is  by  precipitation 
from  supersaturated  N  ferrite.  The  solubility  of  N  in  a-Fe  is 
a  maximum  at  590  °C,  0.1  wt  %=0.4  at.  %.  On  quench  aging 
a  containing  -0.07  wt  %  N,  the  phase  diagram  of  Fig.  10 
indicates  that  y-Fe4N  should  be  precipitated.  Instead,  optical 
and  electron  micrography,  XRD,  and  electron-diffraction  evi¬ 
dence,  together  with  the  hardness  curves  of  Fig.  11,  show 
that  at  250  °C  a"  is  first  precipitated  within  seconds  and  then 
dissolves  and  is  replaced  by  equilibrium  y'.  At  120  °C  the  a" 
remains  and  is  transformed  to  y'  only  after  very  long  times. 
After  10  h  aging  at  room  temperature  the  quenched  ferrite 
shows  a  remarkably  high  hardness  for  such  a  small  N  con¬ 
centration  with  no  evidence  from  optical  microscopy  of  any 
precipitation.  Only  an  electron  micrograph  at  a  magnification 


Fe  -  N 


FIG.  10.  Part  of  the  Fe-N  system. 
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FIG.  11,  llurdiic.ss  curves  for  quench-aged  N  ferrite,  0.07  wt%  N. 


of  -0.5X10'’  reveals  a  structure  identical  with  the  classical 
Guinier-Pre.ston  zones  in  Al;4  wt  %  Cu;  see  Fig.  12. 

A  combination  of  techniques,  (i)  x-ray  measurements  of 
unit-cell  dimensions,  (ii)  internal  friction,  (iii)  transmission 
electron  microscopy,  and  x-ray  and  electron  diffraction,  al¬ 
lows  the  complete  quantitative  characterization  of  nitrogen  in 
iron  and  iron  alloys;  sec  Jack’'’  and  references  therein.  Nitro¬ 
gen  in  the  aged  N  ferrite  (a)  of  Fig.  12  is  clustered  as  a 
nonrandom  solid  solution  of  disc-shaped  GP  zones,  Figure 
13  is  an  (002)  lattice  image  of  a  containing  0.05  wt  %  N, 
i.c.,  FcsoijN,  after  aging  for  15  h  at  23  ®F.  The  (002)  inlerpla- 
nar  spacing  of  1.49  A  within  the  cluster  corresponds  with  a 
composition  Fe2()N  whereas  the  adjacent  ferrite  with  which 
the  cluster  is  completely  coherent  has  the  N-frce  spacing  of 
a-Fe,  i.e.,  1 .43  A.  Further  aging  continues  to  increase  the  N 
content  in  the  localized  clustered  regions  until,  after  reaching 
Fe«N,  N  ordering  slowly  occurs  to  give  a''-Feif,N2.  The  1.57 
A  spacing  shown  in  Fig.  14  is  not  unequivocal  evidence  of 
a"  even  though  this  is  the  d  value  for  (004)  of  a"  for  which 
c  =  6,28  A.  The  same  d  value  is  shown  by  the  (002)  planes 


FIG.  12.  TEM  of  Fc:().()7  wl  %  N  quciicli-iigcd  U>  h  ill  21  °C;  foil  mirniiil 
[(Kill, 
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PIG.  Kl,  (002)  luttici;  itiiiigu'  of  a  N  cluster  (PcjnN)  in  l''e:0.0.‘i  wl  %  N 
(Fe,„|„N)  aged  15  h  at  2^\'■ 


l•■l(i.  15.  Stress-iiriented  N-atiini  clusters  in  aged  PetO.Ofi  wt  %  N. 

of  a'-FC)jN  and  evidence  of  the  N-atoni  ordering  character¬ 
istic  of  ^''-FckiN,  comes  from  additional  reflections  in  the 
electron-  and  x-ray-diffraetion  patterns. 

It  is  worth  noting  that  aging  under  an  applied  mechanical 
.stress  produces  clusters  and  then  (x"  platelets  in  only  one 
preferred  cube  orientation.  As  shown  in  Fig.  15,  the  plane  of 
the  plates  is  perpendicular  to  the  applied  extensive  stress. 

The  aging  of  N  fetrite  fully  supports  the  evidence  of 
N-marlensite  tempering  that  o'-FchN  is  obtained  in  a  penul¬ 
timate  stage  with  a  tetragonality  c/o  equal  to  that  of  a"  but 
without  the  N-ordering  characteristic  of  FckiNi. 


V.  BULK  tr'-FeigNj 

The  production  of  bulk  (>■''  u.s  powders  or  foils  has  fol¬ 
lowed  e.ssentially  the  l‘15l  preparative  method  via  yand  ex'. 
For  reasons  given  in  Sec,  III,  all  three  laboratories  have  pro¬ 
duced  mixtures,  the  phase  compositions  of  which  have  been 
determined  by  either  XRD''*  or  Mdssbauer  spectroscopy."'*’ 
Huang  0/ «/.*'*  claim  5b%  o"  with./,  =  2.65 ±0. 15  T  corre¬ 
sponding  to  2.95 ±0.15  yu.;,  per  Fe  atom — a  24%  increase 
over  that  of  a-Fe.  Coey  cl  al."  produce  >40%  cx"  with 
smaller  magneti/ation  values  of  ./,  =  2..'^  ±0.2  T  and  2.45 
±0.15  fill  at  ~0  K;  these  are  only  about  10%  higher  than  for 
«-Fe  but  are  in  broad  agreement  with  the  band-structure  cal¬ 
culations.  Bao  c'(«/.  *’  .start  from  hydrogen-reduced  FciO^ 
and  convert  up  to  50%  into  a".  They  claim  that  the  measured 
moment  is  in  agreement  with  a  “dramatically  large  magne¬ 
tization,”  i.e.,  fr,  =  310  emu  g  *,  but  the  experimental  evi¬ 
dence  for  this  is  not  convincing. 


VI.  DISCUSSION  AND  CONCLUSIONS 


I'tG.  14.  (1HI4I  laltiee  image  ol'  a"-l'C|,,N.  in  l'e:().l)5  wl  N  aged  4()  h  at 
1(K)'’C. 


The  limited  work  so  far  carried  out  on  bulk  tt''-Fe;,,Ni 
has  not  resolved  the  controversy  concerning  the  existence  of 
a  giant  magnetic  moment  iron  nitride.  This  is  partly  due  to 
preparative  limitations  wliereby  less  than  50%  of  the  product 
mixture  is  The  variation  in  the  magnetic  properties  of 
thin  films  is  explicable  by  differences  in  N-aiom  ordering. 
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FIG.  16.  Phase  diagrams;  (a)  Fc-Mn,  (b)  Fc-Co,  (c)  Fe-Ni. 

and  the  existence  of  a'-l'cgN  which,  superficially,  is  indistin¬ 
guishable  from  ar"-Fe]6N2  but  which  might  have  different 
magnetization  values. 

Bulk  preparation  of  100%  a"  is  essential.  By  the  conven¬ 
tional  route  this  is  possible  by  extending  the  N  content  of  y 
until  it  includes  FcgN.  Only  three  elements,  Mn,  Co,  and  Ni, 
are  y  stabilizers  and  extend  the  -)fcphase  field.  From  the  phase 
diagrams  of  Figs.  16(a)-16(c),  additions  to  Fe  of  Mn  and  Ni 
reduce  markedly  the  temperature  but  Co  does  not.  Al¬ 
though  detailed  phase  relationships  in  the  Fe-Co-N  system 
are  not  known,  it  is  suggested  that  small  alloying  additions  of 
Co  would  extend  the  y-phase  limit  to  include  (Fe,Co)(jN.  The 
Ms  temperature  will  not  thereby  be  lowered  and  it  is  not 
expected  that  Co  additions  will  reduce  the  magnetization  of 
the  final  a"  phase. 

It  is  well  established''*  that  alloying  elements  which 
lower  the  activity  coefficient  of  N  in  Fe  (i.e.,  /  ^  where,  for 
example,  X  is  Mo,  Mn,  Ta,  Cr,  Nb,  V,  and  Ti)  also  stabilize 
the  transformation  stages  of  the  homogeneous  precipitation 
to  temperatures  higher  by  about  500  °C.  Small  additions  of 
these  elements  might  be  expected  to  stabilize  d'-  (Feyl!')i6N2 
to  temperatures  of  600-700  “C. 

It  is  also  established  that  both  the  quench  aging  of 
carbon-nitrogen  ferrite'^  and  the  tempering  of  carbon- 
nitrogen  martensite'*  give  an  a"-Fe,f,(C,N)2  carbonitride 
phase.  The  effects  of  carbon  on  the  properties  and  stability  of 
a"  are  not  known. 

These  observations  suggest  that  there  is  ample  scope  for 
a  wide  exploration  of  a  alloy  phases  that  might  be  more 
easily  prepared  and  have  greater  thermal  stability  than  the 
pure  <.»:"-Fe-N  phase. 

The  possibility  of  nitridinp  at  low  temperatures  by  me¬ 
chanical  alloying  is  attractive  but,  although  a  supersaturated 


bcc  Fe-N  phase  with  up  to  14.5  at.  %  N  is  claimed'^  in  Japan 
by  ball  milling  iron  powder  in  NHj  ;;t  room  temperature, 
there  is  no  trace  of  a"  and  the  magnetization  decreases  rap¬ 
idly  as  the  N  concentration  increases.  Similar  negative  re¬ 
sults  were  obtained  by  Foct"*  in  France. 

At  temperatures  where  a"  is  relatively  stable  (>250  °C), 
its  nitrogen  activity  Ofj  is  higher  than  that  of  the  more  stable 
y-Fe4N  and  so  a  higher  nitrogen  potential  is  required  to 
produce  it  by  gaseous  nitriding;  surface  nucleation  of  y 
must  be  avoided.  By  the  conventional  y— >q:'— »a"  route,  low- 
N-content  austenite  transforms  completely  to  low 
N-martensite  which,  on  tempering,  gives  d'  +  a.  If  this 
mixed  phase,  prepared  as  a  finely  divided  (10  /im)  powder,  is 
then  nitrided  in  the  appropriate  NH3:H2  gas  mixture  at 
<250  °C  the  a"  regions  will  act  as  nuclei  and  will  grow  at 
the  expense  of  a,  eventually  producing  100%  a".  In  nitrid¬ 
ing,  the  slowest  rate-controlling  step  is  at  the  surface,  and  so 
it  is  essential  to  maintain  a  scrupulously  clean  surface  and 
clean  grain  boundaries.  Ad.sorped  oxygen  or  other  active  spe¬ 
cies  (e.g.,  sulfur)  will  inhibit  completely  the  nitriding  reac¬ 
tion.  Even  at  200  °C  the  diffusivity  of  N  in  Fe  is  high  enough 
to  ensuie  homogeneity  of  10  (i  powder  particles  provided 
that  surfaces  are  perfectly  clean.  It  is  now  suggested  that  this 
quench  tempering  of  low-N-content  y,  followed  by  low- 
temperature  gaseous  nitriding,  should  also  be  explored  to 
produce  100%  af''-Feif,N2. 
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The  metastable  a"-Fei(,N2  phase  may  have  a  magnetic  moment  up  to  50%  higher  than  that  of  pure 
bulk  a-Fe.  This  article  addresses  the  following  issues,  (i)  Can  epitaxial  films  of  a"-Feif,N2  be 
prepared  phase  pure?  Yes,  but  there  are  some  doubts,  (ii)  Can  powders  ol  V'-Feif,N2  be  prepared 
phase  pure?  Not  yet.  (iii)  Is  the  Mossbauer  spectrum  due  to  a"-FeiftN2,  to  martensite,  or  to 
something  else?  Most  assign  it  to  a''-FeifiN2.  (iv)  What  is  the  specific  saturation  magnetic  moment 
of  a"-Fei6N2?  Some  claim  it  is  close  to  that  of  a-Fe,  most  claim  that  it  is  much  larger,  (v)  Is  the  high 
moment  due  to  a"-Fei5N2,  or  to  some  other  phase? 


77  K.,  thus  forming  a'-Y-martensite,  then  temper  the  sample 
under  N2  gas  at  120-200  °C  for  several  hours,  yielding 
a"-FejftN2.''’  There  is  a  time-to-temperature  (1  1  1)  diagram 
for  its  formation.^' 

A  second  approach  is  to  strain  or  age  a'-A-martensite: 
oriented  needles  of  a"-FeiftN2  grow  at  the  strain 
boundaries.^^"^^  A  third  method  is  to  grow  Fe  films  epitaxi¬ 
ally,  under  a  low-pressure  NH3-N2  gas,  by  molecular  beam 
epitaxy  (MBE),  on  GaAs(lOO)^  or  on  ln|,  2Ga()sAs(100).^‘’  A 
fourth  way  is  to  grow  an  Fe  film  on  MgO(IOO),  and  then 
implant  N2  ions."  The  first  and  second  methods  cannot  usu¬ 
ally  provide  phase-pure  a'''-Fe]6N2;  the  third  and  fourth 
methods  can  yield  better  purity,  but  in  impractically  small 
samples. 


III.  PHYSICAL  PROPERTIES 


I.  INTRODUCTION 

In  1950  Jack  first  reported*'^  the  metastable  phase 
Q'"-Fe|(iN2  in  a  study  of  the  Fe-N  phase  diagram,  which  re¬ 
sembles  the  Fe-C  phase  diagram.^  The  a"-FeiftN2  phase  is 
formed  from  a'-A-martensite  Fe^-N  with  6<Ji:<ll,  in  the 
temperature  range  150  °C<r<300  °C  by  a  nitriding, 
quenching,  and  tempering  process,^  It  also  precipitates  at  the 
strain  boundaries  of  supersaturated  “nitrogen  ferrite” 
(a-Fe^N)  and  during  the  normal  aging  of  a'-A-martensite."* 

Kim  and  Takahashi  reported  a  high  magnetic  moment 
(saturation  magnetic  flux  density  fl,=2.58  T)  in  a  polycrys¬ 
talline  Fe-N  film,  deposited  by  Fe  evaporation  in  N2  on  a 
glass  substrate,  and  attributed  these  dramatically  large  values 
to  the  partial  presence  of  a"-Fei5N2  (estimated  Bj=2.83  T);'"’ 
this  synthesis  could  not  be  replicated.*’  This  for  a''-FeiftN2 
was  about  30%  larger  than  that  of  bulk  a-Fe  (B,=2.20  T).’ 

Sugita  and  co-workers**'^  formed  thin  films  of  a"-FeifiN2 
by  molecular  beam  epitaxy  on  Fc(100)|GaAs(100);  B,  was 
largest  (2.66  T)  for  the  thinnest  (7  nm)  films.**  B,  rose  to  2.8 
T  for  100  nm  films.**’  Nakajima  and  Okamoto  implanted  Nj 
in  epitaxial  a-Fe|MgO(100),  to  get  partially  ordered 
a'-A-martensite  and  a"-Feif,N2:  annealing  in  vacuum  at 
150  °C  increased  the  a"-Fei(,N2  fraction  from  16  to  24  wt  %, 
but  the  magnetic  moments  were  not  dramatic." 

Gao  and  Doyle  formed  a"-Fci(,N2  on  sputtered  single 
layer  Fe-N  films,  with  a  specific  saturation  magnetic  moment 
of  247  emu  g"’.'^  An  effort  to  get  a"-FeiftN2  from  a-Fe  and 
y-Fe4N  at  300  °C  failed.’^  Takahashi  and  co-workers  re¬ 
ported  on  sputtered  films  containing  a"-FcifiN2,  but  the  mag¬ 
netic  moments  were  low.*'* 

A  practical  synthesis  of  a"-Fei(,N2  has  been  sought  in 
acicular’^  or  equant’**  small  particles,  in  larger  particles,' '*“*'* 
and  in  large  particles  and  foils.**  Opinions  differ  on  the  large 
reported  magnetic  moment:  Coey  wonders  whether  one  i.s 
looking  “at  revolutionary  results  or  egregious  errors.”^" 

II.  SYNTHESIS 

a"-FeifiN2  was  first  made  by  nitriding  Fe,  quenching, 
then  tempering’^  (Table  I).  One  can  start  with  y-Fe203  (ob¬ 
tained  from  goethite  y-FeOOH),  reduce  it  to  a-Fe  by  H2  gas 
at  450  °C,  nitride  under  H2;NH3  gas  (volume  ratio  7:1  to 
10:1)  at  650-700  °C,  quench  the  resulting  y-A-austenite  to 


a''-Fe,f,N2  crystallizes  in  the  tetragonal  space  group 
MImmm,  with  three  unique  Fe  position.s^  (Table  II).  Table 
III  lists  the  x-ray  reflections  of  a''-Feif,N2  and  of  other  phases 
(a-Fe,  y-A-austenite,  y'-Fe4N,  or  a'-A-martensite)  at  the  N 
mol  fractions  at  which  the  phases  are  stable  closest  to  the 
theoretical  Yn  =  0.111  of  a"-Feif,N2.  Many  reflections  are 
overlapped. 

The  structure  evolves  from  a-Fe  to  a'-A-martensite  to 
a"-FeiftN2,  as  one  adds  N  atoms  gradually  in  the  structure 
and  tempers  it.^'^  In  pure  a-Fe  (bcc),  one  should  consider  the 
“empty"  octahedron  of  four  next-nearest  neighbor  Fe  atoms 
in  the  ab  plane  (“equatorial”  Fe-Fe  distance=2.866  A),  plus 
two  body-centered  Fe  atoms  along  c  above  and  below  that 
plane  (“axial”  Fe-Fe  di,stancc= 2.866  A,  axial  Fe-equatorial 
Fe  distance  =  2.482  A):  in  its  center  is  the  “octahedral  hole.” 
In  the  solid  .solution  of  N  in  Fe  called  a'-A'-martensite,  the 
entry  of  an  N  atom  into  this  hole  distorts  the  octahedron:  for 
Yn=0.0859,  there  is  a  contraction  in  what  becomes  the  mar¬ 
tensitic  plane  (equatorial  Fe-Fe  distance -=2.75  A), 

and  a  dilation  in  the  c'„'  direction  (axial  Fe-Fc  distance  =  3.88 
A);  the.se  empty  and  “filled”  octahedra  occur  randomly 
along  the  three  axes,  to  yield  a  tetragonal  unit  cell  with  sides 
a„'  =  b„'  =  2.H50  A,  c,/  =  3.091  A  for  YN=(),085y.'^  The 
martensitic  nearest-neighbor  Fe-N  distance  (octahedral  coor¬ 
dination  of  Fe  around  N)  is  1 .94  A.'  **’ 
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TABLE  I.  Synthesis  conditions  (Lab.  code:  CAM  =  University  of  Cambridge,  CMU  =  Carnegic-Mellon  U.,  DUT=Delft  University  of  Technology,  HIT 
=  Hitachi  Research  Laboratory,  LBL=Lawrence  Berkeley  Laboratory,  NAG=Nagaoka  University  of  Technology,  TCD“Trinity  College  Uiiblin,  TOU 
=Tohoku  University,  UAL=Uiiivcrsity  of  Alabama). 


Lab, 

code  (Ref) 

Starting 

material 

Sizes 

/xm 

Heating  tcmp./°C 
[time]  (NH,:  HO 

Tempering  teinp./’’C 
[time]  atmosphere 

CAM  (3) 

a-Fc  powder' 

<53  /zm 

7(M)-7.S0t?]  (1:5-1:20) 

25 

120  [7-19  d] 

CMU(17) 

a-Fe  powder 

6-9  ixm 

660-670  [2-3  h] 

-  196,-269 

120-150  [0,5-2  h]  vac 

DUT(4; 

a-Fe  foil 

r  =  2(X)  /zm 

742-877 

-196 

2()0[?] 

LBL(27) 

a-Fc  foil 

/-lOO  /zm 

590  (1:9) 

-51) 

<200['.'] 

TCD(7) 

a-Fe  powder 

.30  /zm 

760  [several  b] 

120  [7d] 

a-Fe  foils 

/=25,  100  zzm 

760  [.several  It] 

120  [7  d] 

UAL(15) 

y-FejO, 

.300X60X60  nm 

650-700  (1:7-1:10) 

-  196 

120-200  [1-4  h]  Nj 

UAL(15) 

.300X60X60  mn 

6.50-700  (1:7-1:10) 

-196 

120-21K)  [1-4  hj  Nj 

UAL(16) 

Feo9.iMn(|(i7(NOi 

)2  70X70X70  nm 

6.50-700  (1:8-1:10) 

-196 

1.50  [2-6  h]  N2 

Lab. 

Substrate 

Thickness 

Conditions 

HIT(9) 

Fc||GaAs(100) 

7-100  nm 

MBE  30  nm  Fc  (0.5  A7s,  7 

■=3(M)  “C)-l-Fe(().()4  .A/s, 

7’=  1.50  ”C)+N..  5X10  "’Torr 

H1T(28,2<)) 

InGaAs(()01) 

MBE 

HIT(30) 

InGaAslUOl) 

50  nm 

MBE:  Fe(0.004  A/s.  7'=  ISO  T-I-Nj:  NH, (4-9:1)10  '-10  '*  Torr 

NAO(31) 

Fcllglass 

200  nm 

Sputt.;  150  keV  Nj  implantation  (2-4x10'"  cm  ^) 

NAG(  11,32,33; 

1  FcIlMgOdUO) 

200  nm 

Spun.;  80-1.50  keV  N]-  impl.  d-llxio'"  cm  ’)-Hann. 

TOU(14) 

MgO 

200  nm 

dc  plasma  evaporation;  aiitiealing  at  150  °C  for  2  It 

TOU(  14,-34) 

MgO 

30-3000  nm 

Sputtering;  Ar-I-N2:  annealing  al  150  °C  for  2-20  h 

TOU(35) 

MgO 

3000  mn 

dc  sputt.  on  MgO+5  nm  Fc(()()l),  Ar-t-N2  air,  amt. 

UAL(12) 

Glass 

200-250  nm 

rf  sputtering  Fe-I-N2(l5  sccm)-l-Ar(6  mTorr) 

“Mn  added  to  -stabilize  the  y-AZ-austenitc  phase  at  room  temperature. 

As  tempering  proceeds,  a  collective  reorientation  of  the  The  002  and  006  reflections  liave  been  seen  for  epitaxial 

martensitic  c 

axes  occurs. 

clusters  or  Guinier-Preston  and  .sputtered  thin  films  ■  ’ . ”*  but  not  in  powder 

zones  form,  and  finally,  a  full  ordering  en.sues  into  the  tetrag-  samples.’ 

onal  a'-FciftN^  structure;  the  unit  cell  axes  become 
a„ii  =  b„>i  =  5.12  A  («'2a„),  and  c,V''=6.30  In 

a"-Fe|f,N2,  the  N  atom  is  surrounded  by  a  distor'  octahe¬ 


dron  of  Fe  atoms:  four  equatorial  Fe3  ato'  's  '  two 

axial  Fe2  atoms  at  1.95  A.  Atom  Fel,  a  V  •  4(i, 

does  not  have  close  N  atoms,  and  she  ’  1 1,.  ...  Fe 
in  a-Fe,  Atom  Fe2  (4e)  has  a  distorted  oc'ahe'*  t  eigh- 
bors:  one  axial  N,  four  equatorial  i .  .V  ouv  '  Fe2. 


Atom  Fe3  (8/i)  has  seven  closest  neighrt  s'  one  N  wo  Fe2, 
and  four  Fel.  The  inclusion  of  N  cause.i  very  close  Fc-Fe 
distances  (Fe2-Fe2  and  Fe2-Fe3).  One  can  designate  Fe2  as 
Inn,  Fe3  as  2nn,  and  Fel  as  3nn:  this  indicates  the  first, 
second,  and  third  nearest-neighbor  Fe  atoms  to  the  N  atom. 
In  a'-A^-martensite  the  Fe-N  distance  is  quite  different  for 
Inn  than  2nn,  while  in  a"-Fei(,N2  they  are  very  close.  The 
paucity  of  diffraction  data  for  tt"-Fe,f,N2  gave  only  approxi¬ 
mate  values  of  the  parameters  z/c  (Fc2),  and  x/a  (Fe3).' 
a"-Fei(,N2  is  most  likely  a  daltonide,  or  “line  phase,”  with 
precise  N  stoichiometry.^"^ 


One  can  determine  the  uptake  of  N  in  y-A^-austenite  or 
a'-A^-martensite  from  the  unit  cell  constants, using  the 
equations  in  Table  111,  One  can  assess  the  mol  fractions  of 
the  various  phases  by  calculating^’’'**  x-ray  line  profiles  from 
the  solved  crystal  structures.'” 

For  epitaxial  films,  the  relative  crystal  orientation  is 
//-FcK,N2t  lO)||Fe(00]),  and  «"-[()01]|iFc  [llO],’"”  and 
a"-Fci,,N2(()01)||lnOaAs(001).”"'”  For  sputtered  films  on 
MgO,  the  orientations  are  a''-Fc|f,N2(l)()l)||MgO(()()l)  and  a" 
[llOJIlMgO  [100],  or  a"(211)||MgO(101)  and  «"  [OlljMgO 
[00 1].'"* 

TEM  diffraction  patterns  for  7  nm  films  of 
a'"-FC|,^N2||Fe||GaAs  show  the  less  intense  reflections  200, 
020,  020,  200;  and  the  more  intense  ones:  400,  220,  040, 
220,  220,  040,  220,  and  400.'*  Similar  results  were  seen  for 
films  of  a"-Fei(,N2ilFe(001)|ilnGaA.s(001),”  and  for  sputtered 
films.'’  TEM  of  a"-Fci(,N2  has  been  seen  in  fine  powders.'*’ 

Spin-polarized  linearized  muffin-tin  orbital  calculations 
yield  magnetic  moments  at  the  three  sites  of  a"-Fei,,N2 


TABLE  II.  Crystal  structure  of  a''-l'C|,,N2 :  body-cctUcred  tetragonal  (u=,S.72  A,  c  =(i.2y  A,  space  group  14/mmm,  //LSV)  (Refs.  1,2). 


Site 

Site  symni. 

x/a 

y/h 

z/c 

First  [second)  coordination 

Fc-N 

N 

2a(4/mm«i) 

0 

0 

0 

2  Fc2  («■  1.95  A,  4  Fc.3  (»■  2.01  A  [8  Fcl  {in  3.24  A] 

Fel 

4i/(4m2) 

0 

1/2 

1/4 

8  Fc.3  («■  2.55  A  [4  l'e2  (w  2.86  A]  2  N  (w  3.26  A 

3(1/1 

Fe2 

4c(4mw) 

0 

0 

0.31 

1  N  (w  1.9,5  A,  4  Fe3  (w  2.33  A,  1  Fe2  {m  2.39  A 
|4  Fe3  («'  2.80  A,  4  l-cl  (ir  2.86  A] 

I  fin 

F’e.l 

nil  (mm) 

0.25 

0.25 

0 

1  N  (m  2.01  A,  2  Fi-2  (m  2.33  A,  4  Fcl  (11  2.55  A 
[2  Fc2  (tt>  2,80  A,  4  Fe3  (n  2.84  A| 

2(1  (1 
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TABLE  III,  X-ray  rcllcclions  (d)  at  the  specified  mol  fraction  of  nitrogen  .  phase  codes  (f,4,8,/\  ,M),  relative  intensities  (to  different  scales),  and  Miller 
indices  hkl,  for  the  phases  a-Fc  (code:  F\  a  =2.866  45  A)  (Ref.  40),  •)''-Fc4N  (code:  4;  a =3.795  A)  (Ref.  41).  q^'-FckiN;  (code:  8;  a  =5.72  A,  c=6.29  A)  (Ref. 
2),  v-N-austenite  (code:  A’  u  =3,646  for  A'n=0.0868  using  a  =  3.57 18-1-0.472  48A’N-f-4.3627A’^  recalculated  from  Ref.  3;  .stability  range  A’n=0.0-().0868 
or  0.106)  (Refs.  3,42,43),  and  a'-A/.niartensitc  (code:  Af;  a=2.850,  c=3.09()  for  using  a  =  2. 8659-0, 002  693’n“2.0943A'n  and 

c  =  2.8605 +  2.965  153rN-4.524  343(?,  recalculated  from  Ref.  3;  stability  JlfN=0.0-0.0868  or  0,1064)  (Refs.  3,42,43). 


d/k 

Phase 
(Rcl.  int.) 

hkl 

dik 

Phase 
(Rcl.  int.) 

hkl 

3,14,5“ 

0.111 

8(-) 

002 

1.241)" 

0.111 

8(  28) 

224) 

2,483 

0.111 

8(  vv) 

112 

1.2.39)" 

0.111 

8(  28) 

332) 

2.191 

0.20 

4(  1(10) 

111 

1.229 

0.111 

8(-) 

105 

2.105 

0.0868 

A(  ~90) 

111 

1.226 

0.0868 

M{  31) 

112 

2,116 

0.111 

8(-) 

202 

1.191 

0.0868 

M(  100) 

211 

2.027 

0.0 

/•'(  100) 

111) 

1.187) 

0.111 

8l  86) 

314) 

2,022 

0.111 

8(  61) 

220 

1.185) 

0.111 

8(  86) 

422) 

1,968 

0.111 

8(  w) 

103 

1.170 

0.0 

Fi  .30) 

211 

1.898 

0,20 

4(  77) 

2tK) 

1.144 

0,20 

4(  83) 

311 

1.823 

0,0868 

A(  ~S1) 

2(K) 

1.099 

0,0868 

/!(  -100) 

311 

1,626" 

0.111 

8(  8) 

213 

1.096 

0,20 

4(  38) 

222 

1,573)" 

0.111 

8(  11) 

(8)4) 

1.0.58)" 

0.1  It 

8(  43) 

404) 

1,568)" 

8(  11) 

312) 

1.057)" 

0.1 11 

8(  43) 

512) 

1  5-15 

0.0868 

M(  22) 

(K)2 

1.053 

0.0868 

A(  ~44) 

222 

1 .466 

0.111 

8(-) 

114 

1.048" 

0.1 11 

8(-) 

006 

1.433 

0.0 

F(  201 

200 

1.015) 

0.111 

8(  61) 

116) 

1,430 

0.111 

8(  25) 

40(1 

1.011) 

0.111 

8(  61) 

440) 

1,425 

0.0868 

M(  68) 

200 

1.013 

0.0 

/■(  10) 

220 

1..342 

{).2() 

4(  671 

220 

0.986)" 

0.111 

H(  46) 

325) 

1.289 

0.0868 

A(  -48) 

220 

0.984)" 

0.111 

8(  46) 

206) 

1.265 

0.111 

8(  6) 

323 

0.949 

0.20 

4(  44) 

200 

0.906 

0.0 

F(  12) 

310 

‘Seen  only  in  thin  films  (Refs,  10,  12,  14,  33,  35,  and  38), 

'W-FcuNj  reflections  that  are  fairly  intense  titid  do  not  overlap  badly  with  other  reflections. 


(Table  IV),  and  moments  close  to  experiment  for  b'CsN  and 
for  y-Fe4N.’’‘*‘‘  An  augmented  spherical  wave  calculation 
has  been  done.''''’  The  maximum  magnetic  moment  is  as¬ 
signed  to  site  Fel.  The  average  calculated  values  are  consid¬ 
erably  below  the  large  experimental  thin-film  values. 

There  arc  qualitative  similarities  between  the  Fe-N  and 
Fe-C  phase  diagram.  In  the  Fe-N  diagram,  the  ordered  N-Fc 
compounds  (line  phases,  with  narrow  ranges  of  A'n)  are 
y-Fe4N  and  ^■■Fe2N;  a''-Fe|f,N2  is  a  metastable  line  phase; 
the  phases  y  and  e  are  stable  for  wide  ranges  of  ATn; 
a'-iV-martensite  is  metastable  over  a  moderate  range  of  A'n- 
The  name  a"-Fei(,N2  denotes  the  occupancy  of  the  unit 
cell  and  its  evolution  from  a-Fe  and  «'-/V-martensite,  An 
alternate  name  Fe^N  has  been  used.'^'"’’''^''"' 

The  Mossbauer  data  for  a"-Fei,,N2  are  collected  in  Table 
V,  together  with  comparable  data  for  other  phases  of  interest 
(a-Fe,  a'-V-martensite,  y-Fe^N). 


The  Mossbauer  spectrum  of  a"-Feif,N2  differs  from  that 
of  a'-W-marlensite.  The  three  sextets  seen  for  Q'''-Fei,,N2  can 
be  assigned  with  certainty  to  the  three  sites  Fel,  Fe2,  Fe3  of 
Table  11  only  if  the  expected  4;4:8  relative  intensities  are 
obtained'**'  (which  identifies  the  8/i  site  Fe3)  and  if  the  signs 
of  all  the  electric  field  gradients  are  known.  The  Mossbauer 
hyperfinc  fields  316,  tind  399  kOe'*'*  were  first  as¬ 

signed  to  Fe2  (site  4t',  \nn),  Fel  (site  4d,  2nn),  and  Fe3 
(site  8/i,  2nn),  respectively.^”  This  assignment  is  customary 
for  iron  alloys  and  for  a'-/V-martensite;  (relative  to 
a-Fc)  decreases  for  the  first  nearest  neighbors,  increases  dra¬ 
matically  for  the  second,  then  converges  from  above  lo  the 
pure  a-Fc  value  for  third,  fourth,  etc.,  nearest  neighbors.'*’” 
For  a"-Fe,(,N2  this  assignment  is  not  supported  by  the 
relative  Mossbauer  line  intensities^'"’''”"^”''’''  or  by  the  band 
structure  results,  which  assign  the  highest  moment  to  site 
F^l  7'44,4.s  assignments  in  Ti'  'e  V  give  the  largest 


TABLE  IV.  Ciilculiilcd  niagiielic  momciUs  (in  Bohr  iiiagiicluiis  /u„)  at  .sites  in  itic  laitici;  (Rufs.  7,  44, 

45).  iiiul  distances  from  ttic  N  atuin. 


Site  (.symmetry) 

Fc-N  dislance/A 

I'e-N 

Calculalcd  Mi  JMh  (Kef) 

Fel  (4d-4m2) 

3,26 

3;i;i 

2.8.3(44)  2.81(7) 

2.74  or  2.89“(45) 

Fc2  (4('-4fn/(i) 

1,95  or  1.9.3“ 

Inn 

2.25(44)  2.21(7) 

2,30  or  2.29“(45) 

Fc.3  (Hh-non) 

2,01  or  1.79“ 

2  nil 

2,27(44)  2.39(7) 

2.37  or  2.21"(45) 

Average 

2.41  2.45(7) 

2.45  oi  2.4()"(45) 

“U.ses  z  =()..3()6()  for  position  Ac,  ,v  =11,222  for  position  8/i  (Kef.  45). 
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T>VBLE  V.  Mossbauer  spectral  parameters  (hypertine  magnetie  Helels  H^,  qaadriipolc  splittings  ,  and  isomer  shifts  IS  against  pure  rr-I'e  at  room 
temperature)  for  (r"-Fe|,,N2.  and  relative  population  (I'e  atom  %).  Data  for  other  phases  (rt-I-e,  o'-iV-martensile,  y-l'e.|N)  are  given  for  eomparison. 


Whf 

A/'y 

IS 

AA'y 

KS 

■'/m 

A/'.'t, 

IS 

kOc 

inm/s 

mm/s 

kOe 

niin/s 

mni/s 

kOe 

mni/s 

mni/s 

I-e'-; 

kOo 

Rd'. 

a;"-rC|ftN2(three  sextets) 


Fcl  (Ad)nim2  {■Snnf 

Fe2  (4c)  4mm  (Irr/i)” 

Fe.l  (8/i)  mm  (2mi) 

Ave. 

418(1) 

•K).27(2) 

-0.08(2) 

.302(2) 

3  0.14(.5) 

-0.15(5) 

32.5(5) 

(),.3(  1 ) 

0.1(11 

.342 

50 

.172.8 

297.9 

.315.9 

325.6 

31 

400,2 

0.1.5 

-0.06 

13.9(3) 

289.8 

(1.04 

-0.10 

19.4(4) 

321.7 

0.16 

0.06 

47,2(91 

.1.33.3 

38 

399 

0.12 

-0.07 

17.9 

296 

-0.07 

-0.09 

18.7 

.116 

0,25 

0,06 

34,9 

.332 

33,49 

19:^ 

-0.04 

(1.07 

9.7 

292 

-0.17 

0.(11 

9.7 

317 

0.15 

0.10 

15.8 

.331 

15 

397(2) 

-0,12(3) 

0,03(4) 

8.5(5) 

289(2) 

-0.17(2) 

-0.11(3) 

7.3(3) 

318(2) 

0,14(3) 

0.29(4) 

21,811.5) 

.3.11 

16 

m 

0,25 

-0,18 

307 

0.05 

-0.49 

316 

0.21 

0.21 

3,36 

7 

.391 

0,26 

-0,05 

12.5 

289 

0,16 

-0.05 

20.6 

316 

0.32 

0.04 

.17.7 

,328 

.34 

a"-Fc,,N2 

(single  sextet)  (Refs.  29,30,47) 

rr-Fe  (single  sextet)"  (Refs.  14, .501 

y-iuiKteintc  (pnniiiutgnc(iL')  (Kci. 

15) 

(460)'’" 

.3-11 

0.0 

0.0 

0 

-  0.04 

3.'.j‘' 

3.30 

■0.09 

0.0 

0.37 

0,07 

326 

3.35 

0.17 

•  0.07 

(f'-A/-murtcnsitc  (throe  sextets) 

Irni 

2  nil 

.Ian  and  4/iri 

314(2) 

-0,01(5) 

-0.12(5) 

.35()(2) 

+0.01(5) 

0.01(5) 

Mm) 

(-0.0815) 

0.02(5) 

.50 

')''-Fe4N  Utiree  sextets) 

Fel  or  te 

I••e2  or  r 

x2A  or 

mii  1)1- 

34.5(10) 

0..30(8| 

215(10) 

0.45((.) 

52 

340.6 

0.0 

(1.24 

215.5 

-0.22 

0.52 

21‘).2 

0.43 

0.15 

53 

366 

2.15 

51 

‘'riiese  two  assignments  are  uncertain,  and  could  he  interchanged.  '’This  dalutn  is  considered  incorrect  (Kef,  54), 


/7i,f  to  Fcl,  the  .smallest  to  I''c2,  and  the  value  clo,sest  to  a-Fe 
to  Fc3, 

From  the  Mossbauer  hypertine  fields,  the  magttetic  mo¬ 
ments  have  been  estimated  at  the  sites  Fe  1 ,  Fe2,  and  Fe3  as 
cither  3,8,  1.3,  and  2..‘5  M/t  or  as  2,d8,  2.01,  and  2.23 
respectively,  The  average  //i,!  of  the  three  sites  of 
tt"-Feif,N2  (weighted  4:4:8  for  Fel:Fe2:Fe3),  shown  as  (/7|,,) 
in  Table  V,  is  essentially  identical  to  //in  of  «-Fe.'‘'  For  the 
epitaxial  thin  films  of  f/-Fe|,,N,  on  GaAs,  one  sitigle  Mbss- 
bancr  ilne  is  reported:*'^"'*’’’*^  is  this  due  to  low  resolution,  or 
to  a  different  species?'"''* 

An  important  technologieal  goal  is  to  produce  macro¬ 
scopic  samples  of  100%  phase-pure  cr'-FcmN^.  Table  VI 
shows  the  estimated  Fe  at.  %  contributions  from  various 
samples.  High  mol  fractions  of  o'-FcmNi  were  achieved  by 
epitaxy  on  GaAs'*  trr  by  topotactieal  N-J  implantation,'*’'  Ni¬ 
triding  thin  foils  in  yields  40%.^  Large  particle  pow¬ 

ders  (6-9  ,u,m)  yield  50%.'^  For  small  particles,  at  most  38% 
conversion  was  reached.*''''*'  For  small  particles,  7-1.3  at.  % 
Mn  was  needed,"’  while  for  larger  particles  Mu  was 
unnecessary.’’'^  One  cannot  achieve  A'm=0.1111  in  y-N- 
austenite,  so  by  quenching  and  annealing,  one  cannot  get 
100%  a;"-Fei(,N2.'''  Ways  to  obtain  phiise-pure  rr"-Fci,,N, 
have  been  proposed 

The  magnetic  data  for  various  samples,  and  the  inferred 
values  for  the  a'-FeK.Ni  fraction,  are  summarized  in  Table 
VII.  The  first  few  benchmark  entries  are  for  bulk  and  powder 
a-Fe,  and  y'-Fe4N,  and  for  recently  measured  powder 
samples  (6-9  /im)  of  a'-/V-martensites  with  different  N 
contents.”'"*  The  dependence  of  the  high  moment  on  the  N 
atom  concentration  is  very  roughly  linear. As  the  002  x-ray 


relleetion  of  a'-FciftNi  grows  in  intensity,  the  saturation  vol¬ 
ume  magnetization  A7,  increases  to  a  miixinuim  of  2307 

-  r  47 

emu  cm  '. 

The  inferred  values  of  the  .qreeilic  saturation  magnetiza¬ 
tion  rr,  for  a'-Fei^N,  deproid  on  the  reliability  of  the  esti¬ 
mates  of  the  mol  fraetioiis  of  all  the  magnetie  constituents.  In 
small  powder  samples  exitosed  to  air,  the  moment  due  to 
pure  bulk  a-Fe  (218  emu  g  ')  is  reduced  by  passivation  of 
the  .surface  to  maybe  140  emu  g  '.  This  pa.ssivation  is  less 
important  for  very  large  particles  and  epita.xial  films,  so  the 
bulk  value  can  be  used. 

For  some  laboratories,  tempering  the  iiitrided  sample  at 
1.30-200 ‘’C  increases  the  sample  magnetization,  e.g.,  from 
177  to  189  emu  g  or  from  182  to  189  emu  g  other 
laboratories  report  no  inerease, or  only  a  modest  in¬ 
crease,  e.g„  from  218  to  226  emug  '.■’'* 

The  coercivities  //,.  for  a"-Fe|„Ni  are  small;  shape  an- 
i.sotropy  was  sought  by  growing  acicular  particles.'-'’ 

If  a"-FC|,,Ni  is  heated  at  160  °C'  for  21  days,  it  decom¬ 
poses  to  a-Fe  and  ■y'-Fe,,N;‘'  a  similar  decomposition  occurs 
if  one  heats  it  to  200  °C  for  one  week.*’"  For  (r"-Fei,,N,  par¬ 
ticles  (35  at,  %  Fe:  15  at.  %  Mn)  kept  at  room  temperature 
for  six  months  the  Mossbauer  spectrum  did  not  change.*’" 
The  high  magnetization  c.lrscrved  for  epitaxial  films  of 
a"-Fe|(,Ni  on  (iaAs  or  InGiiAsfOOl )  decreases  reversibly 
with  increasing  temperature  belween  -269  "C  (/i,-3.1  T, 
3.4  /U,()  and  -t-400  ‘’C  (//,-- 1.0 'D,  witli  a  Gurie  tempera¬ 
ture  of  .340  "C;  above  400 this  magnetization  decreases 
irreversibly."'*  By  annealing  a  if  sputtered  film  at  500  for 
1  h,  the  moment  density  increases  from  about  22.3  to  253 
emu  g  ',  and  the  x-ray  lines  due  to  fr''-Fe|(,N ,  sharpen,  while 
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TABLE  VI.  Composition  (Fc  at,  %,  estimated  by  X=x-ray  diffraction,  M  =  M6ssbaucr  spectroscopy)  of  nilrided 
Fc  or  Fc+Mn  films,  powders  and  foils  (laboratory  codes  as  in  Table  I). 


Lab.  form 

Est. 

a-Fc 

y-N-aust 

y-Fc4N 

a'-N-mart. 

(r''-Fc,„N2 

Ref 

CMU  6-9  powder 

X 

13 

31 

0 

0 

56 

17,19 

HIT  7-100  nmllGaAs(lOO) 

X 

15 

0 

0 

0 

85 

9 

NAG  200  nm  fllm||glass 

M.X 

65 

0 

0 

0 

35 

31 

NAG  200  nm  film||MgO 

X 

40 

0 

0 

30 

24 

11 

NAG  200  nm  filmllMgO 

X 

30 

0 

0 

62 

8 

32 

NAG  200  nm  filml|MgO 

X,M 

28.5 

0 

0 

0 

71,5 

49 

TCD  30  /itn  powder 

M 

61 

7 

4 

0 

28 

7 

TCD  100  fj.m  foil 

M 

52;  59 

5;  11 

11;  10 

0 

32;  20 

7 

TCD  25  /urn  foil 

M 

55;  51 

11;  9 

0;  0 

0 

.34;  40 

7 

TOU  sputt.  film 

X 

27 

0 

0 

0 

73  (a'  +  a") 

34 

UALsputt.  film 

X 

82 

0 

(1 

0 

18 

12 

UAL  0.6  /tin  powd.  +  15  wt  %  Mn 

M 

I'i 

36 

0 

0 

35 

15 

UAL  70  nm  powd,  +  7  wt  %  Mn 

M 

55 

7 

0 

0 

38 

16 

TABLE  VII.  Magnetic  properties  of  reference  compounds,  of  samples  containing  o('-Fci6N2,  and  for  pure  u"-FenN2;  saturation  volume  tnagnetization  Af  j 
(cmu/cc=cmu  cm  •’),  saturation  magnetic  flux  density  flj  (T),  specific  saturation  magnetization  irg  (emu/g=J^'  kg),  magnetic  moment  of  the  average  Fe  site 
Mfe  (Ma-Bohf  magneton),  cocrclvity  H,.  (Oe). 


Overall  sample  properties  Inferred  o^'-Fci^Nj  conlribullon 


M,v  fj,v 

cmu/cc  T 

emu/g 

Al'c 

As 

//, 

Oc 

Ms 

emu/cc 

Ih 

T 

"s 

cniu/g 

At'. 

All 

He 

Oc 

Morphology  (Ref.) 

Reference  data: 

1717  a.ifi 

218.0 

2.18 

... 

Pure  bulk  tr-Fe  (56) 

... 

~14() 

... 

... 

Powder  a-Fe 

1392  1.75 

193 

2,05 

... 

Pure  bulk  y-Fc,,N  (57) 

... 

18U 

... 

600 

Powder  y'-Fe.N  (58) 

... 

160 

... 

1000 

Powder  y'-Fc.N  (13) 

2.35 

250  i  10 

... 

a'-V-murtensite  (inf.)  (17,18) 

257 

Film  obtained  by  molecular  beam  epitaxy: 

Sputt,  a'-V-mart,  film  (32,33„38) 

2050  2.58 

... 

2250 

2.83 

298 

3.0 

55  nm  cpitux.  film  (5) 

2,66 

... 

... 

... 

3.0 

315 

3,2 

... 

7  nm  cpitux.  film  (9) 

... 

233 

... 

... 

... 

... 

200  nm  epilax,  film  (3 1 ) 

2.9 

3.2 

2.9 

3.2 

50 

50  nm  epitux.  film  (30) 

2390 

... 

Epitax,  film  IlInu  ^aiidnAs  (26) 

... 

2300 

Epitux.  film  IIIiiiuGuokAs  (46) 

2307  2,9 

Epitax.  film  IlIiin^GiindAs  (47) 

foils  1 

... 

205 

... 

2.52 

271‘ 

2.34 

100  /till  foil  I  NHfllz  (7) 

...  ...  208 

Sputtered  or  plasma  evaporated  films: 

238* 

2.62 

25  /tm  foil  +  NH.,:H2  (7) 

... 

247 

315 

250  nm  film||gluss  (12) 

233 

... 

200  nm  spun.  lilin  +  Nj  ||glass  (31) 

245 

257 

200  nm  sputt.,  NjUMgO  (.32,33,38) 

2(K10 

<1 

Sputter,  films  (2  at.  %  N)  (59) 

235 

... 

Plasma  evup.  [|Fc||MgO  (14) 

218 

... 

Sputt.  ||Fe|  MgO  (14) 

... 

232 

237- 

Sputt.  llFejlMgO  (34) 

... 

22(1 

3(X) 

225" 

Spun.  ilFelMgO  (35) 

Powders  large  or  small:  1 

210 

241" 

2.40 

30  /im  powd,  (7) 

189 

285" 

6-9  /tm  powd.  (17) 

210 

2.66 

28()‘ 

2.94 

6-9  /tin  powd.  (18,19) 

170 

2(K) 

310“ 

200 

.100X60X60  nm  powil.  l  O.  15  Mn  (15) 

189 

210 

3(Kl’’ 

70X70X7()  nm  powd. +0.07  Mn  (16) 

‘Using  21S  or  220  emu  g'  '  for  «-Fc. 

'’U.sitig  140  emu  g  '  for  small  particles  of  o-Fe. 
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for  another  sample  the  same  treatment  decreases  the  moment 
from  247  to  212  emug”',  and  the  a"-Fe|(,N2  lines 
disappear.'^  For  films  made  by  sputtering  or  by  evaporation 
the  moment  drops  when  the  temperature  reaches 
200-250  “C.'*' 

Since  a'-FcifiNi  powders  are  not  stable  above  about 
200  it  has  been  speculated  that  epitaxial  films  with 

large  magnetic  moments  contain  a  different  phase.''* 

IV.  CONCLUSIONS 

a"-Feif,N2  is  a  fascinating  magnetic  system.  The  evi¬ 
dence  for  a  very  large  moment  (>280  emug“')  for 
a"-Feif,N2  comes  from  epitaxial  thin  films, from 
some  sputtered  films, and  from  medium'^'"*  and  small 
particle''’'"’  studies.  Already,  a'-iV-martensite  has  a  moment 
considerably  higher  than  that  of  a'-Fe."*"’’''''^  The  high  mag¬ 
netization  of  the  epitaxial  films  has  even  been  a.scribed  to 
some  unknown  phase.'"* 

The  “dissenting”  evidence  against  large  moments  comes 
from  foils,’'  large  particles,^  N2  ion-implanted  film.s,'''''^"’'''”' 
some  sputtered  films,''*  and  from  theoretical  studies. 

It  is  tempting  to  dismiss  the  theoretical  results,  since  theory 
often  fails  us.  All  the.se  arguments,  pro  and  con,  rest  on  x-ray 
or  Mdssbauer  estimates  of  the  magnetic  constituents  present 
in  the  samples,  and  on  how  well  the  .samples  resist  to  air 
oxidation. 

To  answer  Coey’s  challenge,^"  many  are  convinced  that 
we  are  facing  a  “real  value,”  not  .an  “egregious  error." 
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The  magnetization  of  buik  a^Tei6N2  (invited) 

J.  M,  D.  Coey 

Physics  Department,  Trinity  College,  Dublin  2,  Ireland 

Evidence  for  giant  magnetic  moments  in  the  metastable  nitride  a'Pci^N,  is  reviewed,  with  reference 
to  the  related  stable  nitride  yFe4N  and  aFc.  It  is  concluded  from  a  survey  of  electronic  structure 
calculations,  Mossbauer  spectra,  and  magnetization  measurements  on  bulk  multiphase  samples  that 
the  average  iron  moment  in  a"Feif,N2  at  7’~0  lies  in  the  range  2.3-2.6  fig .  A  significantly  larger 
moment  of  about  2.9  jxg  appears  on  the  4d  sites  which  have  no  nitrogen  neighbors. 


I.  INTRODUCTION 

Alpha-iron  is  a  weak  ferromagnet  with  an  incompletely 
filled  subbaiid.  The  electronic  configuration  is  approxi¬ 
mately  giving  a  magnetic  moment  per 

atom  %e=2.2  fXg .  It  is  actually  the  saturation  polarization 
J„ ,  related  to  the  magnetic  moment  per  unit  volume  A/,,  by 
=  which  is  important  for  technical  applications;  J,, 

for  iron  at  room  temperature  is  2.15  T.  There  is  scope  for 
increasing  the  moment  by  modifying  the  density  of  states 
and  moving  the  position  of  the  Fermi  level  in  the  d  band,  but 
if  they  are  to  improve  the  magnetization,  these  changes  must 
be  accomplished  with  as  little  increase  as  possible  in  lattice 
volume. 

The  greatest  polarization  that  has  been  achieved  in  iron- 
based  substitutional  alloys  is  7^.= 2.45  T,  in  Fe{,5Co35.  Iron 
ions  with  atomic  moments  as  high  as  5  /ig  for  the 
configuration  of  Fe^"^  are  obtained  by  charge  transfer  in  ionic 
compounds,  yet  J,.  in  ferrites  does  not  exceed  0.6  T  because 
the  order  is  ferrimagnetic  and  most  of  the  volume  is  occu¬ 
pied  by  nonmagnetic  0^“. 

The  quest  for  greater  it  on  magnetization  is  currently  fo¬ 
cused  on  interstitial  compounds,  particularly  those  where  ni¬ 
trogen  is  accomodated  in  octahedral  voids  in  the  iron  lattice. 
Nitrogen  in  cubic  yFe^N  occupies  the  \b  body-center  site  in 
an  fee  lattice,  so  the  la  cube  corner  and  3c'  face-center  iron 
sites  become  inequivalent.  The  ordered,  metastable  iron  ni¬ 
tride  (y'Feif,N2  discovered  by  Jack  in  1951 '  has  a  related 
structure  where  only  half  of  these  octahedral  interstices  are 
occupied  by  nitrogen  (Fig.  1).  The  tetragonal  cell  contains 
eight  bcc  units,  and  the  structure  can  be  regarded  as  lying 
midway  between  aFe  and  yFe4N.'  The  4d  site  in  a"FeiftN2 
is  analogous  to  the  la  site  in  y' Fe4N  and  the  4e  and  Sh  sites 
in  a"FeigN2  are  analogous  to  the  3c  sites  in  yFe4N,  except 
that  they  have  only  one  nitrogen  neighbor  instead  of  two. 

The  magnetic  properties  of  a''FeiftN2  remained  unex¬ 
plored  until  1972  when  Kim  and  Takahashi  produced  thin 
films  where  aFe  was  the  major  phase  by  evaporating  iron  in 
nitrogen.  Some  of  these  films  were  found  to  have  a  polariza¬ 
tion  as  high  as  2.64  T,  and  the  polarization  of  pure  a''Feif,N2 
was  inferred  to  be  2.76  T,  corresponding  to  an  average  iron 
moment  of  3.0  pcg  ?  In  recent  year.s,  other  Japanese  groups 
have  made  films  containing  a''Fei(,N2  by  different  methods, 
with  quite  variable  results.^' Most  remarkable  are  those  of 
Sugita  and  co-workers  at  Hitachi,  who  produced  films  by 
molecular-beam  epitaxy  on  (Ga,)nIn()2)As  substrates  where 
the  polarization  of  Feif,N2  was  found  to  be  2.9  T.^  They  have 
corroborated  their  result  by  a  ferromagnetic-resonance 


experiment.*^  The  corresponding  average  moment  per  iron 
atom  /tjv  is  3.2  /ig  at  room  temperature,  rising  to  3.5  jXg  at 
7—0.  Other  workers,  however,  report  values  of  magnetiza¬ 
tion  of  their  thin  films  which  are  much  closer  to  that  of  aFe.** 
Here  we  review  the  evidence  of  electronic  structure  cal¬ 
culations,  Mossbauer  spectra  and  hulk  magnetization  mea¬ 
surements  regarding  the  site  and  average  moments  in  aFe, 
o^'PeifiNj,  and  y'Fe4N.  Experimental  inve.stigations  of 
a''Fe|5N2  have  been  hindered  by  the  lack  of  bulk,  single¬ 
phase  samples  of  the  metastable  a"  phase. 


Self-consistent  spin-polarized  electronic  structure  calcu¬ 
lations  have  now  developed  to  the  point  where  it  is  routinely 
possible  to  deduce  the  ground-state  spin  moments  in  iron- 
group  ferromagnetic  alloys  to  within  about  0.1  fxg .  The  mo¬ 
ment  of  iron  itself  is  accurately  reproduced.*'  Linearized 
muffin-tin  orbital  (LMTO)  calculations  for  y'FejftNj  and 
other  iron  nitrides  were  carried  out  by  Sakuma*^"'*^  and 
many  others,**'^*  varying  the  unit  cell  volume,  c/a  ratio,  and 
special  position  parameters.  These  LMTO  calculations  are 
based  on  the  atomic  spheres  approximation,  which  is  well 


II.  ELECTRONIC  STRUCTURE  CALCULATIONS 
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TABLE  I.  Calculated  data  and  experimental  results  on  local  and  averaged  magnetic  moments  and  tiyperiine 
fields  in  y'Fc4N. 


Methods 

IX  (/ia/Fe) 

Bhf(T) 

Ref. 

Fc(la) 

Fe(3c) 

(m) 

Fe(la) 

Fe(3c) 

(£hf) 

LMTO-ASA 

3.07 

2.03 

229 

12,14 

LMTO-ASA 

3.09 

2.11 

2,36 

-32,8 

-24.5 

-26,6 

17 

LMTO-ASA 

3.10 

1.94 

2,23 

-.32,8 

-24.2 

-26,4 

15 

LMTO-ASA 

3.22 

2.01 

2,32 

-36,0 

-24.7 

-27,6 

19,20 

ASW 

2.98 

1.79 

2,09 

... 

23 

FLAPW 

2.98 

2.23 

2,41 

-30.3 

-21,7 

-25,4 

22 

Avcrage(calculution) 

3.07 

2.02 

2,28 

-34.5 

-23.8 

-26.5 

... 

Measurements 

2.98 

2.01 

2,25 

... 

... 

27 

“36.6 

-23.6 

-26,9 

21 

justified  by  the  charge-density  distributions  obtained  by 
Coehoom  et  al.  using  a  first-principles  full  potential 
(FLAPW)  approach.^^  Matar  has  used  the  augmented  spheri¬ 
cal  wave  (ASW)  method^^’^"*  and  there  have  also  been  some 
cluster  calculations.^^'^^  Results  of  these  calculations  for 
yFe4N  and  a"Fei(jN2  are  summarized  i’\  Tables  1  and  11, 
respectively. 

It  can  be  seen  in  Thble  I  that  the  calculations  for  >''Fe4N 
give  average  and  site  moments  which  agree  quite  well  with 
those  measured  experimentally  by  magnetizatien  and  neu¬ 
tron  diffraction  (2.98  /ifl/Fe  on  1«,  2.01  /Ufl/b'e  on  3t’, 
/4gv=2.25  In  the  case  of  fl("Fei6N2,  the  atomic  po¬ 

sitions  depend  on  two  special  position  parameters,  ‘  which 
have  not  been  determined  precisely.  However,  these  param¬ 
eters  and  the  c/a  ratio  can  be  varied  over  a  reasonable  range 
in  the  computer.  When  this  is  done,  there  arc  small  variations 
in  the  site  moments,  but  in  no  case  docs  the  average  moment 
per  iron  atom  exceed  2.50  fig .  An  exception  is  the  cluster 
calculation  of  Li,^^  Vvhich  gives  an  average  moment  of  3.3 
fig/Fc,  but  this  method  greatly  overestimates  the  moment  of 
a-Fe,  and  it  cannot  be  regarded  as  quantitatively  reliable. 
Larger  moments  are  also  reported  in  an  “LDA-l-U”  calcula¬ 


tion  which  involves  an  on-site  Hubbard  interaction  U,‘*‘*  but 
the  approach  Joes  not  appear  to  have  been  tested  on  a  Fe  or 
y  Fe4N. 

In  a"Fci(,N2,  yFe4N  and  other  interstitial  iron 
nitrides^“'^**  there  is  a  tendency  for  all  iron  moments  to  in¬ 
crease  as  the  lattice  is  expanded  by  inter.stitial  nitrogen.  This 
is  counteracted  to  some  extent  by  sp-d  hybridization  at  those 
iron  sites  which  have  nitrogen  neighbors.  However,  iron  at¬ 
oms  which  are  next-nearest  neighbors  of  nitrogen  see  their 
moments  increased.  The  local  density  of  states  for  4d  sites  in 
a''Fe|,,N2  and  la  sites  in  yFc4N  indicates  strong  ferromag¬ 
netism  at  these  sites.  The  increa.se  of  the  next-nearest- 
neighbor  iron  moments  in  nitrides  was  explained  by 
Kanamori,^'^  by  analogy  with  the  increase  of  iron  moment  in 
Feft5Co35.^‘^  The  iron  neighbors  of  nitrogen  hybridize  with 
the  nitrogen  sp  orbitals,  which  decreases  the  spin  splitting 
and  lowers  the  effective  iron  potential,  especially  for  the  2d\ 
states.  These  iron  atoms  then  have  some  of  the  character  of 
cobalt  in  the  Fe-Co  alloys.  Interaction  with  iron  atoms  which 
are  next-nearest  neighbors  of  nitrogen  increases  the  ampli¬ 
tude  of  wave  functions  at  the  latter  in  the  antibonding  states 
of  the  2d  I  band  whereas  it  will  decrease  the  amplitude  of  the 


TABLE  II.  Calculated  data  and  expcrlniciital  results  un  local  and  averaged  magnetic  moment  and  hyperiine 
fields  in  a"I'CnN2. 


Methods 

M  (Mu/Fc) 

fli,.(T) 

Ref. 

Fc(4e) 

Fe(8)i) 

Fe(4d) 

<a) 

Fe(4t') 

Fe(87.) 

Fe(4</) 

<«!,(> 

LMTO-ASA 

2.27 

2.25 

2.83 

2.39 

12 

LMTO-ASA 

2,.30 

2.27 

2.82 

2.42 

... 

13 

LMTO-ASA 

1.96 

2.41 

2.91 

2.42 

-24.1 

-25.0 

-.33,7 

-27.0 

15 

LMTO-ASA 

2.13 

2.50 

2.85 

2.50 

16 

LMIO-ASA 

2.01 

2.45 

2.99 

2.34 

18 

LMTO-ASA 

2.. 30 

2.37 

2.86 

2.48 

-24.3 

-25.4 

-33.7 

-26.9 

19,20 

ASW 

2.30 

2.37 

2.74 

2.44 

24 

2.29 

2.21 

2.89 

2.40 

24 

FLAPW 

2.04 

2.33 

2.82 

2.37 

-24.3 

-24.1 

-.33.4 

-26.5 

22 

(DVl-A",,  cluster 

1.98 

2.09 

2.82 

2.25 

26 

Averugti  (caiculution) 

2.16 

2.32 

2.85 

2.41 

-24.2 

-24.8 

-3.V6 

--26.V 

Measurement 

(2.33) 

(2.45) 

(3.05) 

(2.57) 

-30.7 

-32.3 

-41.2 

-  33.7 

21 
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Velocity  (nim/s) 


FIQ.  2.  The  ’’Fc  Mossbauer  spectrum  of  yFe4N  measuted  at  15  K. 


bonding  states  of  the  3(/|.  band.  The  decrease  of  occupied 
states  in  the  3d|,  band  is  compensated  by  a  shift  in  spectral 
weight  to  occupied  states  in  the  7)d\  band.  Hence  the  mo¬ 
ment  of  the  next-nearest-neighbor  iron  is  raised. 

Large  iron  moments  in  a"Fei,,Nj  can  be  achieved  in 
LMTO  calculations  by  expanding  the  lattice.  Ishida  et  al.‘^ 
show  that  the  average  iron  moment  reaches  3.0  when  the 
lattice  volume  is  increased  by  50%,  but  the  polarization  of 
the  expanded  lattice  is  only  2.0  T. 

III.  MOSSBAUER  SPECTRA 

Before  considering  the  Mdssbauer  spectrum  of 
a"Fcif,N2,  It  Is  useful  to  look  at  those  of  aFe  and  y'Fe4N, 
whose  interpretation  in  unambiguous.  Aipha-iron  has  a 
single  site  with  cubic  symmetry  where  the  hyperHne  field  is 
33.8  T  at  The  spectrum  of  ■y'Fe4N  (Fig.  2)  exhibits 
two  clearly  resolved  subspcctra  with  hyperflne  fields  of  36.6 
and  23.5  T  in  an  intensity  ratio  1  ;3  which  arc  identified  with 
the  \a  and  3c  sites,  re.spectively.  (The  3c  spectrum  is  split 
into  two  barely  resolved  components  with  a  2:i  intensity 
ratio  because  the  field  gradient  axis  may  lie  parallel  or  per¬ 
pendicular  to  the  magnetization  direction. The  calcu¬ 
lated  Fermi  contact  hyperflne  fields  agree  well  with  the  mea¬ 
surements  (Table  I). 

The  distinctive  feature  of  the  Mdssbauer  spectrum  of 
a''Fei,.Ni  is  the  hyperflne  component  with  /j||,“41 
which  is  attributed  to  iron  in  Ad  sites.  The  subspectra  of  iron 
in  Ae  and  8/i  sites,  which  form  an  octahedron  around  the 
nitiogcn  interstitial,  have  hyperflne  fields  of  31  and  32  T, 
respectively.  This  assignment  is  in  accord  with  that  of  Naka- 
jima  el  ai,  based  on  conversion-electron  spectra  of  ion- 
implanted  films,'^^  and  with  previous  work  on  bulk 
samples. It  also  agrees  with  the  order  of  the  hyperflne 
fields  calculated  by  Coehoorn  el  al  using  a  full  potential 
linearized  augmented  plane-wave  method.*"  Moriya  el 
assigned  the  highest  field  to  the  8/i  site,  but  their  interpreta¬ 
tion  is  inconsistent  with  the  expectation  that  8/i  and  4<,'  sites, 
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Flo.  ,1.  The  *’Fc  Miissbauer  spcclru  of  (ii)  a  sample  eoiuuliiing  40% 
i.\i''Fe|,,N2  measured  ut  15  K  and  (h)  the  spectruni  of  (yi'C|,,N2  alter  siripping 
lo  remove  »Fc  iind  tI'c  iibsorplion. 


each  with  one  nitrogen  neighbor,  should  have  similar  hyper- 
fine  fields.'^'*  The  spectrum  of  a"Fe|(,N2  obtained  after  strip¬ 
ping  off  the  other  constituents  is  shown  in  Fig,  3.  Fitted 
hyperflne  parameters  are  given  in  Table  111. 


TAULH  111.  Mdssbuuer  piiriimelers  of  aFe,  y'FcsN.  «nd  o7'Fe|,,N2,  including 
hyperllnc  Held  (W,,,).  qundrupole  splitting  (OS),  and  Isomer  shift  (IS)  relative 
Ui  inclullic  iron  ut  room  teniperulure,  UA  is  the  percent  of  the  relative  area, 


Nitride 

Temp 

(K) 

Sites 

«t,t 

(■/') 

IS 

(nim/s) 

QS 

UA 

(%) 

«Fc 

29.1 

Fe(2u) 

11.0 

0.00 

0.00 

lot) 

1.5 

Fe(2u) 

1.1.S 

(1.12 

0,00 

100 

r'Fc^N 

291 

Fe(lu) 

11,9 

0.25 

0.02 

25 
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FIG.  4.  The  relation  between  iron  site  moment  and  hyperfine  iicld  for 
<«"Fc,jN2  interpolated  from  data  on  ype^N  and  aFe. 


It  is  not  it  straightforward  ntattcr  to  infer  the  site  mo¬ 
ments  from  the  hyperfine  fields.  Writing  the 

“constant”  A  is  -15  T/fX/j  for  aFe,  but  v  ..lucs  lying  any¬ 
where  from  -11  to  -17  TJfx„  can  be  found  for  different  iron 
sites  in  iron-rich  alloys.  (Mossbauer  data  usually  give  the 
magnitude,  but  not  the  sign  of  the  hyperfine  fields.)  There  arc 
several  different  contributions  to  which  have  different 
dependences  on  . 

Bm-B  vai  +  5(.th  dip-  ( I ) 

The  leading  term  due  to  spin  polarization  of  the  l.y,  2.v, 
and  3,v  core  orbitals  is  strictly  proportional  to  the  3d  spin 
moment,  with  A  =  -  1 1 . 3  T/'/U/j .  It  is  the  contribution  of  the 
valence  electrons  which  depends  on  the  chemical  bond¬ 
ing  that  varies  most  with  the  compound  or  the  sites  consid¬ 
ered.  The  orbital  contribution  is  often  neglected  because 
the  orbital  moment  is  quenched  in  itinerant  ferromagnetic 
iron  alloys  (typically  it  is  less  than  0.1  ^.g).  The  classical 
dipolar  field  at  the  nucleus  is  also  small  (<1  T).  Evalu¬ 
ations  of  the  hyperfine  fields  due  to  spin  moments  in  elec¬ 
tronic  structure  calculations  reproduce  the  observed  trends, 
but  tend  to  underestimate  flpf  by  up  to  5  T.^^  The  calculations 


Gi|  1 1 1  I  I 


FIG.  5,  Extrapolutioiis  to  ilciliicc  the  magiielle  moment  of  pure  (/Ft 
using  x-ray  intcasitic.s  for  pha.se  ..nulysis.  F.xpcriinental  data  sets  an:  those  uf 
Ituange/  ul.  (see  Ref.  41 1,  circles  and  dashed  line  and  f’oey  el  at,  (see  Ref 
IV),  squares  and  solid  line. 
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give  the  first  two  terms  in  Eq,  (1),  known  as  the  Fermi  con¬ 
tact  interaction,  which  depend  on  the  unpaired  spin  density  at 
the  nucleus. 

Here  we  adopt  an  empirical  approach  to  evaluate  the 
factor  A  at  the  three  sites  in  a"Fe)f,N2.  It  can  be  deduced  for 
la  and  3c  sites  in  yFc4N,  from  the  site  moments  measured 
by  neutron  diffraction,^’  and  the  hyperfine  fields  in  Table  II. 
The  values  for  a"Feif,N2  are  then  deduced  by  interpolation 
between  aFe  and  ')'Fc4N,  as  shown  in  Fig.  4.  The  site  mo¬ 
ments  and  the  average  iron  moment  shown  in  parentheses  on 
the  bottom  line  of  Table  II  are  obtained.  Note  the  large  mo¬ 
ment  of  3.0  /ifl/Fe  on  4rf  sites,  but  the  average  value  is  only 

2.6  /itfl/Fe. 

IV.  MAGNETIC  MEASUREMENTS 

Mitsuoka  et  estimated  the  magnetic  moment  of  bulk 
a"FC|4,N2  some  years  ago  as  2.6  fMnlPii.  There  have  been 
several  recent  reports  of  magnetic  measurements  on  samples 
containing  a  significant  proportion  (<~50%)  of 
a''FC|(,N2.'‘''^‘’’‘'“''*'  All  materials  were  prepared  by  the 
-y— ta'— »a"  route  originally  used  by  Jack,'  and  described  by 
him  in  more  detail  in  a  preceding  paper.'”  Nitrogen  has  a 
solubility  range  extending  up  to  It)  N/lOO  Fe  in  austenite 
(yPe)  which  is  stable  above  590  ''C,  Nitrogen  austenite  can 
be  prepared  by  heating  iron  powders  or  foils  in  an  atmo¬ 
sphere  of  flowing  NH4/H2  at  about  700  ®C  for  several  hours, 
then  rapidly  quenching  to  yield  nitrogen  martensite,  thereby 
avoiding  decomposition  into  the  equilibrium  phases, 
aFc4-yFe4N.  Prolonged  annealing  of  the  martensite  at 
120  ®C  for  7  days  yields  samples  composed  of  aFe,  'yFe,  and 
a"Fc,(,N2  in  varying  proportions.  Pure  a"Fci(,N2  cannot  be 
obtained  by  this  method  becuu.se  the  .solubility  of  nitrogen  in 
austenite  is  less  than  the  required  12.5  N/lOO  Fe.  Further¬ 
more,  the  martensitic  transformation  is  depressed  to  lower 
temperatures  as  the  nitrogen  content  increases,  so  the 
nitrogen-rich  samples  tend  to  contain  retained  austenite, 
wlicreas  the  nitrogen-poor  ones  are  mostly  aFe, 

The  magnetization  of  these  bulk  samples  is  easily 
measured, but  none  has  been  found  to  possess  a 
magnetization  greater  than  that  of  ab'e.  If  a"Fei(,N2  really 
has  a  magnetization  ir,.  in  excess  of  300  JT  '  kg“',  one 
would  expect  the  nitrogen-poor  samples  at  least  to  exhibit  a 
magnetization  greater  than  220  JT"'kg“',  the  valne  for 
aFe. 

The  inference  of  the  magnetization  of  the  a"  phase  from 
measurements  on  phase  mixtures  relies  on  (i)  quantitative 
analy.sis  of  the  phases  present  and  (ii)  knowledge  of  the  mag¬ 
netization  of  each  one.  The  phase  analysis  can  be  obtained 
from  x-ray  diffraction""  or  Mossbauer  .spectra.''''’'’  Huang 
et  al,  u.sc  x-ray  diffraction  to  deduce  <7=^=272-286  J  T  '  kg  ' 
at  room  temperature,  corresponding  to  p,i,.-2.94  /t/,  whereas 
Coey  el  al,  base  their  quantitative  phase  analysis  on  the  ab¬ 
sorption  areas  of  Mossbauer  spectra  taken  at  15  K  and  de¬ 
duce  (7=225-27(3  J  T”'  kg"'  corresponding  to  /u.|,'(,  =  2.3-2.6 
Pi)  and  7  =  2. 1-2.5  T,  The  Mossbauer  method  of  phase 
analysis  has  the  advantage  that  it  probes  all  the  iron  in  the 
sample,  not  just  a  surface  region  as  is  the  ca.se  for  x-ray 
diffraction.  Duo  et  al.  find  that  the  magnetization  of  u  single 
sample  is  consistent  with  a  large  magnetization  for  the  a" 
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phase.^*  Sakamoto'**’  deduces  from  annealing  experiments 
that  the  magnetization  of  Fe,6N2  has  a  higher  value  than  that 
of  pure  iron. 

A  problem  for  inferring  the  a"  moment  from  y-rich  ma¬ 
terial  is  that  the  magnetic  properties  of  nitrogen-austenite  are 
not  entirely  clear.  A  broadened  peak  appears  as  the  room- 
temperature  Mossbauer  spectrum,  but  it  is  uncertain  that  the 
broadening  is  exclusively  due  to  the  distribution  of  quadru- 
pole  splitting.  A  small  magnetic  hyperfinc  interaction  with 
T  might  contribute.  Electronic  structure  calculations 
indicate  the  possibility  of  very  weak  ferromagnetism  in  ex¬ 
panded  ype  before  the  transition  to  a  high-mornent  .state. 

V.  CONCLUSIONS 

Most  data  on  bulk  r/FcioNj  indicate  that  the  average 
iron  moment  lies  in  the  range  2.3-2.6  /iy.  None  of  the  re¬ 
sults  we  have  reviewed  provide  support  for  an  average  iron 
moment  of  3.0-3,5  fly ,  us  has  been  claimed  for  certain  thin 
films. 

The  sites  which  carry  the  largest  moments  of  ~3.0  /in 
the  interstitial  iron  nitrides  are  those  (lu  in  7'Fe4N,  4d  in 
a"Fcif,N2)  which  are  Mt'A:r-nearest  neighbors  of  the  nitrogen. 
The  moments  on  the  nearest-neighbor  sites  are  much  influ¬ 
enced  by  hybridization  with  the  nitrogen  xp  orbitals. 

The  di.screpancy  with  the  results  on  the  thin  films  of  the 
Hitachi  group  in  particular  is  unexplained.  Extensive  studies 
by  Takahashi  and  co-workers'**  on  films  prepared  by  reactive 
.sputtering  and  plasma  evaporation  indicate  a  value  of  rr,  of 
230-240  JT”’  kg'  *.  Possible  considerations  arc  surface  ef¬ 
fects  and  nitrogen  order.  Surface  enhancement  of  magnetiza¬ 
tion  might  arise  in  very  thin  films.  It  is  doubtful  whether 
disordering  the  nitrogen  can  increase  the  moment,  in  view  of 
results  on  mechanically  alloyed  material^*  and  the  increase 
of  magnetization  which  accompanies  annealing  the  nitrogen 
martensite.*®''**’  However,  one  might  imagine  an  ordered 
phase  containing  less  nitrogen  wliich  contains  more  of  the 
high-moment  iron  sites. 

Although  there  may  be  no  giant  moment,  ihc  data  indi¬ 
cate  that  a"Fcif,N2  is  clo.scr  to  strong  ferromagnetism  than 
ttPe  and  they  encourage  further  efforts  to  prepare  the  «" 
phase  in  a  pure  form'*^  and  investigate  alloy  additions  in 
order  to  optimize  the  properties  for  those  applications  that 
call  for  ferromagnetic  material  with  the  grcate.st  po.ssible  po¬ 
larization. 
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Magnetic  and  Mossbauer  studies  of  single-crystai  FeieN2  and  Fe-N 
martensite  films  epitaxialiy  grown  by  molecuiar  beam  epitaxy  (invited) 

Yutaka  Sugita,  Hiromasa  Takahashi,  and  Matahiro  Komuro 

Central  Research  Laboratory,  Hitachi,  Ltd.,  Kokulmiji,  Tokyo  IS5.  .fapaii 
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Akimasa  Sakuma 

Magnetic  and  Llectronic  Materials  Research  Laboratory,  Hitachi  Metals,  Ltd.,  Kumagaya, 

Saitama  360,  Japan 

Single-phase,  single-eryslal  Fei(,N2(()01)  films  and  Fe-11  at.  %N  martensite  films  of  200-900  A 
thickness  have  been  epitaxially  grown  on  In(,iGa()HAs(001)  substrates  by  evaporating  Fe  in  an 
atmosphere  of  mixed  gas  of  N2  and  NH^,  followed  by  annealing,  The  saturation  magnetizations 
47riV/,’s  for  Fen.Ni  and  Fc-N  martensite  films  have  been  measured  to  be  around  29  and  24  kG  at 
room  temperature,  respectively,  and  almost  constant  in  the  above  thickness  range  by  using  a 
vibrating  sample  magnetometer.  for  Fc-N  martensite  films  has  been  increased  with  ordering 

of  N  atoms  caused  by  annealing  and  finally  reached  around  29  kG  for  FeK.Nj.  Mossbauer  spectra 
have  been  measured  for  those  films.  The  spectrum  for  Fe-N  martensite  films  was  a  superposed  one 
with  hyperfinc  fields  of  360,  310,  and  2.'50  kOc,  similar  to  those  previou.«ly  reported  for  martensite. 

While  the  spectrum  became  simpler  with  ordering,  finally  reaching  a  single  hyperfine  field  of  330 
kOc  for  Fci,,N2.  47rA/,.  of  29  kG  for  Fei(,N2  (3.2  /i/j/Fc  atom)  and  47rA'/,  of  24  kG  for  martensite 
(2,6  /J.«/Fe  atom)  has  not  been  explained  based  on  the  conventional  band  theory  of  3r/  mettil 
magnetism.  Behaviors  of  Mossbauer  spectra  could  not  be  understood  based  on  the  conventional 
concept  either.  Thus  a  new  physical  concept  is  likely  to  be  needed  for  clarification  of  giant  niiigneiic 
moments  and  Mdssbauer  spectra  for  Fei(,N2  and  Fe-N  martensites. 


I.  INTRODUCTION 

In  1972,  Kim  and  Takahashi'  found  that  Fe-N  films, 
evaporated  in  a  N,  gas  atmosphere,  exhibit  25.8  kG  for  the 
saturation  magnetization  47rM,.  at  room  temperature,  which 
is  higher  than  that  of  pure  Fe  by  17%,  Furthermore,  they 
confirmed  that  the  Fe-N  films  arc  polyerystalline,  consisting 
of  Fe  and  Fei,,N2  crystallites  and  estimated  the  4TrM,  of 
FckjNi  to  be  28.3  kO  from  the  volume  fraction  of  Fei^Ni  in 
the  films.  FckiNi  is  a  metastable  Fe-N  compound  with  a  bet 
structure,  which  was  discovered  by  Jack’  in  1951. 

Quite  recently,  Komuro  et  cil.^'‘^  and  Sugita  et  al.^  have 
grown  single-phase,  single-crystal  Fck.Nt  films  of  around 
500  A  thickness  epitaxially  on  In,|  2Ga(inA.s(()()l)  substrates 
by  using  molecular-beam  epitaxy  (MBE)  and  found  that  the 
47rM,.  of  Fei,,N2  films  is  around  29  kG  at  room  temperature 
and  around  32  kG  at  5  K.  Those  values  are  equivalent  to  the 
average  magnetic  moments  of  3,2  and  3.5  fii,  per  Fe  atom  at 
room  temperature  and  5  K,  respectively.  These  are  truely 
giant  magnetic  moments,  much  greater  than  the  Slater- 
Pauling  curves.'' 

More  recently,  4  7rAf ,  of  Fe-N  films  and  powders  formed 
by  sputtering,’"  ion  implantation,'"  and  ammonia 
nitrification,""'  have  been  intensively  investigated.  In  many 
cases,  significant  increases  in  4ttM „  for  l■'e-N  or  Fe|,,N2  have 
been  found,’"'""'’  although  the  values  are  different.  In  con¬ 
trast  to  these,  Takahashi  e/r//. '"  reported  that  a  significant 
increase  in  47rA/,  is  not  observed  for  Fe|,,N2  films  epitaxi¬ 
ally  grown  on  MgO  substrates  by  reactive  plasma  sputtering. 
The  reasons  for  the  above  different  results  of  4ttM„  for 
Fei(,N2  and  Fe-N  films  remain  to  be  clarified. 


In  this  study,  the  clTect  of  ordering  i)l  N  atoms  on  AvM , 
and  the  film  thickne.ss  dependence  of  4vM,  have  been  in¬ 
vestigated  in  detail  for  single-crystal  Fe|,,N  ,  anil  Fe  N  mar¬ 
tensite  films  epitaxially  grown  on  ln(),i(ia,inAs  substrates  by 
MBE,  Al.so,  the  Mossbauer  speetrii  have  been  measureil  tor 
those  films. 

II.  EXPERIMENT 
A.  Sample  preparation 

FciftNi  and  Fe-N  films  were  prepared  in  an  aimospheie 
of  mixed  gas  of  N2  and  NH3  by  using  an  MUF  apparalus 
equipped  with  electron-beam  evapoialion  sonices. 
In„2Ga,)KAs(()01)  single-crystal  wafers  were  n.seil  as  sub¬ 
strates  becau.se  the  lattice  matching  between  in,,  ,Cia||,(As 
(5.71  A)  and  the  u  axis  of  FckiNt  (5.72  A)  is  v,-ry  good.  1  lie 
substrates  were  etched  by  using  5:1:1).,'  solution  ol 
ll2SO4:H20:H2O2.  After  that,  the  substrates  were  mounted 
on  a  stainless-steel  block  with  indium  bonding  and  cleaned 
by  heating  at  675  “C  for  5  min  in  the  MBE  ehamlua 
(<1x10  Torr).  The  temperatures  of  the  samples  wen 
measured  at  the  backside  of  the  stainless  block.  The  pin  itv  oi 
Fe  used  as  the  deposition  source  was  99.999%). 

The  deposition  conditions  are  listed  in  Table  1.  I  Nose 
conditions  were  selected  based  on  the  trade  off  between  ep¬ 
itaxial  growth  and  introduction  of  around  1 1  at.  %  N  into 
deposited  films  for  forming  Fck.Ni.  Among  these,  the  depo¬ 
sition  rate  and  the  gas  pressure  were  most  critical.  Film 
thicknesses  were  2()()-9()()  A. 
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TA.BLH  (.  Deposition  conditions  of  Fc-N  iind  Fc  films  on  InGa/^s(0()l) 
substrates. 


Fe-ll  m,  %  N 

Fe 

Base  pressure  (Ton) 

lx  to  “ 

*  - 

Gas 

N^+2U%NI1, 

vacuulu 

Substrate  temperature  (°C) 

2(X) 

2.S() 

Deposition  rale  (/Vs) 

l).l)2-0,0,' 

0.1 

Pressure  during  deposition  (Torr) 

i  2X|()  ■' 

.SXK)  ' 

Pure  Fe  films  were  prepared  on  ln(i  2tia,|«As(001)  sub¬ 
strates  in  vacuum  of  5  X 10^^  Torr  for  comparison  with  Fe-N 
films  anct  reference  for  measurements. 

Fi.  Characfarlzatlon 

Nitrogen  concentrations  in  those  films  were  measured  by 
using  x-ray  photoelectron  spectroscopy  (XPS)  and  Auger 
electron  spectroscopy  (AES).  Figure  I  shows  the  intensity 
ratio  of  N  l.v  to  Fe  2p  peaks  of  XPS  versus  N  concentration 
curve  used  as  calibration.  The  relation.ship  was  obtained  us¬ 
ing  standard  Fe-N  powder  samples  wiili  various  concentra¬ 
tions.  Concentrations  of  Fe-N  films  used  in  this  study  were 
around  10-11  at.  %  N  as  shown  in  Fig.  1.  The  depth  profile 
of  the  concentration  was  obtained  by  AES. 

The  film  thicknesses  were  measured  routinely  by  using  a 
needle  contact  feeler  gauge.  Some  of  the  obtained  values 
were  checked  by  comparing  with  the  thicknesses  measured 
by  using  the  cross-sectional  transmission  electron  micros¬ 
copy  (TEM)  images  as  shown  in  Fig.  2.  The  agreement  be¬ 
tween  both  data  is  very  good,  suggesting  an  error  of  mea¬ 
surement  ol  less  than  I  .^%  with  the  exception  of  one  point. 


liiudiiiii  energy  (eV) 


0  10  20 
N-concentration  (at%) 


FIG.  1.  The  intensity  ratio  of  N  l.v  to  Fe  2p  peaks  of  XFS  as  a  fimetion  of 
N  atom  concentration  in  standaid  I'c-N  powder  samples  along  with  l^c-N 
tilms  used  in  this  study. 
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Thickness  by  feeler  (A) 


FIG.  2.  Comparison  between  film  thicknc.sscs  measured  with  a  cross- 
scctiunul  TEM  and  a  needle  eontact  feeler  gauge. 


The  crystal  structures  of  the  samples  were  investigated 
by  the  x-ray-diffraction  (XRD)  method  using  monochromatic 
C\iKa  radiation.  Also,  the  crystallinity  of  the  films  was 
evaluated  with  reflection  high-energy  electron-diffraction 
(RHEED)  analysis. 

The  saturation  magnetizations  47rM,’s  of  the  films  were 
measured  with  a  vibrating  sample  magnetometer  (VSM). 
Samples  were  circular  plates  of  8  mm  diameter  which  were 
formed  very  accurately  by  using  photolithography  and  etch¬ 
ing  using  HNOj.  Therefore  the  measurement  error  of 
obtained  was  likely  to  be  less  then  ±5%  (sample  volume 
±3%,  VSM  ±2%), 

Mossbauer  speetra  were  measured  by  using  a  conversion 
electron-type  apparatus.  Samples  were  coated  with  around 
100  A  thick  Au  layers  for  protection  against  oxidation.  Be¬ 
fore  and  after  the  Mossbauer  measurements,  4inW,.  was 
mea.sured  and  made  sure  to  remain  the  same  by  a  VSM. 

III.  RESULTS  AND  DISCUSSION 
A.  Effect  of  ordering  of  N  atoms  on 

Fe-11  at.  %  N  films  of  around  500  A  thickness  were 
prepared  with  changing  annealing  time  after  the  deposition 
of  the  films.  Annealing  was  carried  out  at  200  °C  in  vacuum 
of  10"'’*Torr.  Figures  3(a)"3(c)  show  XRD  patterns  for  unan- 
neaied,  annealed  (40  h),  and  fully  annealed  (90  h)  samples. 
In  Fig.  3(a),  peaks  for  FC|(,N2(a")  are  not  seen,  but  only  the 
(002)  peak  for  Fe-N  martensite  («')  is  seen  at  58.1°.  This 
shows  that  N  atoms  are  located  in  disorder.  In  this  case  also, 
a  RHEED  pattern  of  straight  fine  streaks  is  seen,  which  sug¬ 
gests  that  the  film  is  a  high  quality  single  crystal.  In  Fig. 
3(b),  the  a"(002)  peak  appears  at  around  28. 1°,  but  it  is  much 
smaller  than  the  peak  at  58.1°  corresponding  to  tt'tOOZ)  and 
c/'(004).  The  ratio  is  around  0.04.  Taking  into  consideration 
that  the  ratio  of  the  peak  intensity  of  o''(()()2)  to  «"(004)  is 
calculated  to  be  0.125  for  Fck.Nj,  the  film  is  considered  to 
be  a  mixture  of  a'  and  that  is,  ordeiiiig  of  N  atoms 
occurs  partially.  In  Fig.  3(c),  tlic  o-'HOOZ)  peak  becomes 
stronger  and  the  intensity  ratio  ol  two  peaks  is  around  0.1, 
showing  that  the  film  is  single-phase  Fc^.Ni  with  full  order¬ 
ing  of  N  atoms  in  a  bet  structure.  T  his  is  conlii  nied  by  a 
RHEED  pattern  of  tine  streaks  with  half  period  of  pure  Fe. 

Suj.jii- '  cil. 


I  .  V . . i  _ I _ 

20  30  40  50  60 


20  30  40  50  60 


(c)  29  (<^69) 

FIG,  3.  XRD  patterns  for  unannealed  and  annealed  Fc-ll  at.  %  N  films,  (a) 
Unannealed,  Fc-N  ntarlenslte  {or');  (bj  annealed  at  200  °C  for  40  h,  a'+o": 
and  (c)  anne.aled  at  200  “C  for  90  h,  Fc^Njia''). 


Thus  the  ratio  of  a"(002)  peak  ;■)  a''(004)  and  a' (002)  peaks 
can  be  a  measure  of  ordering  N  atoms  in  Fe-N  films.  The 
lattice  parameters  for  a"  are  6.33  A  (c  axis)  and  5.71  A  (a 
axis),  which  are  cltise  to  previously  reported  values.^ 

Magnetization  curves  for  the  above  samples  measured 
with  a  VSM  are  shown  in  Fig.  4.  4ttMs  for  an  Fe-N  marten¬ 
site  (a')  film  is  24  kG  and  that  for  an  FeigN2(a")  film  is  29 


FIG.  4.  Magnetization  curves  for  unaniicalcd  and  annealed  Fe-11  at.  %  N 
films  as  shown  in  Fig.  3.  a',  dotted  line;  a'  +  o/',  dashed  line;  a",  solid  line. 
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FIG.  5.  The  relationship  between  AttM,  and  ordering  of  N  atoms  expressed 
by  /a"(002)//[a"(004)  +  «'(002)]. 

kG.  For  an  intermediate  film,  4vMg  is  27  kG,  an  intermedi¬ 
ate  value  of  a'  and  a^'.  The  relationship  between  4  and 
ordering  of  N  atoms  is  shown  in  Fig.  5.  47rMj  is  increased 
monotonically  from  24  kG  for  a'  up  to  29  kG  for  a"  with 
ordering  of  N  atoms  or  the  intensity  ratio  of  a''(002)  peak  to 
[a"(004)  +  Q''(002)]  peaks.  The  deviation  of  data  is  rather 
large.  This  is  due  to  inaccuracy  of  measurement  of  weak 
«"(002)  peak  intensities.  However,  the  above  relationship  is 
clear. 

As  shown  in  Fig.  4,  all  samples  exhibit  low  remanence. 
Possibly  stripe  domains  are  formed  by  strong  perpendicular 
anisotropy;'®  that  is,  the  magnetization  tilts  upwards  and 
downwards  from  the  films  plane  periodically. 

B.  Film  thickness  dependence  of  AnM, 

for  Fei6N2  and  Fe-N  martensite  fiilms  are  shown 
as  a  function  of  the  film  thickness  from  200  to  900  A  in  Fig. 
6.  For  comparison,  the  data  for  epitaxially  grown  Fe  films  of 
the  same  thickness  range  measured  in  the  exactly  same  way 
are  shown. 

AttM^  for  FeiftN2  films  is  around  29  kG  and  does  not 
depend  on  the  film  thickness  in  this  range  at  all.  This  means 
that  the  giant  magnetization  for  Fe]5N2  originates  from  the 
bulk  properties  of  Fei6N2,  not  from  the  surface.  for 

Fe-N  martensite  films  is  around  24  kG  and  also  does  not 
depend  on  the  film  thickness.  Quite  large  deviations  are  seen 
in  the  thinner  thickness  region,  but  this  is  due  to  the  diffi¬ 
culty  of  detecting  partial  formation  of  small  amount  of 
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FIG.  6.  Film  thickness  dependence  of  4ttM ^  for  FC|(|N2  and  Fe-N  matten- 
sitc  films  along  with  Fc  films. 
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FIG.  7.  AES  profile  for  an  FckiNj  film. 

Fei6N2  in  Fe-N  martensites.  Here  it  should  be  noticed  that 
AttM-  for  pure  Fe  films  is  around  21.5  kG  over  the  thickness 
range,  which  is  very  similar  to  the  bulk  value  previously 
reported.  This  confirms  that  the  accuracy  of  the  measurement 
of  AttM^  of  films  in  the  thickness  range  is  very  high  and  the 
obtained  47rMj.’s  for  Fei(iN2  and  Fe-N  martensite  are  correct. 
Furthermore,  for  Fei,jN2  was  confirmed  to  be  28  kG 

also  by  FMR’*  independently  of  VSM  measurements. 

Figure  7  shows  a  typical  AES  profile  for  a  550  A  thick 
Fcj^Nj,  film.  The  concentrations  of  Fe  and  N  atoms  are  just 
around  89  and  11  at.  %  for  FeifiN2,  respectively,  through  the 
film  thickness,  except  for  10-20  A  thick  regions  of  the  top 
and  bottom  surfaces  of  the  film.  This  is  consistent  with  the 
above  data  of  independence  on  the  film  thickness.  The 
concentrations  i  mpurities  such  as  oxygen  atoms  ate  much 
smaller  than  1%  except  for  the  top  surface  of  the  film. 

C.  Mossbauer  spectra 

Mdssbaucr  spectra  for  Fe-N  martensite,  intermediate, 
and  Fei6N2  films  are  shown  in  Fig.  8.  As  shown  in  Fig.  8(a), 
the  spectrum  for  an  Fe-N  martensite  film  with  of  24 

kG  is  a  complicated  one,  being  superposed  with  three  kinds 
of  hyperfine  fields  of  360,  310,  and  250  kOe.  This  is  substan¬ 
tially  similar  to  previously  reported  data'^  '”  for  Fe-N  mar¬ 
tensite  foils.  The  spectrum  for  a  film  of  partial  ordering  with 
4itM^  of  27  kG  becomes  simpler  as  shown  in  Fig.  8(b).  The 
spectrum,  is  still  a  superposed  one,  but  a  hyperfine  field  of 
around  330  kOc  appears  clearly.  For  an  FeiijN2  film  with 
4irA/,  of  29  kG,  the  spectrum  becomes  very  clear  with  the 
single  hyperfine  field  of  330  kOe  as  .shown  in  Fig.  8(c).  The 
same  spectra  are  observed  for  five  different  FeioN2  samples 
prepared  at  different  times.  The  spectrum  is  quite  different 
from  previously  reported  data  for  Feif,N2  precipitates  formed 
from  Fe-N  martensite  powders''^  by  100  °C  annealing  and  N 
ion  implanted  Fe-N  films  including  Fe,(,N2.^*’  The  previous 
data  are  rather  similar  to  that  for  martensite  or  intermediate 
ones  as  shown  above. 

The  hyperfine  field  of  330  kOe  for  Fe|(:,N2  is  very  similar 
to  that  for  pure  Fe.  Apparently  it  seems  contradictory  that  the 
hyperfine  fields  are  almost  the  same,  although  the  magnetic 
moments  are  very  different.  However,  the  relationship  be¬ 
tween  the  magnetic  moment  and  the  hyperfine  field  is  very 
complicated  and  not  definite,  since  the  magnetic  moment 
originates  from  the  polarization  of  3d  electrons,  while  the 
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FIG.  8.  Mossbuucr  spectra  for  unannaalcd  and  annealed  Fe- 1 1  at.  %  N  films, 
(a)  Fc-N  martensite  (o'),  (b)  Ee-N  Intermediate  (cr'i-n''),  and  (e) 

Fc,.N2(<»"). 

hyperfine  field  comes  from  that  of  Is',  2,v,  and  3i'  electrons. 
Therefore  the  above  experimental  results  cannot  be  said  to  be 
contradictory  based  on  the  simple  linear  relationship. 

D.  Origin  of  giant  magnetic  moment 

The  magnetic  moment  for  Fe,(,N2  has  been  calculated 
using  the  local  spin-density  functional  approach  by 
Sakuma*‘  first  and  then  by  several  scientists.^‘““'’  All  the 
calculated  average  magnetic  moments  are  around  2.4 -2.5  /r„ 
per  Fe  atom.  These  are  much  smaller  than  the  experimental 
value  of  3.2  fi^  per  Fe  atom  for  Fe|(,N2  and  smaller  than  2.6 
Hg  pei  Fe  atom  even  for  Fe-N  martensite.  Therefore  the  con¬ 
ventional  theoretical  approach  is  inadequate  for  discussion 
on  the  issue  of  the  giant  magnetic  moment.  In  the  above 
calculations,  the  volume  expansion  effect  and  the  charge- 
transfer  effect  between  Fe  sites  due  to  the  introduction  of  N 
atoms  are  treated  automatically.  Therefore  some  other  new 
effects  of  N  atoms  such  as  local  binding  between  Fe  and  N 
atoms  should  be  taken  into  consideration  in  addition  to  the 
above-mentioned  two  effects.  In  discussing  the  issue,  it  is 
important  to  notice  that  the  magnetic  moment  increase.,  with 
ordering  of  N  atoms  from  2.6  to  3.2  fXg  per  Fe  atom,  al- 

Suglta  et  al. 


though  the  bet  structure  remains  the  same.  Also,  it  should  be 
noticed  that  the  hyperfine  field  for  Fei(,N2  is  330  kOe  and  the 
same  for  three  kinds  of  Fe  sites  with  different  distances  to  N 
atoms. 

As  for  the  different  values  of  47rAf  ,.  and  Mossbauer 
spectra  for  Fei6N2  and  Fe-N  reported  by  different  authors,  it 
is  likely  that  some  of  them  come  from  the  difference  in  or¬ 
dering  and/or  concentration  of  N  atoms.  Also,  .some  impuri¬ 
ties  such  as  oxygen  atoms  might  suppress  the  enhancement 
of  magnetic  moment  in  some  cases.  However,  the  reasons  for 
this  remain  unclear  yet, 

IV.  CONCLUSIONS 

Single-crystal  Fei(,N2  and  (Fe-  around  11  at.  %  N)  mar¬ 
tensite  films  of  200-900  A  thickness  have  been  grown  epi¬ 
taxially  on  In(,  2Ga(),jjAs(001)  substrates  by  MBE.  for 

Fei6N2  and  Fe-N  martensite  films  have  been  confirmed  to  be 
around  29  and  24  kG  at  room  temperature,  respectively. 
47rMj  for  Fe-N  martensite  films  has  been  found  to  increase 
with  increase  in  ordering  of  N  atoms  by  annealing  and  finally 
reach  around  29  kG  for  Fe|f,N2. 

4  7rA/,.'s  for  Fcj^Nt  and  Fe-N  martensite  films  were  al¬ 
most  constant  in  the  range  of  the  film  thickne.ss  from  200  to 
900  A. 

Mossbauer  .spectrum  for  Fe-N  martensite  films  was 
found  to  be  a  superposed  one  with  hyperfine  fields  of  360, 
310,  and  250  kOe,  The  spectrum  became  simpler  with  in¬ 
crease  in  ordering,  finally  reaching  a  spectrum  with  a  single 
hyperfine  field  of  330  kOe. 

4'n'M,,,  of  29  kG  for  Fe,(,N2  (3.2  /Xfl/Fe  atom)  and  24  kG 
for  Fe-N  martensite  (2.6  /U;,/Fc  atom)  has  not  be  e..plained 
based  on  the  conventional  band  theory  of  3d  metal  magne¬ 
tism.  Behaviors  of  Mossbauer  spectra  could  not  be  under¬ 
stood  eitlier.  Thus  a  new  physical  concept  is  concluded  to  be 
needed  for  clarification  of  giant  magnetic  moments  and 
Mossbauer  spectra  for  FeifjNs  and  Fe-N  martensite. 
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Magnetic  moment  of  a  "-Fei6N2  films  (invited) 

Migaku  Takahashi,  H.  Shoji,  H.  Takahashi,  H.  Nashi,  and  T.  Wakiyama 
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In  order  to  determine  the  value  of  the  intrinsic  magnetic  moment  of  the  a "  phase,  the  films  of 
nitrogen-martensite  with  various  N  content  were  fabricated  under  various  reactive  sputtering 
conditions.  The  magnetic  moment  of  (a  ”+c)'')-Fei(,N2  films  is  discussed  in  connection  with  the 
change  of  the  unit-cell  volume  of  the  bet  structure  and  the  degree  of  N  site  ordering  in 
nitrogen-martensite.  As  a  result,  it  is  found  that  (1)  the  same  structure  as  bulk  a  ''-FC|(,N,  is  realized 
in  the  present  films,  (2)  the  saturation  magnetization  o,  of  the  «'  phase  increases  about  4%  with 
increasing  unit-cell  volume  of  the  «'  phase,  (3)  the  degree  of  N  site  ordering  from  a'  to  a  "-FeK.N; 
does  not  much  affect  a, ,  and  (4)  the  experimentally  obtained  maximum  value  of  tr,  for  the 
(a'"+o’')-Fe,f,N2  film  was  232  emu/g.  The  intrinsic  value  of  rr,,  in  the  a"  phase  (in  the  perfectly 
ordered  state)  is  proposed  to  be  no  more  than  240  emu/g  at  300  K. 


o  "-FciftNj  structure  was  observed,**  even  though  rr,  showed 
2.9  T  (=315  emu/g,  as.suming  p=7.4  g/env*  for  a"-Fe„,N2); 
(3)  rr,  of  the  fully  ordered  a"-Fci(,N2  films  changed  revers¬ 
ibly  within  the  temperature  range  up  to  400  °C  and  an  irre¬ 
versible  change  of  cr,  due  to  the  phase  transformation  from 
a "  to  a+  y  was  not  observed.**  According  to  the  experiment 
by  Jack  using  powder,  the  a "  phase  is  rnetastable  and  it  must 
decompose  into  a+y'  phases  at  about  200  “C.*** 

These  experimental  results  lead  to  a  physical  conclusion 
that  the  appearance  of  the  giant  magnetic  moment  in 
a"-Feif,N2  films  proposed  by  Kim  and  Takahashi  and  Ko- 
muro  et  al.  are  not  simply  attributable  to  the  conventional 
a  "-Fei(,N2  structure.  Therefore  the  origin  of  the  giant  mag¬ 
netic  moment  arising  from  the  nitrogen-martensite  structure 
is  still  under  question. 

In  the  present  study,  in  order  to  determine  the  value  of 
the  intrinsic  magnetic  moment  of  the  a"  phase,  nitrogen- 
martensites  with  various  N  content  were  systematically  fab¬ 
ricated  under  various  sputtering  conditions.  Also,  the  mag¬ 
netic  moment  of  (a"+a')-FC|(,N2  film  is  discussed  in 
connection  with  the  change  of  the  unit-cell  volume  of  the 
body-centered-tctragonal  (bet)  structure  and  the  degree  of  N 
site  ordering  in  nitrogen-martensites. 

II.  EXPERIMENTAL  PROCEDURE 


I.  INTRODUCTION 

Recently,  .'.le  present  authors  have  e.stablishcd  synthesiz¬ 
ing  processes  for  a  "-Fcjf.Nj  compound  films  on  MgO  (100) 
single-crystal  substrates  by  using  both  reactive  sputtering 
and  plasma  evaporation  methods. 

However,  the  magnitude  of  the  saturation  magnetization 
Wj  for  (Q'"  +  a')-Fei(,N2  films  with  stoichiometric  N  content 
showed  226  emu/g  for  sputtered  films  and  232  emu/g  for 
plasma  evaporated  films,  respectively.  The  films  thus  fabri¬ 
cated  did  not  .show  any  giant  magnetic  moment,  even  though 
clear  formation  of  (£r"-t-a')-Fei(,N2  phase  was  achieved. 
These  values  of  tr,  in  (a”-ha*)-Feif,N2  films  agree  well  with 
the  result  of  the  recent  theoretical  band  calculation,**  and  are 
completely  different  from  the  earlier  results  reported  by  vari¬ 
ous  groups."*"’ 

Up  to  now,  reported  values  of  cr,.  of  the  a "  phase  (about 
257-315  emu/g)  were  estimated  ones  (not  directly  mea- 
■sured)  except  for  the  films  .synthesized  by  MBE’  (2.9  T  di¬ 
rectly  measured,  a"  single  phase).  The  estimation  of  the 
value  of  tr,  in  the  a  "  phase  was  carried  out  by  using  experi¬ 
mentally  determined  volume-averaged  values  of  cr,.  (240- 
260  emu/g)"*"*’  after  fixing  the  volume  fraction  of  the  a" 
phase  in  whole  films  which  consist  of  pha.se  mixtures  of 
a-Fe-l-tt"-Feif,N2  and/or  Q'+a'-t-a"+y-Fe4N-l — . 

There  still  exist  some  physical  problems  concerning  rr, 
of  the  a"-Fe|f,N2  phase,  especially  for  the  multiphase  films, 
namely,  (1)  the  big  difference  among  reported  values  of  ir,  in 
the  a"  phase,  from  257  to  315  emu/g  at  RT,  an  (2)  quanti 
tative  evaluation  for  fixing  the  volume  fraction  of  the  a' 
phase  in  whole  film.  These  physical  situations  lead  to  a  con¬ 
clusion  mat  the  intrinsic  magnetic  moment  of  cr,  in  the  a" 
phase  is  still  unknown. 

On  the  other  hand,  for  the  single-crystal  films  with  a 
single  o  "  phase  prepared  by  the  MBE  method,’  there  also 
exists  some  physically  contradictive  problems;  (1)  No  clear 
SL'perlattice  lines  from  the  lattice  planes  including  the  a  axis 
in  the  a  "  phase  were  detected,  even  though  a  perfect  site 
ordering  of  N  atoms  was  realized;**  (2)  the  hyperfine  field  Hi 
of  the  cr"  phase  was  nearly  equal  to  that  of  a-Fc  (330  kOc) 
and  no  splitting  of  Hi  due  to  three  different  Fe  sites  in  the 
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Fe-N  films  were  fabricated  by  a  facing  target-type  dc 
sputtering  system  under  the  selected  plasma  condition  (Te 
=0,2  eV,  Ne=T  X  lo“’  cm  *).  The  base  pressure  of  the  sput¬ 
tering  chamber  was  below  3X10  ’  Torr.  An  Ar-N2  mixture 
was  introduced  to  the  sputtering  chamber  at  5  .seem  (standard 
cc/min)  with  controlling  N2  flow  ratio  (0%-3()%)  under  a 
fixed  total  pressure  (1-10  mTorr). 

MgO  (100)  and  (110)  .single-crystal  sub.stratcs  were 
used.  Before  the  film  fabrication,  substrates  were  baked  at 
200  °C  for  2  h  and  cooled  down  to  RT.  This  heat  treatment 
was  carried  out  in  the  evacuated  sputtering  chamber 
(=2X10  '’Torr). 

Prior  to  the  fabrication  of  Fe-N  films,  an  a-Fc  underlayer 
with  thickness  of  50  A  was  deposited  on  MgO  (deposition 
rate  =  33  A/min;  Ar  pressure  l\,  =  ^  mTorr).  Successively,  an 
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Fe-N  film  with  a  thickness  of  3000  A  was  deposited  onto  the 
a-Fe  underlayer  (deposition  rate= 33-240  A/min;  pressure 
of  Ar-N2  mixture  F,(„„|=  1-10  inTorr), 

Annealing  of  the  films  after  an  air  exposure  was  carried 
out  at  150  °C  for  2-20  h  in  a  vacuum  atmosphere  below 
SXlO'^’Torr. 

Values  of  the  saturation  magnetization  rr,  of  the  films 
were  determined  by  a  vibrating  sample  magnetometer 
(VSM)  measurement,  Conversion  electron  Mbssbauer 
(CEM)  spectra  were  obtained  at  RT,  The  velocity  was  re¬ 
ferred  to  the  pure  a-Fc. 

Structure  analysis  of  the  films  were  made  with  d  Co  Ka 
x-ray  diffractometer  (XRD)  equipped  with  a  graphite  mono¬ 
chrometer  and  a  pole  figure  attachment.  Schultz’s  reflection 
method  was  used  for  the  determination  of  lattice  constants 
and  preferred  orientation  of  grains.  Contents  of  nitrogen  at¬ 
oms  in  the  films  were  determined  by  electron  spectroscopy 
for  chemical  analysis  (ESCA).  Calibration  of  nitrogen  con¬ 
tents  were  made  by  using  the  value  obtained  from  e-Fe2_3N 
foil  (24.2  at.  %  N)  for  a  standard  sample, 

N  contents  in  the  films  increased  with  increasing  N2  How 
ratio.  In  the  case  of  the  film  deposited  at  /’n,,,,]  of  5  mTorr  and 
N2  flow  ratio  of  18%,  the  N  content  was  found  to  be  about  1 1 
at,  %,  which  is  the  same  value  as  the  stoichiometric  N  con¬ 
tent  of  the  a"-Fci,,N2  pha.se. 

III.  RESULTS  AND  DISCUSSION 
A.  Structure 

According  to  Jack,‘"’“  in  the  a'  phase,  N  atoms  occupy 
randomly  the  octahedral  interstices  at  the  midpoints  of  the  c 
edges  of  the  bet  cell  (0,  0,  -i),  and  the  centers  of  the  C  faces, 
(j,  5,  0).  As  a  result,  the  lattice  constant  c  of  the  a'  phase  is 
elongated  from  2.866  to  3.195  A  and  the  lattice  constant  a  is 
shortened  from  2.866  to  2.832  A,  respectively,  depending  on 
the  N  content. 

The  a  "  phase  has  an  ordered  N  site  location  of  the  oc¬ 
tahedral  interstices.  Tire  unit  cell  of  the  «  "  phase  contains 
eight  of  the  expanded  bet  pseudo-unit  cells  and  has  dimen¬ 
sions  a'  =  2a  and  c’  "2c,  where  a  and  c  are  the  lattice  con¬ 
stants  of  the  pseudocell.  In  *he  larger  true  unit  cell,  the  sym¬ 
metry  is  also  bet,  since  the  a"  phase  can  be  identified  by 
observing  reflections  from  this  larger  true  unit  cell  for  which 
{h  +  k  +  l),  Miller’s  index,  is  even.  Based  on  this  .structural 
knowledge,  phase  identification  is  carried  out  in  the  present 
films. 

In  the  case  of  a  MgO(lOO)  single-crystal  sub.stratc,  a 
diffraction  line  from  the  (002)  plane  of  the  «"  pha.se, 
a  "(002),  which  is  expected  to  appear  around  33°  for  20,  was 
not  observed  in  an  as-deposited  state.  Only  a'(0O2)  was 
clearly  observed  in  the  high  angle  region.  The  peak  position 
of  a'(002)  shifted  from  75°  to  68°  for  261  with  increasing  N, 
flow  ratio.  This  shift  to  lower  angle  of  20  is  simply  explained 
by  the  elongation  of  the  c  axis  of  the  bet  structure  of  the  «' 
phase.  By  taking  into  account  the  N  concentration  depen¬ 
dence  on  lattice  constants  a  and  c  in  nitrogen-martensite," 
the  N  content  of  the  a'  phase  in  the  present  films  was  found 
to  increase  with  increasing  Nt  flow  ratio.  This  result  agrees 
well  with  that  of  ESCA  measurements. 


FIG.  1.  X-riiy  diffnietiim  piiiierns  for  llie  liliiis  fabriculecl  under  F|„|„|=5 
mTorr,  depo.silioii  riitc=240  A/inin  iiftci  nnneiding  al  l.‘i()°C  for  2  li. 


In  Fig.  1,  typical  changes  of  XRD  patterns  of  the  films 
after  annealing  arc  shown.  After  annealing,  a''(0()2),  which 
had  been  observed  in  an  as-deposited  state,  split  into  two 
diffraction  lines.  One  corresponds  to  ci;"(()()4)  and/or  a '(002) 
with  sati.sfying  stoichiometric  N  content  of  a"-FC|,,N2  (11 
al.  %  N).  1’hc  other  corresponds  to  a(002)  of  .slightly  de¬ 
formed  «-Fe.  Furthermore,  simultaneously  at  around  33°  for 
20,  a  "(002),  which  is  the  diffraction  line  from  the  larger  true 
unit  cell  of  the  a  "  pha.se,  came  to  be  clearly  observed.  This 
fact  means  that  the  ordering  of  N  atoms  w'as  promoted  by 
annealing  while  retaining  the  bet  structure  and  the  at "  phase 
with  .stoichiometric  N  content  was  synthesized. 

The  unique  diffraction  patterns  from  (103),  (105),  (112), 
(114),  and  (213)  planes  of  the  a "  phase,  including  the  a  axis 
for  ((a;"-l-a')-Fe|(,N2  rtlm,  are  shown  in  Fig.  2.  As  seen  in  the 


20  (dOD) 


l-'IG.  2.  The  uiiiqud  diffractiiui  piillorris  from  (lO.S).  (ll).S),  (112),  (1141,  and 
(21.1)  planus  of  (hu  rt"  phase  including  tho  «  a.xis  for  («"  i  (r')-l'U|„N,  lilni 
fabricalud  under  '  10  mlbrr,  -  1 2'} ,  duposiliun  rale  3.S  A/niin, 
and  annealed  al  ISO  "f  foi  2  li. 
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FIG.  3.  Ths  lattice  constants  a  and  c  of  the  a  "  phase,  determined  Iry  various 
unique  diffraction  lines  of  the  a  "  pliasc,  plotted  against  tiic  Nelson-Kiley 
function.  Fabrication  conditions  of  the  films:  (1)  /’|iii,i=10  mTorr, 
Fn=\6%,  deposition  rulc=24()  A/niin,  annealed  at  150  °C  for  2  h;  (2)  the 
same  as  (1)  annealed  for  20  h;  (3)  f’uiui™'*'  niTorr,  /•'nj=12%,  dcpo.sition 
ratc=33  A/tnin,  annealed  at  1.50  °C  for  2  h. 

figure,  the  existence  of  the  a"  phase  was  reconfirmed  by 
these  clear  unique  diffraction  lines.  In  order  to  determine 
accurate  lattice  constants  a  and  c  of  the  a "  phase,  the  lattice 
constants  a  calculated  from  each  plane  are  plotted  against  the 
Nelson  Riley  function'"  (cos^  tf/sin  6t+cos^  0/6)  in  Fig.  3.  In 
the  figure,  the  reflections  marked  (3)  correspond  to  the  film 
shown  in  Fig.  2,  and  those  marked  (1)  and  (2)  correspond  to 
(Q"+a')-Feif,N2  films  prepared  by  different  experimental 
conditions.  As  a  reference,  the  lattice  constant  c  calculated 
from  a ’'(002)  and  a  "(004)  is  also  shown  as  (1).  Each  ex¬ 
trapolated  value  of  the  lattice  constants  a  and  c  of  the 
present  films  coincided  with  that  of  the  a"-Fe|f,N2  precipi¬ 
tates  in  bulk  powder  reported  by  Jack."’  Therefore  it  is  con¬ 
cluded  that  the  a  "  phase  formed  in  sputtered  films  has  the 
same  structure  as  the  bulk  a"  phase. 

While  in  the  case  of  a  MgO(llO)  single-crystal  substrate, 
a  preferred  grain  orientation  of  (211)  and  (112)  of  the  a' 
phase  was  found  in  an  as-deposited  state.  By  annealing, 
unique  diffraction  lines  of  the  a"  phase,  a "(211),  and 
a "(112),  were  observed.  Therefore  it  was  found  that  the  a" 
phase  with  a  preferred  orientation  of  (211)  of  the  a"  phase 
can  also  be  synthesized  even  on  MgO(llO)  substrates. 
Through  the  whole  result,  relationships  concerning  the  crys¬ 
tal  orientation  between  a"-Fei(,N2  structure  and  MgO  arc 
shown  in  Table  1. 

B  Magnetic  moment 

1.  Dependence  of  magnetic  moment  on  N2  flow  ratio 

Values  of  tr,  in  an  as-deposited  state  increased  slightly 
with  increasing  N2  flow  ratio,  and  took  a  maximum  of  220 
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TABLE  1.  Crystal  orientatioit  relations  between  a"-Fc|,,N2  and  MgO. 


MgOdOO)  MgO(llO) 


«''(()01)||MgO(tH)l) 

a"(2ll)llMgO(l()l) 

ff"(lllli||MgOtl00] 

a"f.0111|iMgO[()()l] 

emu/g  around  a  N2  flow  ratio  of  15%.  The  N  content  of  the 
films,  which  showed  the  broad  maximum  in  rr, ,  was  nearly 
equal  to  the  stoichiometric  N  content  of  Fe|f,N2  (11  at.  %). 
The  values  of  rr,  for  annealed  film  with  stoichiometric  N 
content  of  Fe|(,N2  (11  at.  %)  ranged  from  213  to  226  emu/g. 
The  average  values  of  rr,  for  Cu-coated  films  were  228 
emu/g  for  the  film  consisting  of  the  a  phase  and  232  emu/g 
for  the  film  consisting  of  (a''-t-a')-Fci,,N2  phases.  The  dif¬ 
ference  of  the  value  of  rr,  between  coated  and  noncoated 
ones  may  mainly  be  caused  by  the  surface  oxidation  due  to 
the  adsorbed  oxygen  at  the  film  surface  introduced  by  vent¬ 
ing  the  chamber  with  air.  In  the  case  of  films  deposited  on  a 
MgO(l  10)  substrate,  the  value  of  tr,.  in  (a"+a')-Fei,,N2  was 
210  emu/g  (non-Cu-coated).  As  a  whole,  maximum  values  of 
rr,  of  about  232  emu/g  were  obtained  for  (a  "-l-a')-Feif,N2 
films  in  the  prc.sent  study.  This  experimentally  determined 
value  was  definitely  smaller  than  the  value  reported  as  a 
giant  magnetic  moment  of  2.9  T.^ 

2.  Dependence  of  magnetic  moment  on  unit-cell 
volume 

Figure  4  shows  the  changes  of  tr,  against  unit-cell  vol¬ 
ume  of  the  a'  phase  with  various  N  contents  in  an  as- 
deposited  state.  In  the  figure,  1/8  of  the  unit-cell  volume  of 
the  bulk  a"-Fei(,N2  is  indicated.  Filled  marks  correspond  to 
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FIG.  4.  The  changers  of  ir,  against  unit-cell  volumes:  (1)  «'  phase  with 
various  itilrogcir  eonlents  in  ait  as-deposiled  state,  and  (2)  annealed 
(a'"+r.r')-Fe|,,N;  films  with  and  without  Cu  coating.  H  and  L  correspond  tn 
high  (24(1  A/niin(  and  low  (33  A/inin)  deposition  rates,  respectively. 
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FIG.  5.  The  change  of  x-ray  profiles  against  annealing  time  for  the  film  with 
stoichiometric  N  content  of  the  a"  phase  (11  at.  %)  sputtered  under 
Pi„i,i=10  niTorr,  and  deposition  rate=33  A/min. 

the  annealed  (a  "+a')-Fei6N,  films  with  stoichiometric  N 
content.  In  the  same  figure,  o-j  for  the  Cu-coated  films  are 
also  shown. 

For  the  films  consisting  of  a'  single  phase  (in  an  as- 
deposited  state),  the  values  of  o;,.  increased  slightly  with  the 
increment  of  the  unit-cell  volume.  At  the  unit-cell  volume  of 
about  25.5  {a  phase  with  11  at.  %  N),  ar^  showed  228 
emu/g  on  average  (Cu-coated)  and  this  value  was  about  4% 
higher  compared  to  that  of  bulk  a-Fe. 

In  the  case  of  annealed  (a"-t-a')-Fei6N2  films  (Cu- 
coated),  the  value  of  cr^.  showed  232  emu/g  on  average,  and 
were  about  2%  larger  than  that  of  each  as-deposited  film, 
while  the  unit-cell  volume  of  the  a"  phase  is  always  con¬ 
stant  and  coincided  with  that  of  the  bulk  a  "  phase  (see  Fig. 
3).  The  unit-cell  volume  of  the  a"  phase  with  11  at.  %  N  is 
equal  to  that  of  the  a  "-Fei(iN2  phase  within  the  accuracy  of 
this  experiment.  Therefore  the  change  of  a,  by  annealing  in 
nitrogen-martensite  with  11  at.  %  N  content  cannot  be  dis¬ 
cussed  as  a  function  of  the  change  of  unit-cell  volume  of  a 
bet  structure  caused  by  the  phase  transformation  from  a'  to 
a  "  phase.  In  the  next  section,  as  a  second  physical  factor  the 
degree  of  N  site  ordering  in  nitrogen-martensite  will  be  dis¬ 
cussed  in  connection  with  the  change  of  o-j . 

3.  Dependence  of  magnetic  moment  on  N  site 
ordering 

To  evaluate  the  degree  of  N  site  ordering  in  the  bet  struc¬ 
ture  of  nitrogen-martensite,  two  factors  should  be  taken  into 
account.  One  is  the  change  of  the  integrated  intensity  of  the 
a  "(002)  line  which  is  the  unique  superlattice  diffraction 
from  the  a  "  phase.  Another  is  the  integrated  intensity  ratio 
of  a "(004) -Fa' (002)  to  a  "(002),  R,,  namely 

(004)  +  ^“  (002)]/^“ 

The  calculated  value  of  Rj  is  about  8  for  the  ideal  structure 
of  the  a"  phase.'"' 

Figure  5  shows  the  change  of  XRD  profiles  against  an¬ 
nealing  time  for  the  film  with  stoichiometric  N  content  of  the 
a"  phase  (11  at.  %).  From  these  profiles,  the  intensity  of 
a(200)  was  relatively  very  weak  and  any  diffraction  lines 
from  the  y '  phase  were  not  observed.  After  annealing  for  2 
h,  a  "(002)  came  to  be  observed  clearly.  By  annealing  further 


FIG.  6.  The  change  of  tr,  against  the  integrated  intensity  ratio  for  the 
films  sputtered  under  P„„|,|  =  10  mTorr,  deposition  rate=33  and  240  iKjmin, 
Ffi^=iO%  and  16%,  non-Cu-coated. 

for  20  h,  the  integrated  intensity  of  a  "(002)  increased  about 
20%  compared  to  that  of  2  h.  On  the  other  hand,  the  experi¬ 
mentally  determined  value  of  R ,  changed  from  50  to  28  with 
the  increase  of  annealing  time. 

Therefore,  from  these  experimental  results  (1)  the  in¬ 
crease  of  the  integrated  intensity  of  a  "(002)  and  (2)  the 
change  of  R;  approacl.mg  to  the  ideal  value  of  8,  the  increase 
of  degree  of  N  site  ordering  in  nitrogen-martensite,  which 
directly  corresponds  to  the  increase  of  the  volume  fraction  of 
the  a  "  phase  in  the  films,  is  strongly  promoted  by  annealing. 

In  Fig.  6,  the  changes  of  o-j  in  (a"-Fa')-Fejf,N2  films  by 
isothermal  annealing  at  150  °C  are  shown  against  the  inte¬ 
grated  intensity  ratio  R/.  For  one  film  a,  increases  slightly 
from  218  (as  deposited)  to  226  emu/g  at  A/=36.4  (20  h).  On 
the  other  hand,  for  another  film,  takes  the  value  of  about 
222  emu/g  at  /?/=49  (2  h)  and  keeps  a  constant  value  even 
though  R,  approaches  to  the  value  of  8.  From  these  experi¬ 
mental  facts,  it  was  found  that  the  degree  of  N  site  ordering 
in  nitrogen-martensite  does  not  much  affect  the  increment  of 
iTg .  The  expected  values  of  cr^.  at  /?/=8  (perfect  ordered  state 
in  a"-Fei6N2)  estimated  by  the  simple  extrapolation  with 
using  the  data  points  of  against  /?/  are  no  more  than  222- 
240  emu/g,  a  value  which  is  definitely  smaller  than  the  giant 
magnetic  moment  of  2.9  T. 

4.  Dependence  of  magnetic  moment  on  temperature 

Figure  7  shows  the  temperature  dependence  of  Oj  in 
(a"-Fa')-FeifiN2  films  with  stoichiometric  N  content  depos¬ 
ited  on  MgO  (100)  and  (110)  substrates,  respectively.  Heat¬ 
ing  and  cooling  were  at  60  °C/h.  On  heating,  the  value  of 
cr,  gradually  decreased  with  increasing  temperature.  Around 
200  °C  a  sudden  discontinuous  decrease  of  <r,.  from  200  to 
170  emu/g  was  observed.  With  further  increasing  tempera¬ 
ture,  Oj  decreased  monotonously  and  reached  about  130 
emu/g  at  400  °C,  while  on  cooling,  the  change  of  rr,  with 
respect  to  temperature  was  completely  different  from  that  of 
heating,  and  no  sudden  change  of  fr,  was  observed.  The  sud¬ 
den  discontinuous  change  of  rr,  observed  around  200  °C  is 
considered  to  correspond  to  the  phase  change  from  a  "4- a' 
to  a-Fy'.  Therefore  the  hysteresis  in  the  <t,-T  curve  is 
caused  by  this  irreversible  phase  decomposition  from 


J.  Appl.  Phys.p  Vol.  76,  No.  10,  15  November  1994 


TakahashI  et  al. 


6645 


Temperature  (°C) 


FIG,  7,  The  temperature  dependence  of  <7,  in  the  Aims  consisting  of  the  a" 
phase  deposited  on  MgO  (100)  and  (110)  substrates  fabricated  under 
/’iu„i=10  mTorr,  deposition  rate  =240  A/min,  and  =16%  after  an  initial 
anneal  at  150  °C  for  2  h. 
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FIG,  8,  Mossbaucr  spectra  of  (a"  +  a')-Fci4N2  film  (non-Cu-coated)  mea¬ 
sured  at  R.T.  (a)  As-deposited,  (b)  annealed  at  150  °C  for  2  h,  and  (c) 
annealed  at  150  °C  for  20  h,  respectively.  The  film  was  deposited  under 
F,,,,i=in  mTorr,  deposition  rate=240  Aymin,  and 


TABLE  U,  Mossbauci  parameters  of  the  film  deposited  under 
mTorr,  F|,j^=16%,  deposition  rate=240  A/min,  Hi  is  the  hyperfine  field,  LS. 
the  isomer  shift,  e.q.Q.  the  quadrupolc  splitting,  Hwid  the  distribution  of  Hi, 
and  area  the  relative  intensity,  respectively. 


Hi 

I.S. 

e.q.Q. 

Hwid 

Area 

Site 

(kOe) 

(mm/s) 

(mm/s) 

(kOc) 

(%) 

Fed) 

289 

0.01 

-0.05 

7.00 

21,3 

Fc(ll) 

316 

0.17 

0.04 

7.00 

31,3 

Fc(Ill) 

391 

0.11 

-0.05 

7.00 

11.2 

a-Fc 

(As-deposited) 

335 

0.02 

-0,007 

7.00 

36.1 

Fed) 

289 

0,01 

-0.05 

4,00 

17,8 

Fcdl) 

316 

0,17 

0.04 

4,00 

41.8 

Pc(in) 

391 

0,11 

-0,05 

4,00 

13.1 

or-Fe 

(Annealed  at  150  “C  for  2  h) 

335 

0.02 

-0.007 

4,00 

27,3 

Fed) 

289 

0,01 

-0.05 

3.00 

20,6 

Fcdl) 

316 

0.17 

0,04 

3.00 

37.7 

Fcdll) 

391 

0.11 

-0.05 

3.00 

12.5 

a-Fc 

(Annealed  at  150  °C  for  20  h) 

335 

0.02 

-0.(X)7 

3.00 

29.3 

a''+a'  to  a+y'.  The  temperatures  of  this  phase  decompo¬ 
sition  for  the  present  films  were  good  agreement  with  that  of 
the  a"-Fei6N2  precipitates  in  bulk  powder  reported  by 
Jack.*®  The  temperature  dependence  of  <r,.  observed  in 
present  experiments  is  found  to  be  quite  different  from  that 
of  Gao  and  Komuro,'*'*® 

C.  Mossbauer  spectrum 

Figure  8  shows  the  change  of  Mossbauer  spectra  of  the 
Fei6N2  film  with  stoichiometric  N  content  by  annealing.  The 
spectrum  in  each  film  can  be  fitted  into  four  hyperfine  field 
interactions  Hi  of  a  phase,  Fe(t),  Fe(Il),  and  Fe(lll)  of  the 
(Q;"-I-a')-Fei5N2  phase.  The  fitted  Mossbauer  parameters  are 
listed  in  Table  II.  As  seen  in  the  table,  the  large  value  of  Hi, 
about  390  kOe,  due  to  the  Fe(IIl)  site  in  nitrogen-martensite 
was  detected  in  each  film.  Half  widths  of  the  peaks  become 
narrower  with  increasing  annealing  time.  This  result  corre¬ 
sponds  to  the  promotion  of  N  site  ordering  in  nitrogen- 
martensite  caused  by  annealing,  and  is  in  good  agreement 
with  the  change  of  Ri  and  also  the  result  of  ion-implanted 
films  reported  by  Nakajima,*'* 

For  the  films  examined  presently,  the  average  value  of 
Hi  was  about  325  kOe,  which  was  nearly  equal  to  that  of  Hi 
of  a-Fe.  Therefore  the  value  of  cTj  in  (a''-t-a')-Fei(jN2  film 
of  about  232  emu/g  determined  by  VSM  was  consistent  with 
the  result  of  Mossbauer  spectrum  analysis.  Based  on  the  fit¬ 
ted  Mossbauer  parameters,  the  volume  fraction  of  a-Fe  was 
estimated  to  be  27%  and  73%  for  the  (a "+  a')-Fei(iN2  phase 
in  annealed  films.  Using  these  values,  the  value  of  <r^  in  the 
(a"-l-a')-Fe,f,N2  phase,  is  estimated  by  the  follow¬ 

ing  equation: 

232'*P.-=aFc„NjX0.73-t-a„.F,X0.27, 

where  cr„.Fc  is  218  emu/g.  The  obtained  value  of  o  fc|„N2  is 
237  emu/g.  Considering  this  calculated  result  and  the  result 
of  the  dependence  of  rr,  on  R,,  the  value  of  saturation  mag- 
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netization  of  the  a"  phase  (perfect  ordered  stale)  should  be 
no  more  than  240  emu/g,  while  the  site  population  of  the 
(a  "+a')-Fei(,N2  phase  determined  in  this  study  was  about 
4:9:3,  which  is  slightly  different  from  the  ideal  ratio  of  4:8:4 
determined  uniquely  from  the  structure  of  «  "-FC|,,N,. 

IV.  SUMMARY 

(1)  (a  "  +  a')-Fei(,N2  films  were  synthesized  on  MgO 
single-crystal  substrates  by  the  reactive  sputtering  method. 
The  result  of  the  structural  analysis  using  XRD  and  CEM 
revealed  that  the  same  structure  as  bulk  «''-FCi(,N2  is  real¬ 
ized  in  the  present  films. 

(2)  The  intrinsic  value  of  saturation  magnetization  of  the 
LX "  phase  (perfect  ordered  state)  is  proposed  to  be  no  more 
than  240  emu/g  (—2.4  /u,)  per  Fe  atom  in  average)  at  3(K)  K. 
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Nitrogen  martensite  was  prepared  by  treating  fine  Fc  powder  with  NHj/H2  gas  mixtures  at 
temperatures  around  665  °C,  Upon  quenching  to  a  temperature  7'^ ,  the  y  phase  which  had  formed 
at  the  elevated  temperature  undergoes  a  martensitic  transformation  to  form  nitrogen  niartitisite  («' 
Fe-N  alloy),  a  tetragonal  material.  Heat  treating  this  material  for  1-2  h  at  140±  10  “C  produced  the 
a"  phase  Fci(,N2.  The  a'  phase  occurred  along  with  y  Fe-N.  From  x-ray  line  intensities,  the  amount 
of  a'  phase  was  ascertained.  The  a'  phase  exhibits  a  room-temperature  moment  of  25()±  10  eniu/g. 
Fei6N2  is  formed  along  with  a  Fe  and  al.so  there  is  retained  N-austenite.  Using  XRD  and 
conventional  magnetic  measurement  procedures,  one  obtained  280±  10  emu/g  for  the  saturation 
moment  of  Feif,N2,  The  experimental  Fc  moment,  2.88  /U/j,  is  in  excellent  agreement  with  the  most 
recent  band-structure  calculations,  2.85  The  ternary  sy.stems  (Fe,Af)i,,N2  were  studied  with 
M  =Mn  or  Ni.  y  Fc-Mn  nitride  readily  forms,  but  it  docs  not  undergo  the  y-*«'  transformation.  The 
a'  phase  and  possibly  the  a"  phase  form  in  the  Fe-Ni  nitride. 


I.  INTRODUCTION 

Iron  nitrides  have  been  known  for  many  years.'  Nitrogen 
cannot  be  introduced  into  Fe  by  treating  it  with  nitrogen  at 
normal  pressures  (i.e.,  1-1(10  atm).  However,  iron  can  be 
nitrogenated  to  form  the  y  FeN  phase  by  treating  it  with  a 
mixture  of  90  mol  %  H2  and  10  mol  %  NHj  at  temperatures 
ranging  from  about  900  to  975  K.  At  these  temperatures  NHj 
is  unstable  with  respect  to  its  coiustitucnt  elements  by  ~47 
kJ.  With  a  suitable  calaly.st,  NH3  will  decompose  and  gener¬ 
ate  N2  at  pressures  in  the  thousands  of  atmospheres  at  tem¬ 
peratures  between  900  and  1000  K.  For  example,  at  665  °C 
(938  K),  the  equilibrium  pressure  of  N2  is  ~2400  atm.  It  is 
well  known  that  Fc  and  its  alloys  are  effective  .synthetic  NH3 
catalysts  and  hence  under  the  experimental  conditions  cited, 
N2  is  generated  at  high  pre,ssures,  sufficiently  high  to  force  N 
atoms  into  the  Fe  lattice.  This  was  shown  many  years  ago  in 
a  s.udy  by  Lchrcr.^ 

Nitrogenation  of  Fe  leads  to  a  variety  of  phases:  «,  y,  y', 
e,  f,  a  ,  a".  Fe-N  is  the  terminal  solid  solution  based  on  a  Fe 
and  it  is  a  simple  bcc.  The  y  phase,  often  called  nitrogen 
austenite,  is  cubic.  The  Fe  atoms  in  the  y  phase  arc  in  a  fee 
arrangement  with  N  partially  and  randomly  occupying  the 
octahedral  interstices,'^  a'  and  a"  are  phases  derived  from  the 
y  phase  by  a  martensitic  transformation.  Both  a'  and  a"  are 
tetragonal  materials'*  with  c/a —  1.1.  The  e  pha.se  is  one  in 
which  the  Fe  atoms  are  in  a  eph  arrangement.’  The  (  pha.se  is 
orthorhombic.’  Very  recently,  Suzuki  et  alf'  have  reported 
the  formation  of  FeN  by  reactive  sputtering  and  have  stated 
that  it  exists  in  the  zinc-blende  structure.  Of  the  eight  known 
Fe-N  phases,  the  present  paper  is  concerned  primarily  with 
only  the  y,  a' ,  and  o''  phases  for  reasons  brought  out  below. 

Introduction  of  nitrogen  into  the  Fe  lattice  produces 
striking  changes  in  the  magnetism  of  phases  in  which  Fc  is 
magnetic.  For  example,  the  Curie  temperature,  shown  in  Fig. 
1,  in  the  e  phase  varies  from  300  to  -250  '"C  as  the  concen¬ 
tration  is  varied,  pa.ssing  though  a  maximum  at  the  compo¬ 
sition  Fe7HN22.  Another  startling  feature  is  the  difference  in 
magnetic  properties  of  the  y  and  y  phases.  The  former  is 
nonmagnetic,  whereas  the  latter  i.s  strongly  magnetic  with 


o;„„=186  emu/g  and  '7',.— 761  K.  In  each  case  the  N  atoms 
partially  occupy  the  octahedral  interstices  in  the  Fe  lattice. 
The  principal  structural  difference  between  the  y  and  y' 
phases  is  that  the  nitrogens  are  disordered  in  y  FeN  hut  are 
ordered  in  y'  FeN  (i.e.,  Fe4N).  How  ordering  of  the  (non¬ 
magnetic)  nitrogens  cun  generate  strong  ferromagnetism  in 
this  material  is  not  immediately  evident.  It  undoubtedly 
originates  with  an  altered  band  structure  brought  on  by  or¬ 
dering  of  the  nitrogens.  Jupane.se  workers  have  shown’'**  that 
nitrogenation  of  Fe  to  form  the  Fck.N;,  pha.se  leads  tr)  a  sig¬ 
nificant  rise  in  magnetization.  This  has  greatly  intensified 
interest  in  the  magnetism  of  Fe-N  alloys. 

In  previous  publications  from  this  laboratory'*'"’  it  has 
been  shown  that  nitrogen  austenite  can  be  formed  by  the 
method  of  Lehrer’  and  Jack,’"’  i.e.,  by  treating  Fe  powder 
with  an  NH3/H2  gas  mixture  at  temperatures  around  950  K. 
In  the  classic  work  of  Jack,  it  wtis  shown  that  upon  quench- 


WtKjnt  Perctnt  Nitrogtn 


FICi.  1.  7',.  vs  compositiiin  in  6  It-N  ulloys.  liikcji  Inini  11.  A.  Wriedt,  N.  A. 
Gokcen,  and  R.  11.  Nnfziiigur,  Dull.  Alloy  Phase  Diagrams  8,  .r.S.S  (1V87). 
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PIG.  2.  X-tay-diffructiun  pattern  of  the  Fc-N  alloy  coiituiiiing  10.7  at.  % 
nitrogen  which  has  been  quenched  to  room  temperature.  1'he  pattern  is  char¬ 
acteristic  of  a  .single-phase  fee  material.  This  indicates  that  by  this  treatment 
a  sltiglc-pha.se  alloy  is  produced.  No  o'  Fc-N  alloy  is  produced  by  this 
procedure. 

ing,  y  FeN  undergoes  a  transition  into  the  nitrogen  analog  of 
martensite  (the  a'  phase),  Jack  also  found  that  with  heat 
treatment  at  temperatures  ranging  from  150  to  200  "C  the  a' 
phase  transforms  into  the  a"  phase,  an  alloy  with  the  com¬ 
position 

In  previous  work  in  this  laboratory, results  were  ob¬ 
tained  that  were  similar  but  not  identieal  to  those  obtained  by 
Jack.  The  principal  difference  lay  in  the  quenching  procc- 
dures  necessary  to  effect  the  y-*a'  transformation.  In  the 
work  of  Jack,  quenching  to  room  temperature  was  alt  that 
was  needed  to  bring  about  the  martensitic  transformation, 
whereas  the  experience  in  this  laboratory  is  that  cryogenic 
temperatures  are  required,  particularly  for  high  N  concentra¬ 
tions. 

This  dependence  of  conversion  efficiency  on  quenching 
temperature  and  the  necessity  to  quench  to  cryogenic  tem¬ 
peratures  was  also  observed  by  Bao  et  a/." 

In  the  present  work,  the  a'  and  a"  phases  have  been 
.synthesized  and  studied  magnetically.  Results  obtained  for 
these  alloys  arc  reported  herein,  as  well  as  tho.se  for  ternary 
alloys  in  which  10-15  wt  %  of  the  Fe  has  been  replaced  by 
Af,  where  M=Cr,  Mn,  Co,  Ni,  Cu,  Ti,  or  Al. 

II.  FORMATION  AND  CHARACTERIZATION  OF  THE  a' 
AND  a"  FO’^N  PHASES 

A.  Experimental  details  and  results  obtained  for  a' 
Fe-N  alloys 

A  mixture  of  NH3  and  Hi  in  the  ratio  H2/NH3~9  was 
flowed  over  6-9  /um  Fe  powder  at  a  temperature  of  660- 
670  °C.  The  samples  were  then  quenched  to  temperatures 
ranging  from  room  temperature  to  liquid-helium  tempera¬ 
ture.  The  Cu  radiation  diffraction  pattern  for  the  sample  con¬ 
taining  10.7  at.  %  N’^  is  shown  in  Fig.  2.  The  material  con¬ 
sists  entirely  of  y  phase  within  the  detection  limit  of  this 
technique,  perhaps  3%-5%.  Upon  cooling  to  liquid-nitrogen 
or  liquid-helium  temperatures,  transformation  of  a  substan¬ 
tial  fraction  of  the  material  into  the  a  form  occurs.  Ex¬ 
amples  of  the  extent  of  the  transformations  and  the  condi- 
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TABLE  I.  a'  pli.isc  formation  by  quenching  y  Fe-N  and  moment  for  a' 
Fc-N. 


Composition  of  alloy 

/•,  (K)» 

wt  %  a'  phase 

Moment  of  a'  Fc-N 
(emu/g) 

at.  %  N 

6.4 

R1* 

87 

240 

8.1 

RT 

72 

246 

LN 

82 

... 

10.7 

RT 

0 

... 

LN'’ 

51 

260 

... 

LHe" 

56 

... 

quench  temperature. 

'’RT=room  temperature  -20  °C;  LN  and  LHe  represent  liquid  Nj  and  liquid 
He,  respectively. 


tions  needed  are  given  in  Table  I.  The  magnetization  versus 
temperature  behavior  (sec  Fig.  .3)  is  used  to  follow  the  7— >a' 
transformation.  The  ri.se  in  magnetization  upon  cooling  be¬ 
low  150  K  is  occasioned  by  the  transformation  of  nonmag¬ 
netic  y  Fc-N  into  the  strongly  magnetic  a'  phase. 

The  data  of  Table  I  indicate  that  the  y-*a!  transforma¬ 
tion  occurs  at  higher  temperatures  when  the  nitrogen  concen¬ 
tration  is  low.  The  XRD  pattern  for  the  alloy  containing  10.7 
atoms  of  N  per  100  atoms  of  Fe  is  shown  in  Fig.  4;  this  is  for 
the  sample  (see  Table  1)  which  had  been  quenched  to  liquid- 
helium  temperature.  This  alloy  is  a  two-phase  mixture  con¬ 
sisting  of  the  retained  austenite  phase  (7  phase)  and  the  mar¬ 
tensitic  (a'  phase).  The  phase  composition  can  be  estimated 
from  the  observed  line  intensities  of  the  two  strongest  peaks. 
There  is  a  complication  in  that  the  7(111)  and  a'  (101)  lines 
overlap  at  2<1~43°.  The  contribution  of  the  a'  (101)  line  to 
this  line  can  be  evaluated  by  conventional  x-ruy-diffraction 
theory,  Using  the  methodology  and  nomenclature  employed 
by  Cullity,'^  I a'iwo)/^ a'W))/^ n'{\m)>  where  /„'(ii()) 
and  /„'(i()i)  are  the  intensities  of  the  (110)  and  (101)  lines  of 
the  a'  phase  and  the  B’s  arc  the  quantities  used  by  Cullity. 


0  100  200  300 


T(K) 

.VI  »  T  of  samples  from  yio  a'  (HnO.S  kOe) 

(  —  coollni,  -•••  huilnt  i 

FIG.  .1.  7\vo  representative  magnetization-temperature  plots  showing  the 
rise  ill  magnetization  at  low  temperatures.  The  rise  is  due  to  the  y— *a' 
transformation,  viz.,  the  conversion  of  the  nonmagnetic  y  phase  into  the 
strongly  ferromagnetic  a'  phase.  The  solid  and  dashed  lines  arc  fur  cooling 
and  heating,  rc.spcctivcly. 
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I'lG.  4.  X-riiy-diffnictioii  piittcrii  for  llic  y  iilltiy  in  fig,  2  after  cooting  to 
liquid-Hc  luinpuriiture.  New  lines  nppeur  which  tire  eharnctcrlstic  of  the  a' 
Fc-N  phase.  Tlius  this  alloy  is  a  misuire  of  the  y  and  n'  phases, 

The  B’%  involve  the  structure  factor  multipUcity,  and 

the  LorenU  polarization.  Using  (he  expression  and  the  mea¬ 
sured  value  of  /„>(iio),  one  can  calculate  /„'(|(m).  Knowing 
this,  one  can  readily  evaluate  the  contribution  of  the  y 
phase  to  the  intensity  of  the  peak  at  2fK43°.  Once  this  is 
known,  one  can  evaluate  the  volume  fraction  V  of  the  a' 
phase  in  the  mixture  from  the  expression; 

^>'(101i/^y(lll)“  ~  '^)^y(ll  !)■ 

One  cun  also  make  this  calculation  using  other  lines,  ><200), 
a'(211),  etc. 

The  volume  fractions  calculated  by  this  procedure  can  be 
combined  with  the  known  densities  to  find  the  wt  %  of  the 
phases  present  in  %  a'  two-phase  alloy.  Up  to  S7%  of  the  y 
phase  has  been  transformed  (.see  Table  I), 

Results  for  several  samples  and  involving  different 
quenching  conditions  arc  shown  in  Table  I.  The  moment  cal¬ 
culated  for  a'  Fc-N  is  250±1()  emu/g. 

B.  Experimental  details  and  results  obtained  for  o'' 
Fe-N  alloys 

The  procedure  to  form  r/  Fe-N  is  as  follows:  (1)  a'  is 
first  formed  by  the  procedure  described  above,  (2)  It  is  then 
heat  treated  at  14()±1()°C  (i.e.,  tempered)  for  1-2  h,  at 
which  temperature  the  N  atoms  become  sufficiently  mobile 
to  redistribute  over  the  interstitial  sites  and  convert  the 
N-marten.site  into  Fe-if,N2. 

A  number  of  samples  containing  the  a'  phase  were  heat 
treated  in  this  fashion  to  form  the  a"  pha.se.  Typical  and 
characteristic  XRD  lines,  (213)  and  (004)  of  the  a"  phase, 
were  observed  after  the  tempering  treatment  (Fig.  5).  This 
sample  contained  10.0  at.  %  N.  The  original  alloy  was  Fc 
rich  compared  to  Fe|f,N2;  hence,  as  the  a"  phase  formed,  a 
Fe  precipitates  out.  Thus  there  arc  four  indications  of  the 
a'—^a"  conversion;  (1)  the  appearance  of  lines  characteris¬ 
tics  of  a  Fe  in  the  XRD  pattern  (see  Ref.  9),  (2)  the  devel¬ 
opment  of  the  (213)  line  for  the  a"  phase,  (3)  shifts  of  other 
diffraction  line.s'^— (202),  (220),  (400),  (224),  and  (422)— 
with  respect  to  the  positions  of  the  line;-;  in  the  original  mar¬ 
tensite  phase,  and  (4)  the  rise  in  moment  during  teinpering. 
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l■■|G.  5.  ScgmcnI.s  nf  tlie  XRD  piitteras  for  it'  anil  a"  pliiiscs.  Linc.s  arc 
shifted  and  u  new  peak  (21.1)  appears,  't  hese  ehange.s  and  the  rise  in  mug- 
n«ti.sm  arc  indicative  of  tlie  a'  >a"  Iransformiilion, 

The  lattice  constants  a  and  c  arc  very  close  to  those 
reported  by  Jack,  o  =  5.71S  A  and  c=6,29()  A.  The  mag¬ 
netic  moment  of  the  three-phase  mixture  increases  from  182 
to  189  emu/g  as  the  a'  phase  transforms  to  c/'.  To  evaluate 
the  a"  moment,  it  is  necessary  to  know  the  phase  composi¬ 
tion  of  the  alloy.  This  information  is  obtained  by  the  proce¬ 
dure  described  in  detail  in  Ref.  9.  A  representative  sample 
was  estimated  to  contain  56%  a",  13%  a  Fe,  and  31%  y,  The 
estimated  moment  is  ~2H5  emu/g  for  a".  The  enhanced  Fe 
moment  of  a/'  Fe-N  was  observed  in  many  samples.  Results 
are  summarized  in  Table  II.  It  seems  well  established  that  Fe 
in  FeihNj  has  an  enhanced  moment  3t)%  larger  than  that  for 
a  Fe. 


TABU;  11.  Fliascs  in  tempered  </  I'e-N  uiid  the  miimenl  of  I''e|,,Ni.  TWo 
independent  samples  were  studied  for  tlie  9.4  and  10,7  samples  and  three 
independent  samples  were  studied  for  the  10.0  sample. 


Composition  of  y  phase 
(at.  %  N) 

wt  %  of  phases 

Feii.Nj  magnetic  moment 
y  (r  (»"  (emu/g) 

S.l 

l() 

49 

272 

9.4 

2.S 

21 

.12 

2S() 

25 

27 

4« 

2S1 

10.0 

10 

II 

.19 

2H1 

11 

11 

.19 

2S() 

l.s 

11 

.12 

2H1 

10.7 

d.S 

7 

4S 

2S1 

.SI 

S 

19 
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FIG.  6.  XRD  pattern  of  the  iiitrklc  of  Fc-Mn  (I.*!  wt  %),  Impurity  peaks  are 
noted  at  2fl=.'?4,5”,  40..‘i°,  and  58,5°,  which  are  identified  us  originating  with 
Mn  nitride. 


III.  MAGNETISM  OF  (Fe.M)t,N2  WITH  M=Mn  OR  Nl 

Experiments  have  been  curried  out  to  prepare  and  char¬ 
acterize  (Fc,M)i„N2  in  which  M =Cr,  Mil,  Co,  Ni,  Cu,  Ti,  or 
Al.  Because  of  space  limitations,  only  results  for  the  system 
in  which  A^  =  Mn  or  Ni  will  be  presented. 

A.  Experimental  details 

Fc-A/  (15  wt%)  with  Af  =  Mn  or  Ni  was  prepared  by 
mechanical  alloying  using  a  high-energy  SPEX  800  bull  mill. 
The  milled  powders  were  heat  treated  for  20  min  at  tempera¬ 
tures  of  300-800  °C.  The  original  powders  were  100-3(K) 
me.sh.  The  procedures  for  nitriding  and  magnetically  charac¬ 
terizing  the  samples  were  as  those  used  for  Fe  powder,  ex¬ 
cept  that  higher  temperatures  for  nitriding  were  employed. 
The  nitrogen  contents  were  esiimalcd  from  the  measured  lat¬ 
tice  parameters  of  the  nitride.'^ 

B.  Results  for  Fe-Mn  nitrides 

Kc-Mn  (15  wt  %)  was  nilrided  at  70(1-720  °C  and  then 
quenched  to  room  temperature.  Figure  6  shows  the  XKD 
pattern  of  one  of  the  Fc-Mn  nitrides,  Analysis  of  the  pattern 
shows  the  majority  pha.se  to  be  fee.  Three  small  impurity 
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FIG.  8.  TMAof  the  sample  in  Fig.  7,  Irreversible  tramsfiirmiitiiiti  of  y 
begins  al  about  275  K. 


peaks  at  2fl~34.5°,  40.5°,  and  58.5°  originate  from  Mn  ni¬ 
tride,  as  was  confirmed  by  making  the  Mn  nitride  and  study¬ 
ing  it  by  XRO.  7'lic  magnetic  moment  of  this  sample  was 
'“13  emu/g.  There  was  no  evidence  of  the  a  or  a"  phase. 
According  to  Bozorth,''*  Fe-Mn  alloys  in  the  y  region  arc 
nonmagnetic.  Therefore  we  conclude  the  moment  of  this 
sample  is  due  to  a  very  small  amount  of  tlie  bcc  Fc-Mn 
impurity  piiase. 

The  Fe-Mn  (15  wt  %)  nitride  was  cooled  to  10  K  in  an 
effort  to  induce  the  y-*a'  transformation.  This  effort  was 
un.sueccs.sful,  as  evidenced  by  the  facts  tiiut  (1)  the  XRD 
pattern  was  unchanged  and  (2)  the  moment  was  unaffected; 
there  wa.s  no  cffccl  comparable  to  that  in  Fig.  3.  This  obser¬ 
vation  is  not  in  conflict  with  the  findings  of  Jack.'^ 

C.  Results  for  the  Fe-NI  nitride 
1,  Formation  of  the  a'  phase 

The  situation  here  is  more  interesting  than  that  for 
Fe-Mn  nitrides,  l-igtire  7  shows  tlic  diffraclion  pattern  for 
Fe-Ni  (15  wt  %)  nitride.  This  is  a  nitrogen  austenite  with 
«- 3.601  A.  This  niiiterial  was  obtained  by  iiilriding  the 
alloy  powder  (made  by  mechanical  alloying)  at  710-720  °C 
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FIG.  7.  XRD  pallcrn  of  llic  nitride  of  Feii„,Ni||n,  showing  it  to  be  mi 
uu.sicnitc. 
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I'lG.  XRD  pattern  of  l-CiiKsNiii nitride. 
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FIG,  10.  Enlarged  regions  of  the  XRD  pattern  for  the  sample  in  Fig.  9. 

and  quenching  to  room  temperature.  This  sample  exhibited  a 
moment  of  48  emu/g.  This  moment  is  ascribed  to  the  pres¬ 
ence  of  a  small  amount  of  a'  phase  in  the  sample,  Upon 
cooling  to  10  K,  the  magnetism  of  the  sample  increases  strik¬ 
ingly  and  irreversibly  at  temperatures  275-200  K  (see  Fig. 
8).  It  appears  that  upon  cooling  to  low  temperatures  the 
y-*a'  phase  transformation  is  taking  place.  The  measured 
moment  rises  to  186  emu/g.  XRD  (Figs,  9  and  10)  confirms 
the  formation  of  the  a'  phase.  Its  axial  ratio  is  lower  than 
that  of  FegN.  For  a',  c=2.952  A,  a  =2.855  A,  and 
c/a~l,03. 

2.  Poaalblo  formation  of  tho  ol'  phaae 

Low-temperature  heat  treatment  produced  a  furtlior  rise 
in  moment.  Heat  treating  1  h  at  120  and  150  ’C  gave  mo¬ 
ments  of  193  and  197  emu/g,  respectively.  This  provides 
suggestive  evidence  that  under  these  conditions  a'  is  being 
transformed  into  a".  However,  this  postulate  was  not  con¬ 
firmed  by  diffraction  measurements.  The  characteristic  a" 
(213)  line  was  not  detected. 

IV.  CONCLUDING  REMARKS 

The  magnetism  of  Fe-N  alloys  present  many  interesting 
features.  The  divergent  magnetic  behavior  of  the  y  and  y' 
pha,ses  was  referred  to  above,  y  is  nonmagnetic,  where  y  is 
strongly  ferromagnetic  and  yet,  these  alloys  are  structurally 
very  similar,  differing  only  in  the  way  the  (nonmagnetic) 
nitrogens  are  arranged  in  the  interstitial  sites.  The  fact  that 


systems  dilute  in  nitrogen  undergo  the  martensitic  transfor¬ 
mation  at  higher  temperatures  is  counterintuitive.  A  possible 
explanation  for  this  surprising  behavior  is  related  to  the  ex¬ 
istence  of  Fe4N,  the  y  phase,  which  is  quite  stable.  As  the 
nitrogen  content  increases,  the  y  phase  becomes  more  like 
the  y  phase  and  becomes  more  stable.  It  is  more  resistant  to 
the  martensitic  transformation,  requiring  lower  temperature 
to  bring  on  the  y—^a'  transformation. 

At  present,  information  is  lacking  as  to  and  the  an¬ 
isotropy  of  the  a'  and  a"  phases.  In  regard  to  ,  as  tem¬ 
perature  is  increased  a'  and  a"  transform  into  a  Fe  and  y', 
making  evaluation  of  difficult,  if  not  Impossible.  The 
presence  of  large  amounts  of  a  Fe  in  the  a"  preparation  ob¬ 
scures  the  true  anisotropic  features  of  Fei(;N2.  Efforts  are 
under  way  to  prepare  a"  Fe-N  which  is  freer  of  y  and  a  Fe. 

One  disconcerting  feature  of  the  studies  of  Fei5N2  has 
been  that  band-structure  calculations  have  failed  to  indicate 
an  enhanced  Fe  moment.  See,  for  example,  the  results  ob¬ 
tained  by  Sakuma,'’’  however,  a  very  recent  treatment  by  Lai 
et  including  electron  correlation  effects,  gives  an  Fe 
moment  of  2.85  fi,)  for  Fe|ftN2.  This  is  in  excellent  agree¬ 
ment  with  experiment  as  obtained  in  the  present  study,  viz. 
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Effects  of  Co  additions  r.n  liie  formation  of  Fe,(,N2  have  been  investigated  by  observing  nitrides 
formed  on  thin-film  surfaces.  Thin  films  of  Fe-Co  alloys  with  a  (100)  surface  sputter-deposited  on 
MgO(lOO)  substrates  are  exposed  to  a  mixed  gas  of  NH3  and  H2.  The  16:2  nitride  was  observed  to 
form  on  a  surface  of  Fe-10  at.  %  Co  film  at  a  nitnding  temperature  of  500  °C.  The  formation 
temperature  is  50  °C  higher  than  for  pure  iron.  The  amount  of  the  formed  16:2  nitride  has  been 
found  to  be  3  X  larger  for  Fe-10  at.  %  Co  than  for  pure  iron. 


i.  INTRODUCTION 

There  has  been  much  attention  to  Feif,N2  since  reconfir- 
malicn  of  its  giant  magnetization  (2.9  T)  by  Komuro  ei  al.} 
which  was  stimulated  by  Kim  and  Takahashi’s  pioneering 
work.^  Fei6N2  (16:2  nitride)  is  a  metastable  compound  as 
discovered  by  Jack.^  The  crystal  structure  ir  body-centered 
tetragonal  (bet)  consisting  of  eight  bcc  cells  distorted  by  in¬ 
terstitial  h-  atoms.  There  are  number  of  studies  01.  the  struc¬ 
ture  of  .v.iirided  ioii-based  alloys  such  as  Fe-Ti,  Fe-Mo,  and 
Fe-Ni.'^  However,  the  enhancement  of  formation  of  the  16:2- 
type  nitride  by  the  third  element  additions  has  not  been  re¬ 
ported  so  far. 

The  putpose  of  fne  present  paper  is  to  s.how  the  first 
exoerimental  evidence  that  Co  enhances  the  16:2  nitride  for¬ 
mation.  The  following  two  points  are  considered  to  choose 
C'.  as  tl:  T,  th’rd  clement.  The  first  point  is  that  Fe  maintains  a 
Li’f'  sf'.cture  I’.ven  after  alloying  with  tlie  third  elemeni;  this 
i.'  essentif.l  because  Feif,N2  has  an  analogous  bet  structure.^ 
The  second  point  is  that  the  third  element  does  not  undergo 
preferendal  nitridation;  its  chemical  affinity  for  N  is  weaker 
or  comparr.hi-:  to  that  of  Fe.  Co  meets  the  above  two  require- 
meni.^. 

A  sorface-nitriding  method  is  used  for  this  iuveshgation. 
The  formation  of  iron  nitrides  on  bulk  iron  surfaces  on  NH3 
gas-iiilricling  was  studied  by  Inokuchi  et  al.^  They  reported 
‘h  ;:  ceedle-shaped  FeifjN^  precipitate-:  form  on  the  (UlO)  sur¬ 
face.  The  present  paper  demon.strates  that  the  Co-contained 
16:2  nitride  is  granular  and  its  .mount  is  larger  than  the  pure 
iron  case. 

EXPERIMENT 

Fe-Co  alloy  films  with  a  (100)  surface  were  prepared  as 
follows.  First,  Fe  was  deposited  onto  a  MgO(lOO)  single- 
crystal  su''"trate  and  successively  Co  -vas  deposited  onto  the 
Fe  layer.  Sputtering  was  performed  with  an  Ar  gas  using  an 
ECR  made  for  Fe  and  a  usual  magnetron  for  Co.  The  total 
film  thickness  is  500  nm.  The  composition  of  Cc  was 
changed  up  to  30  at.  %  by  changing  the  film  thickness  oi  Co. 
Alloying  was  pert'ormed  oy  annealing  at  750  °C  for  120  min 
in  a  lio'  ving  H2  p".s.  X-ray  diffraction  showed  that  the  ( M)0) 
oricr.iatior’.  of  the  film  it.  maintained  after  annealing. 

The  films  were  exposed  to  a  mixed  gas  of  15%  NH3  and 
25%  Ht.  The  nitriding  temperature  was  ranged  from  -ISO  to 


550  °C.  Annealing  and  nitriding  were  performed  sequentially 
in  an  infrared  furnace.  The  heat  pattern  is  shown  in  Fig.  1. 
The  structure  of  the  nitride  was  determined  by  x-ray  diffrac¬ 
tion  using  Cu  Ka  radiation.  The  morphology  of  the  nitrides 
was  observed  through  an  optical  microscope  and  a  scanning 
electron  microscope.  Detailed  analyses  were  performed  by 
transmission  electron  microscopy  (TEM)  using  a  Hitachi  200 
kV  electron  microscope  with  EDS  (energy  dispersion  spec¬ 
troscopy).  TEM  foils  were  prepared  by  ion  milling.  The 
samples  were  milled  from  the  substrate  side  in  order  to  re¬ 
veal  the  surface  structure. 

III.  RESULTS  AND  DISCUSSION 

Figure  2  shows  the  x-ray-diffraction  patterns  for  pure 
iron  and  Fe-10  at.  %  Co  nitrided  at  450-550  °C  for  30  min, 
For  pure  iron,  the  Fei5N2  peaks  were  observed  at  a  nitriding 
temperature  of  450  °C,  as  shown  in  Fig.  2(a).  At  a  nitriding 
temperature  of  500  "C,  the  Fe4N  peak  appeared  instead  of 
the  Fen^N;,  peak,  as  shown  in  Fig.  2(b).  In  the  case  of  a 
nitriding  temperature  of  550  °C,  the  intensity  of  the  Fe  peak 
dra.stically  decreased  and  the  intensity  of  the  Fe4N  peak  in- 
c.ca.sed  as  compared  to  the  case  of  500  °C,  as  shown  in  Fig. 
2(c).  This  result  indicates  that  the  pure  iron  film  is  almost 
converted  to  a  Fe4N  film. 
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FIG.  2.  X-ray-diffraction  patterns  for  pure  iron  and  Fc-lO  at.  %  Co  nitrided. 
The  nitridinp  temperatures  are  (a)  450,  (b)  500,  and  (c)  550  “C  for  pure  iron 
and  (d)  450,  (c)  500,  and  (f)  550  °C  for  Fe-10  at.  %  Co.  The  nitriding  time 
is  30  rnin.  Thv^  mark  (*)  indicates  the  peaks  from  the  MgO  substrate. 
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FIG.  4.  Bright  field  image  of  a  granular  precipitate  on  a  Fe-10  at.  %  Co  film 
nitrided  at  500  "C  for  30  min  iind  the  corresponding  electron-diffraction 
pattern.  The  indices  of  the  16:2  nitride  arc  also  shown  in  the  diffraction 
pattern. 


For  Fe-H)  at.  %  Co,  no  nitride  peaks  were  observed  at  a 
nitriding  temperature  of  450  °C  as  shown  in  Fig.  2(d),  At  a 
nitriding  temperature  of  500  °C,  a  strong  004  peak  of  the 
16:2  nitride  was  observed.  The  002  peak  of  the  lo:2  nitride, 
which  is  an  order  reflection  peak  of  the  16:2  nitride,  was 
apparently  observed  [see  Fig.  2(e)].  At  a  nitriding  tempera¬ 
ture  of  550  °C,  the  16:2  nitride  peaks  di.sappearec’.,  as  shown 
in  Fig.  2(f).  The  intensity  of  the  4:1  nitride  200  peak  is  very 
weak  as  compared  to  that  of  the  pure  iron,  indicating  that  the 
formation  of  the  4:1  nitride  is  suppressed  by  Co  additions. 

The  nitridation  behavior  for  the  16:2  nitride  is  different 
in  the  following  two  points.  The  formation  temperature  of 
the  16:2  nitride  is  50  °C  higher  for  Fe-10  at.  %  Co  than  for 
pure  iron.  The  amount  of  the  formed  16:2  nitride,  which  was 
calculated  from  the  x-ray  peak  intensities,  is  3X  larger  for 
Fe-10  at.  %  Co  than  for  pure  iron. 

Figures  3(a)  and  3(b)  show  the  scanning  electron  micro¬ 
scope  images  of  the  16:2  nitride  which  formed  on  a  pure  iron 
film  nitrided  at  450  °C  an  1  a  Fe-10  at.  %  Co  film  nitrided  at 
500  °C,  respectively.  For  the  pure  iron  case,  the  morphology 
of  the  nitride  is  needle  shaped.  For  the  Fe-10  at.  %  Co  case, 
granular  precipitates  were  observed.  From  the  x-ray- 
diffraction  pattern  in  Fig.  2(e),  the  granular  precipitate  is 
assumed  to  be  the  16:2  nitride. 


FIG.  3.  Sciinning  clcclron  microscope  images  of  the  16:2  iiitrkic  formeil  on 

(a)  a  pure  iron  film  nitrided  at  450  for  31)  min  and  (b.)  a  I-'e-lt)  at.  '>i-  t'o  Fl(j.  5.  FD.S  spectnitn  taken  front  a  granular  precipitate  of  the  16:2  nitride 
film  nitrided  at  500  “C  for  30  min.  formed  on  ii  l-e-lt)  at.  'ii  Co  film  (tlie  same  precipitati;  as  sliown  in  I'ig.  .11. 
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FIG.  6.  X-ray-diffraction  patterns  of  Fe-Co  films  with  various  Co  contents 
lUtridcd  at  500  °C  for  30  min.  The  film  compositions  arc  (a)  pure  iron,  (b) 
Fc-5  at.  %  Co,  (c)  Fe-lO  at.  %  Co,  and  (d)  Fe-20  at.  %  Co.  The  mark  (*) 
indicates  the  peaks  from  the  MgO  substrate. 


TEM  observations  were  performed  for  the  granular  pre¬ 
cipitate  formed  on  Fe-10  at.  %  Co  film.  Figure  4  shows  a 
bright  field  image  of  the  granular  precipitate  and  the  corre¬ 
sponding  electron-diffraction  pattern.  As  shown  in  the  dif¬ 
fraction  pattern,  we  can  obsert  e  weak  spots  at  the  midpoints 
between  000  and  400  spots.  These  spots  are  indexed  by  the 
200  order  reflections  of  the  16:2  nitride.  Figure  5  shows  an 
EDS  analysis  spectrum  taken  from  the  granular  precipitate. 
The  Co  content  of  the  precipitate  was  determined  to  be  al¬ 
most  the  same  as  that  of  the  matrix  bcc  phase.  From  these 
results,  the  granular  precipitate  is  determined  to  be  a  Co¬ 
contained  16:2  nitride,  which  can  be  denoted  by 
(Fe,Co)i6N2. 

Figure  6  shows  the  x-ray-diffraction  patterns  for  Fe-Co 
films  with  various  Co  contents  nitrided  at  500  °C  for  30  min. 
For  pure  iron,  only  the  Fe4N  peak  was  observed.  As  the  Co 
content  increases,  the  intensity  of  the  4:1  nitride  peak  de¬ 
creases.  At  Fe-10  at.  %  Co,  the  4:1  nitride  peak  disappeared 
and  instead  a  strong  16:2  nitride  peak  appeared.  Further  in¬ 


crease  in  the  Co  content  results  in  no  nitride  peaks,  indicat¬ 
ing  harder  nitridation  for  higher  Co  contents. 

The  stability  of  the  Co-contained  16:2  nitride  is  dis¬ 
cussed  as  follows.  Due  to  a  10  at.  %  Co  substitution,  the 
lattice  parameter  of  the  bcc  Fe-Co  phase  increases  by  0.16% 
relative  to  that  of  the  bcc  pure  Fe.*’  Assuming  that  the  atomic 
volume  of  Co  is  the  same  as  that  of  Fe,  we  presume  that  the 
interstitial  sites  are  wider  in  the  Fe-Co  lattice  than  in  the  Fe 
lattice.  This  idea  is  supported  by  the  fact  that  the  solubility  of 
nitrogen  is  increased  by  Co  additions.^  The  16:2  nitride  is 
considered  to  be  a  nitrogen-ordered  form  of  the  tetragonal 
Fe-N  solid  solution,  which  is  derived  without  changing  the 
basic  arrangement  of  Fe  atoms  in  the  bcc  structure.  There¬ 
fore,  it  can  be  speculated  that  the  Co-contained  16:2  nitride 
also  forms  with  less  strain  energy,  leading  to  a  higher  stabil¬ 
ity.  The  observed  enhancement  of  formation  of  the  16:2  ni¬ 
tride  by  Co  additions  can  be  related  to  the  improvement  of 
the  stability  of  the  16:2  structure.  Suppression  of  the  4:1 
nitride  formation  by  Co  additions,  as  described  in  Fig.  2, 
may  also  benefit  the  16:2  nitride  formation. 

IV.  SUMMARY 

We  have  newly  found  that  Co  additions  enhance  the  for¬ 
mation  of  the  16:2  nitride.  Granular  16:2  nitrides  were  con¬ 
firmed  to  form  on  a  (100)  surface  of  Fe-10  at.  %  Co  alloy. 
The  formation  temperature  is  500  “C,  which  is  50  °C  higher 
than  that  for  pure  iron.  The  amount  of  the  16:2  nitride  is  3X 
larger  than  for  pure  iron.  It  is  suggested  that  Co  stabilizes  the 
16:2  structure. 
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The  low  temperature  magnetic  properties  of  arrays  of  scanning  tunneling  microscope  (STM) 
fabricated  ferromagnetic  particles  have  been  studied  as  a  function  of  their  dimension  using  a  novel 
high  sensitivity  Hall  magnetometer.  Iron  deposits  with  controlled  shape  and  nanometer  scale 
diameters  (-''25  nm)  are  formed  using  a  STM  to  decompose  a  metalorganic  precursor  [Fe(CO)5]  in 
the  acti^'e  area  of  the  measurement  device.  The  hysteresis  loops  change  significantly  in  going  from 
nearly  isotropic  to  oriented  high  aspect  ratio  (6:1  length  to  diameter)  filamentary  particles.  In 
particles  of  intermediate  aspect  ratio  and  diameter  the  largest  coercive  field  of  2.7  kOe  is  observed. 

This  behavior  as  well  as  the  characteristics  of  the  Hall  magnetometer  (spin  sensitivity  of  10  emu/ 

Hz'^^)  are  described. 


I.  INTRODUCTION 

The  physical  properties  of  ferromagnetic  particles  con¬ 
tinue  to  be  an  active  area  of  fundamental  experimental  and 
theoretical  research.  Advances  in  lithographic  and  measure- 
meiit  techniques  are  now  permitting  some  of  the  basic  tenets 
in  the  field  of  small  particle  classical  magnetism  to  be  criti¬ 
cally  tested.  For  example,  measurements  of  a  single  acicular 
'y-Fe203  particle'  and  electron  beam  fabricated  rectangular 
permalloy  particles^  are  not  consistent  with  the  Neel- 
Brown’  theory  of  thermally  assisted  magnetization  reversal 
over  a  simple  potential  barrier.  Usually  this  theory  is  the 
starting  point  in  the  analysis  of  more  complex  particulate 
media  which  have  a  distribution  of  sizes,  shapes,  and  inter¬ 
actions.  Magnetization  reversal  in  elongated  particles  has 
also  recently  been  re-examined  theoretically.  In  idealized 
filaments  Braun'*  finds  that  spatially  localized  magnetization 
fluctuations  increase  the  switching  rates  and  hence  reduce  the 
measured  coercivities  at  finite  temperature  relative  to  the 
Neel-Brown  theory.  Real  samples,  of  course,  contain  de¬ 
fects,  ends,  and  surfaces  that  are  not  considered  in  this  work 
but  which  are  expected  to  play  an  important,  if  not  dominant, 
role  in  the  physics  of  magnetization  reversal.  Of  fundamental 
interest  is  the  mechanism  of  reversal  in  real  particles — 
whether  it  is  a  classical  coherent  (Neel-Brown,  Braun)  or 
incoherent  mode  or,  alternatively,  heterogeneous  nuclcation 


‘'I’rcsent  address;  Department  of  Physics,  New  York  University,  4  Washing¬ 
ton  Place,  New  York,  NY  10003. 


and  growth.’  We  have  set  out  to  study  smaller  noninteracting 
particles  in  which  the  competing  effects  can  be  highlighted 
by  systematically  varying  the  particle  dimensions. 

It  is  the  purpose  of  this  article  to  show  how  this  is  ac¬ 
complished  in  scanning  tunneling  microscope  (STM)  nano- 
lithographically  produced  small  particle  systems.  STM  and 
chemical  vapor  deposition  techniques  have  been  used  to  fab¬ 
ricate  nanometer  scale  diameter  (~25  nm)  iron  particles  with 
a  range  of  shapes  from  nearly  isotropic  to  filamentary.  De¬ 
posits  are  fabricated  directly  in  the  active  area  of  a  newly 
developed  high  sensitivity  Hall  magnetometer.  With  this  de¬ 
vice  hysteresis  loops  of  dilute  particle  arrays  comprising 
100-600  particles  (<  10""  emu)  have  been  measured  at  low 
temperature.  Moreover,  the  magnetic  characteristics  have 
been  studied  for  a  variety  of  particles  sizes  r.nd  shapes.  In 
particles  of  intermediate  aspect  ratio  (2.2:1  height:diameter) 
and  diameter  the  largest  coercive  force  is  observed.  This  ob¬ 
servation  is  not  cuiisisterit  with  the  well-known  classical  co¬ 
herent  or  incoherent  modes  of  reversal.’’’  Further,  from  the 
hysteresis  loops  and  array  geometry  we  estimate  the  particle 
magnetization  and  interparticle  interaction  strength. 

We  begin  with  ■'  briel  review  of  tlie  materials  fabrication 
technique  and  characterization.’  This  is  followed  by  a  discus¬ 
sion  of  the  magnetic  meiisurements  and  analysis  on  particles 
of  systematically  varied  geometry. 

II  FABRICATION 

Iron  particles  are  formed  by  using  a  STM  to  decompose 
iron  penlacarbottyl  [FetCOisJ  which  is  metered  into  the  mi- 
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FIG.  1.  Scanning  electron  micrographs  (at  a  4.S'’  tilt)  .show  the  particle  anil 
array  geometry  of  a  subset  of  samples  we  have  fabricateil  anil  nieasiireil:  (A) 
diameter  42±7  nm,  height/diameter  (<■/«)  l..t:t().,'?,  (U)  diam  2b£2  iini, 
ctu  2.2±tl..^,  (C)  diam.  17±1  nm,  da  .‘5.Hi.l),5. 


croscope’s  ultrahigh  vacuum  chamber  (,P-2xl()  T).  To 

initiate  the  growth  the  substrate-lip  bias  is  raised  to  i5  V  and 
a  current  of  50  pA  maintained  in  tlic  presence  of  .'<0  /iTorr  of 
Fe(CO)5 .  The  STM  feedback  loop  is  active  and  maintains  a 
constant  current  and  thus  constant  height  between  the  tip  and 
growing  deposit.  When  the  deposit  has  reaclicd  the  desired 
height  above  the  surface  the  tip  is  retracted  to  stop  the 
growth.  The  tip  is  moved  to  another  location  and  the  procc.ss 
repeated  to  form  arrays. 

Characterization  by  both  Auger  electron  .spectroscopy 
(AES)  and  transmission  electron  microscopy  (I'EM)  indicate 
that  relatively  pure  iron  deposits  are  formed  under  these  con¬ 
ditions.  TEM  shows  that  these  consist  of  a  polycrystailinc 
bcc  iron  interior  surrounded  by  a  contamination  coaling  in 
which  the  grain  size  is  approximately  the  inner  core  diam¬ 
eter.  AES  reveals  greater  than  70  at.  %  Fe  with  a  carbon 
remainder.  The  fact  that  the  bcc  phase  is  formed  is  evidence 
for  greater  purity  of  the  deposits  in  their  interior  since  the 
equilibrium  phase  of  the  Fc-C  system  above  0.4%  carbon  is 
fee.* 

The  scanning  electron  micrographs  in  Figs.  1(A)  and 
1(C)  show  the  extremes  in  dimensions  we  have  fabricated 
and  studied.  The  particle  geometry,  with  the  long  axis  per¬ 
pendicular  to  the  substrate  surface,  is  highlighted  in  the  ob¬ 
lique  view  presented  in  the  micrograph.  Note  that  from  Figs. 
1(A)  and  1(C)  the  particle  diameters  progressively  dccrea.se 
from  42  to  17  nm  while  the  ratios  of  height  to  diameter 
increase  from  1  to  6.  Although  these  measurements  serve  as 
a  basis  for  comparing  particle  dimensions,  contamination 
built  up  during  observation  as  well  as  the  finite  resolution  of 
the  SEM  cause  systematic  overestimates  of  the  actual  par¬ 
ticle  size.'^  The  interparticle  distance  is  approximately  1.30 
nm  and  was  chosen  to  minimize,  as  much  as  possible,  the 
effect  of  intcrparticle  interactions  while  building  up  enough 
overall  moment  for  measurement.  Magnetic  measurements 
have  been  made  on  these  samples  as  well  as  on  some  of 
intermediate  dimensions. 

III.  MEASUREMENTS 

Measurements  were  made  using  a  novel  high  sensitivity 
magnetometer  based  on  the  Hall  response  in  a  semiconductor 
heterostruclure.  In  contrast  to  integrated  superconducting 
quantum  interference  device  microsusccptonicters,’"  this  de¬ 
vice  allows  for  systematic  investigations  over  a  wide  range 
of  applied  fields  and  temperatures.  A  high  mobility 


riO.  2.  Schematic  of  tiic  liall  niagiictonictcr  showing  the  Jcvice  layout  and 
bridge  measurement  circuit.  'I'he  sample  is  deposited  into  one  Hall  cross 
while  the  other  .serves  as  a  reference.  /  and  /'  are  independent  current 
sources  tliat  tlont  with  respect  to  one  another. 


GaAs/Ga,)7Al|)^As  two-dimensional  hole  gas  sample 
t/i2i)=3X  in"  cm  ^  yu,(5  K)=  !()■''  cmVv  s)J  was  wet  chemi¬ 
cally  etched  into  the  form  depicted  in  Fig.  2  and  a  thin  (.30 
nm)  gold  gate  deposited  over  the  active  area  of  the  device. 
The  linewidths  for  the  current  and  voltage  probes  ranged 
from  1  to  10  jxm  and  the  heteruinterfacc  was  100  nm  below 
the  surface.  STM  deposits  were  .subsequently  grown  in  the 
active  area  of  one  of  the  Hall  crosses.  The  difference  in  Hall 
voltage  between  this  sample  cross  and  a  closely  spaced  ref¬ 
erence  is  measured  using  a  bridge  circuit  tl-'ig.  2).  With  the 
bridge  properly  balanced,  the  resulting  output  voltage  V  is 
proportional  to  the  sample  contribution  to  the  magnetic  in¬ 
duction.  This  contribution  can  then  be  calculated  using  the 
measured  Hall  coefficient  so  that  Afl  =  VtRl  where  R  is  the 
Hail  coefficient  (~0.2  fl/G)  and  /  is  the  measurement  cur¬ 
rent.  Typically  we  use  a  6.5  Hz  ae  current  (-1  /aA/rms)  and 
lock-in  detect  the  difference  signal  V. 

In  practice,  a  difference  voltage  is  present  even  in  the 
absence  of  a  magnetic  sample  due  to  small  variations  in  the 
Hall  crosses  (typically  -0.1%).  This  imbalance  results  in  a 
signal  proportional  to  the  applied  magnetic  field  which  is 
minimized  by  adjusting  the  ratio  /  to  /'  at  high  field 
(Wif-//,.,  the  coercive  field). 

The  large  Hall  response  (—0.2  /xV/G)  in  combination 
with  good  coupling  of  small  samples  to  the  device  results  in 
an  excellent  spin  sensitivity.  For  example,  the  observed  field 
noise  of  0.1  G/Hz'^“  (at  0.1  Hz,  5  K)  in  a  2  /rnr  device 
implies  a  spin  sensitivity  of  10  "  emu/Hz'^^.  Typically,  sig¬ 
nals  from  the  STM  arrays  are  10  times  this  noise  level.  In 
addition,  the  sensor  works  over  a  large  range  of  magnetic 
field  and  temperature.  At  low  temperature,  ballistic  transport 
(on  the  .scale  of  the  magnetic  arrays)  reduces  the  responsiv- 
ity.  The  quantum  Hall  effect  and  the  associated  nonlinear 
dependence  of  Hall  voltage  on  magnetic  field  also  changes 
the  re.sponse  at  low  temperature  and  high  fields.  Both  the 
decreasing  hole  mobility  and  thermally  activated  switching 
of  defects  in  GaAs  cause  the  noi.se  to  increase  with  tempera¬ 
ture,  We  have  successfully  used  this  magnclonietcr  from  1  to 
SO  K  with  some  decrease  in  performance  with  increasing 
temperature  (7’>50  K). 

An  array  of  particles  of  intermediate  size  [those  in  l-'ig. 
1(B),  referred  to  as  .sample  (B)J  placed  in  the  active  area  of 
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I-IO.  3.  iibM  micrograph  of  a  STM  fabricated  array  (sample  (B)]  placed  in 
the  10  ^mx2.5  /iin  active  area  of  a  Hull  tiiagnclomctcr. 

the  magnetometer  is  shown  in  Fig.  3.  An  external  held  is 
applied  perpendicular  to  the  plane  of  the  device  and  hence 
parallel  to  tl'.e  long  axis  of  the  particles.  Hysteresis  loops  are 
measured  starting  from  a  saturating  field,  ramping  at  a  con¬ 
stant  rate  to  the  opposite  field  polarity  and  then  back.  Figure 
4  shows  the  difference  in  induction,  which  is  proportional  to 
the  sample  magnetization,  plotted  versus  the  external  field. 
Measurements  were  made  at  different  temperatures  and  ramp 
rates.  Under  these  conditions  the  coercive  field  lias  only  a 
slight  dependence  on  the  measurement  time  and  temperature 


H  (kOe) 


l-'Ki.  4.  liysicrcsis  loops  for  siimple  (U)  mcusiircd  from  negative  lo  posiliw 
.saturation  and  hack  showing  the  difference  in  induction,  which  is  propor¬ 
tional  to  the  sample  mugneti/.ation,  versus  external  Held,  (a)  KS  K,  dll  hit 
-2.S(I  Oc/min,  (li)  15  K,  1  kOc/miii,  (c)  5  K,  1  kv)c/min,  and  (d)  the  differ¬ 
ence  hdween  two  ref;  rcncc  crosses  with  no  sample  .5  K,  1  kOc/min.  Plots 
arc  offset  for  cliirily. 
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FIG.  5.  Hysteresis  loops  as  a  function  of  particle  dimensions.  Measurcnicnls 
on  .sample  (A)  5  K,  2511  Oe/min,  (B)  15  K,  1  kOe/min,  and  (C)  5  K,  500 
Oc/min.  These  variations  in  measurement  time  and  Icmpcrtitarc  do  not  affect 
the  curves  on  tile  scale  presented  (as  seen  in  Fig.  4).  The  increased  noise  in 
(C)  is  due  lo  the  smaller  dimensions  of  the  Hall  cross  (2  /xm’).  In  this  case, 
the  sample  consists  of  only  100  particles  with  a  total  moment  of  ~'2x  10 
emu. 


and  is  approximately  2.7  kOe.  The  magnetization  reversal 
occurs  over  a  range  ±0.4  kOe  about  the  value.  In  Fig.  4(d), 
as  a  check,  the  same  measurement  was  made  using  two  ref¬ 
erence  crosses,  neither  of  which  contained  a  sample.  This 
shows  no  hysteresis  and  only  a  rtnall  deviation  from  a  con¬ 
stant  value. 

Magnetic  measurements  were  made  on  arrays  (A),  (B), 
and  (C)  in  Fig.  1  in  order  to  study  the  dimensional  depen¬ 
dence  of  the  magnetic  properties  (Fig.  5).  The  .shapes  of  the 
hysteresis  loops  change  significantly  in  going  from  the 
nearly  isotropic  particles  of  .sample  (A)  to  the  filamentary 
particles  in  (C).  Most  notably,  the  loops  are  increasingly 
square  with  more  abrupt  magnetization  transitions.  The 
change  in  sample  magnetization  also  decicases  due  both  to 
the  geometry  of  the  samples  as  well  as  to  the  decieasing 
moment  per  particle.  The  coercivily  initially  increases  in 
more  anisotropic  particles  [(A)  to  (B)].  Surprisingly,  this  is 
followed  by  a  decrease  in  the  more  filamentary  particles  of 
sample  (C).  Samples  intermediate  in  dimensions  to  (B)  and 
(C)  appear  to  confirm  this  trend. 

The  loop  shape  for  sample  (A)  is  close  to  that  expected 
from  the  Stoner-Wohlfarth  theory"  fur  noninteiacting 
uniaxial  particles  with  randomly  oriented  easy  axes.  For  in¬ 
stance,  the  remanence  is  0.46  times  the  saturation  magneti¬ 
zation  close  to  the  0.5  predicted  by  SW.  The  coercivity  is  640 
Oc.  Within  this  model  the  anisotropy  field  is  //,,/(). 48  or  1.33 
kOc.  Small  deviations  from  isotropic  shape  would  account 
for  this  entire  anisotropy  although  a  crystalline  contribution 
might  also  be  present  (bcc  F'c'’~540  Oe).  The  demagnetiza¬ 
tion  factors  of  a  prolate  ellipsoid  of  iron  with  axial  ratio  1.17 
is  sufficient  to  explain  this  and  within  the  range  of  measured 
particle  asymmetries  [c/u  — 1.3-';().3,  Fig.  I(A)J.  For  the  tni- 
eiited  elongated  |)articles  [samples  (B)  and  (Oj  increasingly 
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TABLE  I.  Summary  of  particle  properties. 


Sample 

No.  of 
particles 

diam  (nm) 

C/a 

m  (emu/particlc) 

H,  (Oc) 

diam  (nm)'' 

A 

500 

42  i  7 

o 

+1 

1.0  xio  '■* 

1324’ 

21 

Ji 

600 

29  ±  2 

2.2  ±  0.3 

.5.4  X  to-'' 

2700 

9 

C 

too 

17  ±  1 

5.8  ±  0.5 

1.6  X  10  ''' 

2050 

4 

'Anisotropy  field  determined  from  the  measured  coercivity  and  the  SW  model. 
'’Magnetic  core  diameter  inferred  from  the  magnetic  moment  and  particle  shape. 


square  hysteresis  curves  are  also  expected  on  the  basis  of  the 
SW  theory,  in  contrast  to  sample  (A),  these  particles’  easy 
axes  are  not  randomly  oriented  but  expected  to  be  aligned 
with  their  long  axes. 

From  the  change  in  induction  in  going  frrjm  positive  to 
negative  saturation  the  magnetic  moment  per  particle  can  be 
estimated,  lii  the  dipole  approximation  this  change  in  B  field 
penrendicular  to  the  heterointerface  averaged  over  the  sensor 
area  is  given  by 


1 


where  rn,  the  magnetic  moment  per  particle,  is  the  quantity 
of  interest;  r  is  a  vector  in  the  plane  of  the  surface;  P;  the 
position  of  the  fth  particle;  S  the  surface  of  the  Hall  cross, 
and  2  the  distance  from  the  dipole’s  center  to  the  heteroin¬ 
terface.  The  integral  over  the  rectangular  surface  S  of  the 
Hall  cross  can  be  performed  analytically  and  then  summed 
over  particles  numerically  to  solve  for  m.  This  calculation 
approximates  the  actual  nonuninform  field  distribution  from 
the  array  geometry  and  position  in  the  Hall  bar  by  a  spatially 
homogeneous  average,  field  in  estimating  the  moment.  For 
sample  (B),  we  find  m=5.4XlO~''"’  emu.  This  is  a  factor  of 
approximately  10  smaller  than  an  estimate  based  on  the  bulk 
moment  of  Fc  and  our  observations  of  the  particle  size.  As 
previously  mentioned,  it  seems  appropriate  to  assume  that 
the  magnetic  volume  is  smaller  than  that  found  from  SEM 
measurements.  Taking  the  measured  magnetization  of  bcc  Fe 
(1700  emu/cm^)  gives  a  magnetic  volume  of  3  X 1 0  ~ ^  cm^  or 
equivalently  a  magnetic  core  only  9  nni  in  diameter,  com¬ 
pared  to  the  29  nm  diam  measured  from  Fig.  1(B).  This 
interior  size  is  consistent  with  TEM  observations  on  similar 
deposits.'*  Within  this  analysis,  the  aspect  ratio  of  the  mag¬ 
netic  volume  would  also  be  greater  than  the  measured  value. 
The  results  for  the  other  samples  are  summarized  in  Table  I. 

From  the  particle  moment  the  strength  of  the  dipolar 
interactions  between  particles  can  be  estimated.  For  a  square 
lattice  of  oriented  dipoles  with  spacing  a,  the  interparticle 
interaction  field  due  to  nearest  neighbors  is  4m/a^.  For 
sample  (A)  this  is  20  G.  Substantial  contributions  result  from 
the  long  range  nature  of  the  dipole  interactions.  Including 
oriented  neighbors  out  to  four  lattice  .spacings  (48  particles) 
results  in  a  field  of  40  G.  This  is  still  much  less  than  the 
anisotropy  field  and  will  play  a  role  only  in  the  tails  of  the 


magnetiz,Ttion  transition.  Interactions  are  less  important  in 
samples  (B)  and  (C)  due  to  their  smaller  moment  per  par¬ 
ticle. 

IV.  DISCUSSION 

Changes  in  the  coercive  force  with  dimensionality,  nota¬ 
bly  the  decrease  in  high  aspect  ratio  smaller  diameter  par¬ 
ticles,  are  not  consistent  with  conventional  coherent**’  or  in¬ 
coherent  modes  of  spin  reversal.*’  For  instance,  the  curling 
mode,  which  is  applicable  only  in  larger  diameter  particles, 
predicts  an  increase  in  coercive  field  with  decreasing  diam¬ 
eter.  In  both  coherent  reversal  and  fanning  models  the  coer¬ 
cive  field  increases  with  aspect  ratio.  For  reference,  coherent 
reversal  in  an  iron  particle  of  axial  ratio  2.2  [like  sample 
(B)],  would  require  a  field  of  5.7  kOe — twice  the  observed 
value.  Fanning,  which  postulates  decoupled  grains,  at  least 
can  account  for  the  magnitude  of  the  observed  switching 
field. 

Recently,  Braun  has  considered  the  role  of  nonuniforni 
magnetization  fluctuations  in  reducing  the  coercivity  at  finite 
temperature  in  elongated  particles.'*  It  is  therefore  worth  es¬ 
timating  whether  this  theory  applies  to  our  measurements. 
Fluctuation  effects  are  important  when  the  thermal  energy  is 
comparable  to  the  barrier  height.  For  uniform  coherent  rever¬ 
sal,  at  zero  field,  the  barrier  is  KV,  the  anisotropy  volume 
product.  To  be  .specific,  for  sample  (C)  this  is  10“*  K.  At  low 
temperature  thi.s  implies  that  such  reversal  cannot  occur  until 
the  applied  field  is  very  close  to  the  intrinsic  (zero  tempera¬ 
ture)  coercivity.  For  example,  at  5  K  the  particles  switch 
when  77/7/ ,.''0.9,  with  our  measurement  times.  In  Braun’s 
theory,  the  energy  is  no  longer  proportional  to  the  volume 
but  the  cros.s-sectional  area  of  the  particle,  8  'JJK/c  A .  This 
is  the  energy  density  of  a  domain  wall  times  the  cross- 
sectional  area,  A .  7  is  the  exchange  constant  and  c  the  lattice 
.spacing.  An  estimation  of  this  energy  for  sample  (C)  is  also 
in'*  K.  Thus  spatially  nonuniform  reversal  requires  the  same 
amount  of  thermal  energy  as  the  uniform  case  due  both  to  the 
large  exchange  and  anisotropy  energies.  Only  in  far  more 
filamentary  particles  does  the  nonuniform  mode  dominate. 
These  estimations  suggest  that  fluctuations  cannot  account 
lor  the  observed  reduction  in  coercivity. 

As  an  alternative  to  the  above  models,  the  particle  ends, 
surfaces,  and  defects  might  play  an  important  role  in  deter¬ 
mining  the  magnetic  properties.  For  example,  large  demag¬ 
netization  fields  such  as  occur  at  the  particle  ends  would 
favor  a  heterogeneous  nucleation  and  growth  of  reversed  do¬ 
mains  as  occurs  in  bulk  ferromagnets.'’  Reversal  would  con- 
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sist  of  either  the  localized  nucleation  of  a  reversed  domain 
and  its  subsequent  propagation  or  the  movement  of  an  exis¬ 
tent  closure  domain  through  the  particle,  Moreover,  defects, 
such  as  grain  boundaries,  lower  the  barrier  to  domain  nucle¬ 
ation.  As  the  energy  of  a  domain  wall  is  proportional  to  its 
area  these  scenarios  are  qualitatively  consistent  with  the  ob¬ 
served  decrease  in  coercive  force  in  smaller  diameter  par¬ 
ticles. 

In  summary,  we  have  demonstrated  the  ability  to  fabri¬ 
cate  and  measure  nanometer  scale  ferromagnets.  Magnetic- 
structures  with  well-defined  geometries  have  been  coupled  to 
an  electronic  system.  This  is  the  basis  for  a  novel  high  sen¬ 
sitivity  magnetometer  which  relies  on  the  Hall  effect  in  a 
semiconductor  heterostructure.  In  addition  to  investigations 
of  magnetic  nanostructures,  this  combination  enables  studies 
of  the  effect  of  local  magnetic  interactions  on  electronic 
properties  and  transport  in  semiconductors. 
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Magnetic  properties  of  amorphous  nanocoiumns  created  by  heavy  ion 
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Recent  studies  liiive  demonstrated  the  possibility  of  inducing  amorphous  latent  tracks  in  metallic 
materials  by  GeV  heavy  ion  irradiation.  In  the  present  work,  [).88()  GeV  beams  have  been  used 
to  induce  ferromagnetic  amorphous  nanocolumns  in  nonmagnetic  crystalline  YCoi  films.  The  loss 
of  crystallinity  deduced  by  x-ray  analysis  is  in  good  agreement  with  the  one  determined  by  magnetic 
measurements.  The  Co  magnetic  moment  in  the  columns  is  approximately  equal  to  1  ,  as  in  bulk 

amorphous  YCoi,  but  the  ordering  temperature  ( 150  K)  is  strongly  reduced  with  re.spect  to  the  bulk. 
Magnetization  mea.surements  reveal  the  nanocolumns  to  be  single  domain.  A  perpendicular 
anisotropy  is  observed  in  samples  irradiated  at  the  smallest  fluencies,  which  is  interpreted  to  be  due 
to  shape  anisotropy.  A  progressive  decrease  of  the  anisotropy  with  increasing  flucncc  is  observed 
and  qualitatively  described  in  terms  of  dipolar  interactions  between  columns.  At  low  temperature, 
the  coercive  field  reaches  650  Oe.  A  simple  nonuniform  magnetization  reversal  process  is  suggested. 


!.  INTRODUCTION 

The  formation  of  defects  by  GeV  heavy  ion  irradiation 
through  inelastic  .scattering  with  the  target  electrons  has  re¬ 
cently  been  demonstrated  for  amorphous  or  crystalline  me¬ 
tallic  materials. In  particular,  it  has  been  .shown  that  above 
an  electronic  stopping  power  threshold,  the  target  could  be 
locally  amorphized.  Two  models  have  been  proposed  to  de¬ 
scribe  the  formation  of  amorphous  latent  tracks,  based  cither 
on  the  mutual  repulsion  of  highly  ionized  atoms  (Coulomb 
explosion  model'*’)  or  the  heat  transfer  via  phonons  (thermal 
spike  model*’).  Transmission  electron  microscopy  (TEM)  ob¬ 
servations  have  revealed  that  under  certain  conditions,  the 
irradiation-induced  defects  were  stabilized  in  the  form  of  cy¬ 
lindrical  amorphous  tracks  along  the  ion  path  (latent  tracks), 
with  diameters  in  the  range  20-50  A.’  In  this  study,  we 
show  that  in  Y-Co  alloys  it  is  possible  to  induce  amorphous 
ferromagnetic  nanocolumns  in  a  nonmagnetic  crystalline  ma¬ 
trix.  This  allows  magnetization  reversal  processes  to  be  stud¬ 
ied  in  an  assembly  of  nanocoiumns  with  a  relatively  well- 
defined  size  and  shape,  in  which  the  amplitude  of  the  dipolar 
interactions  can  be  varied  through  the  total  lluence  of  the  ion 
beam. 

The  formation  of  ferromagnetic  columns  in  a  nonmag¬ 
netic  matrix  is  possible  due  to  the  fact  that  the  magnetic 
properties  of  the  binary  Y-(’o  alloys  depend  drastically  on 
whether  the  material  is  crystalline  or  amorphous.  It  is  well 
known  that  in  Y-Co  eompounds,  the  Co  magnetic  moment 
decreases  as  the  Y  content  is  increased  through  electron 
transfer  into  the  ?id  band  and  3(l-4d  hybridization'"  (Fig.  I ). 
As  a  result,  Co-rich  crystalline  compounds  are  fcrroniiignets, 
whereas  compounds  richer  in  Y  then  YCot  are  Pauli  para- 
magnets.  lh)wever,  amorphous  Y-Co  alloys  are  ferromag¬ 
netic  up  to  an  Y:Co  ratio  of  the  order  of  1:1."  This  is  due  to 
the  higher  localization  of  the  3(1  electrons  in  the  iimorphous 
state  when  compared  to  the  crystalline  state,  as  a  result  of 


atomic  di.sordcr  and  of  the  relatively  weaker  density.  In  ad¬ 
dition,  the  surrounding  of  a  given  Co  atom  is  Co  richer  in  the 
amorphous  state  where  atoms  are  more  or  less  distributed  at 
random,  as  compared  to  the  crystalline  state  where  Y — Co 
bonds,  chemically  favored  with  respect  to  Co — Co  bonds, 
can  better  be  formed. 

Crystalline  thin  films  of  YCoi  were  prepared  and  subse¬ 
quently  irradiated  by  U  heavy  ions  in  an  iittempt  to  induce 
amorphous  tracks.  The  results  of  structural  and  magnetic 
analyses  performed  prior  to  and  after  irradiation  are  pre¬ 
sented  in  the  following. 

II.  EXPERIMENT 

The  samples  were  deposited  at  room  temperature  by  dc 
sputtering  with  a  deposition  pressure  of  l-3x  1()  ’Torn  Two 
sets  of  films  were  prepared  with  the  following  compositions: 
SidOOirra  1000  A/YC02  1.5  /em/'ra  1000  A  (samples  A)  and 
Si(l()0)/Ta  500  A/YCo,,|  2.300  A/Ta  500  A  (samples 
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FIG.  2.  Detailed  view  of  the  XRD  patterns  showing  the  311  and  222  most 
intense  reflcctinns  in  the  irradiated  .samples.  The  symbols  refer  to  samples 
madiated  at  fluenee:  A1  and  B1  at  10'^  lons/cm^,  A2  and  B2  at  5X10'^ 
ioris/cm^,  A3  and  B3  at  2X  lo'^  ion,s/cin^.  For  reference,  the  XRD  patterns  of 
the  as-annealed  samples  arc  also  shown  (full  tine). 


B).  The  compositions  and  thicknesses  of  the  films  were  de¬ 
termined  by  Rutherford  bacLscattering  (RBS)  and  transmis- 
si<m  electron  microscopy  (TEM).  The  as-deposited  films 
were  subsequently  vacuum  annealed  at  5.5()-600  °C  for  1  h 
in  order  to  crystallize  tlie  YC02  phase.  The  samples  were 
then  irradiated  by  0.880  GeV  ion  beams  at  the  GANIL 
accelerator  in  Caen.,  France.  Three  ion  fluencies  were  se¬ 
lected;  ioris/cm"'  (samples  A1  and  BT),  5.10‘^  ions/cm^ 
(samples  A2  and  B2)  and  2x  lO'-^  ions/'em^  (samples  A3  and 
B3).  Structural  characterizaiion  was  performed  by  quantita¬ 
tive  x-ray  diffraction  analysis  (XRD)  on  a  &-26  diffracto¬ 
meter  with  Cu  waveleiigtii.  The  magnetic  properties  were 
determined  between  4.2  1C  and  room  temperature  using  either 
a  V,S!V1  or  a  SOtJ.fD  magnetometer. 

III.  STRUCTURAL  CHARACTERIZATION 

XRD  and  TEM  analyses  revealed  the  as-deposited  films 
to  be  amorphous  and  the  annealed  films  to  be  crystalline.  The 
latter  showed  the  diffraction  pattern  of  the  fee  YC02  Laves 
phase. Satnple.s  A  appeared  to  be  single  phase  while  in 
samples  B,  apart  from  the  YC02  Bragg  reflections,  some  ad¬ 
ditional  peaks  corresponding  to  a  phase  which  could  not  be 
unambiguously  identified  were  observed.  However,  consid¬ 
ering  the  mean  stoichiometry  of  the  alloy  (YCo]  1)  and  the 
phase  diagram  of  the  Y-Co  binary  alloys,*^  one  can  infer  that 
this  phase  could  most  likely  be  YyCo7  and  estimate  the  frac¬ 
tion  of  YC02  to  be  about  30%  of  the  total  volume.  Y^Coy  is 
nonmagnetic  in  both  the  amorphous  and  the  crystalline 
states.'^ 

A  detailed  view  of  the  YCoy  311  and  222  peaks  is  rep¬ 
resented  in  Fig.  2  for  both  sets  of  samples.  When  the  irradia¬ 
tion  fluence  is  increased,  the  peaks  are  broadened  and  their 
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FIG.  3.  Amorphous  fraction  a.s  deduced  by  XRD  [p(i^);  open  symbols]  and 
by  magnetic  measurements  [;;'(<!>)==  closed  symbols].  is 

the  spontaneous  magnetization  of  bulk  amorphous  YCoy.  Data  arc  btted 
according  to  Eq.  (2). 


integrated  intensities  arc  decreased.  We  ascribe  this  loss  of 
crystallinity  to  the  appearance  of  irradiation-induced  amor¬ 
phous  regions.  A  shift  of  the  peaks  toward  smaller  Bragg 
angles  is  also  observed,  which  we  ascribe  to  irradiation  in¬ 
duced  stresses.  A  detailed  analysis  of  tills  effect  is  reported 
elsewhere.'"*  The  percentage  />(4>)  of  amorphized  YC02  in 
the  irradiated  samples  can  be  deduced  by  comparing  the  peak 
integrated  area  of  the  311  Bragg  reflection  for  each  series  of 
samples  to  the  one  measured  before  irradiation  (Fig,  3).  The 
equation  describing  the  kinetics  of  defect  creation  can  be 
e.Kpressed  as:'^ 

dv 

^  =  cr|(V,-u)-o-2P,  (1) 

where  a-^  is  the  amorphization  cross  section,  0-2  is  the  exclu¬ 
sion  cross  section,  v  is  the  amorphized  volume  and  V,  the 
total  sample  volume.  The  exclusion  cross  section  accounts 
for  the  fact  that  an  ion  track  can  be  recrystallized  if  an  in¬ 
coming  ion  happens  to  hit  a  ring  around  it.  This  exclusion 
ring  implies  that  a  complete  amorphization  of  the  samples  is 
impossible.  In  particular,  it  defines  a  minimum  separation 
distance  between  the  amorphous  columns.  Solving  Eq.  (1) 
leads  to 

p{'in=^=  ( 1  - e  - ) .  (2) 

V,  (Ti  +  (T2 

Assuming  that  defects  consist  of  latent  tracks  expanding 
across  the  film  thickness,  cr,  and  Uj  can  be  expressed  as 


-iriDl-D]) 


where  is  the  diameter  of  the  amorphous  latent  tracks  and 
D2  the  diameter  of  the  exclusion  ring.  Equations  (2)  and  (3) 
were  fitted  to  the  experimentally  deduced  enabling  D^ 
and  Di  to  be  determined.  The  fit  yielded  ^1  =  25  A  and 
a  for  samples  A  and  D|-5()  A  and  D2=60  A  for 
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FIG.  4.  (a)  Magnetization  curves  of  the  as-deposited  samples  A  measured  in 
an  applied  Held  perpendicular  (dashed  line)  and  parallel  (full  line)  to  the  film 
plane.  Inset:  magnetization  curves  of  the  same  samples  after  heat  treatment, 
(b)  Magnetization  curve.'  of  the  as-deposited  samples  B  measured  in  an 
applied  held  perpendicular  (open  symbols)  and  parallel  (closed  symbols)  to 
the  film  plane.  Inset;  magnetization  curves  of  the  same  samples  after  heat 
treatment. 


s'fmples  B,  The  reasons  for  the  difference  in  the  track  diam¬ 
eters  for  both  series  of  samples,  as  well  as  for  the  reduced 
recrystallization  effects  in  samples  B  [revealed  by  the  linear¬ 
ity  of  p(<&)  up  to  higher  fluencies]  remain  unclear.  Differ¬ 
ences  in  the  microstructure  of  the  specimens  could  play  a 
role.  A  smaller  average  grain  size,  for  example,  can  reason¬ 
ably  be  expected  to  influence  the  processes  involved  in  de¬ 
fect  creation  and  annealing.  TEM  observations  are  in 
progress. 


IV.  MAGNETIZATION  MEASUREMENTS 
A.  Magnetization  measurements  of  unirradiated  films 

Magnetization  measurements  at  10  K  have  been  carried 
out  on  both  the  amorphous  as-deposited  A  and  B  samples  as 
shown  in  Fig.  4.  For  samples  A,  a  large  susceptibility  is 
obtained  when  the  field  is  applied  in  the  film  plane.  The 
spontaneous  magnetization  is  360  emu/cm’,  corresponding  to 
approximately  1  /U^/Co  in  agreement  with  the  value  already 
reported  for  bulk  a-YCo2.'‘  When  the  field  is  applied  per¬ 
pendicular  to  the  film  plane,  the  magnetization  varies  accord¬ 
ingly  to  the  demagnetizing  field  slope,  which  indicates  that 
magnetocrystalline  anisotropy  may  be  neglected  with  respect 
to  shape  anisotropy.  After  the  crystallization  heat  treatment 
in-plane  magnetization  measurements  of  the  san.e  sample 
yield  a  very  small  residual  magnetization  of  the  order  of  5 
emu/cn’.'^  (inset  of  Fig.  4).  This  residual  ferromagnetic  con¬ 
tribution  can  either  originate  from  residual  amorphous  matc- 


FIO.  5.  Hysteresis  loops  measured  in  samples  A  in  applied  Helds  perpen¬ 
dicular  (full  line)  and  parallel  (dashed  line)  to  the  film  plane.  Insets:  first 
magnetization  curves  measured  along  the  easy  directions,  (a)  Sample  A1 
irradiated  at  lO'^  ions/cm^,  (b)  sample  A2  irradiated  at  5X  lo'^  ions/cm^,  (c) 
sample  A.h  irradiated  at  2X  It)'-'  ions/cni^ 

rial  or  from  the  presence  of  magnetic  crystallized  phase, 
richer  in  Co  than  YCoj  which  could  re.sult  from  Y  oxidation 
through  the  Ta  capping  layer. 

In  samples  B,  the  spontaneous  magnetization  of  the  as- 
deposited  amorphous  films  is  weak  (25  emu/em'Y  This  is  a 
consequence  of  the  large  Y  content  (sec  Fig.  1).  The  magne¬ 
tization  curves  measured  in-plane  and  out-of-pFtne  are  simi¬ 
lar.  A  significant  susceptibility  is  present  up  to  10  kOe.  This 
is  ascribed  to  superimposed  paramagnetism,  in  agreement 
with  the  fact  that  the  alloy  stoichiometry  is  close  to  the  criti¬ 
cal  concentration  for  the  disappearance  of  magnetism.  After 
heat  treatment,  the  spontaneous  magnetization  is  further  re¬ 
duced  to  5  emu/cm\  a  value  similar  to  that  measured  in 
annealed  samples  A. 

B.  Magnetization  measurements  on  irradiated 

ser,i|jies 

After  irradiation,  magnetization  measurements  were  ini¬ 
tially  performed  on  thcmally  demagnetized  samples.  The 
susceptibility  of  the  virgin  magnetization  curve  measured  at 
10  K  along  the  easy  direction  is  shown  in  the  insets  of  Figs. 
3  and  6.  In  all  samples,  the  initial  susceptibility  is  weak  until 
the  field  reaches  values  of  the  order  of  the  coercive  field 
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FIG.  6.  Hysteresis  loups  measured  in  samples  B  in  applied  fields  perpen¬ 
dicular  (full  line)  and  parallel  (dashed  line)  to  the  film  plane.  Inset:  first 
magnetization  curves  measured  along  the  easy  directions,  (a)  Sample  B1 
irradiated  at  lO'*  ions/cm^,  (b)  sample  B2  irradiated  at  5X  lo'^  ions/cm^,  (c) 
sample  B3  irradiated  at  2X10'^  ions/cm^. 


measured  on  the  hysteresis  cycles.  Considering  the  small  size 
of  the  nanocolumns  deduced  from  the  analysis  in  the  above 
section,  this  can  be  attributed  to  single  domain  behavior. 

The  magnetization  loops  measured  at  10  K  are  rep.orted 
in  Figs.  5  (samples  A)  and  6  (samples  B).  The  magnetization 
increases  as  the  fluence  is  increased.  This  confirms  the  for¬ 
mation  of  amotphous  ferromagnetic  YC02  through  irradia¬ 
tion.  The  fraction  of  amorphized  film  in  samples  A,  p ’(<!>), 
deduced  from  the  variation  with  the  ion  fluence  of  the  spon¬ 
taneous  magnetization  Mj(<P)  and  normalized  with  the  ion 
fluence  and  normalized  to  the  magnetization  of  bulk  amor¬ 
phous  YC02,  is  reported  in  Fig.  3.  is  in  good 
agreement  with  the  values  of  p(<I>)  deduced  from  XRD 
analysis.  Assuming  continuous  amorphous  columns  with  di¬ 
ameter  Di  one  deduces  that  the  Co  moment  is  p,,  =  1.0±0.2 
/ig/Co  in  all  samples.  This  agrees  with  the  value  measured  in 
the  as-deposited  amorphous  films.  A  similar  analysis  can  be 
carried  out  for  samples  B.  However,  because  the  sa.mple  is 
not  single  phase,  the  measured  magnetization  normalized  to 
bulk  YC02,  A/5(<I>)/M^,‘''  must  be  multiplied  by  a  factor  a  to 
match  with  p(<t>)  values  deduced  from  XRD.  A  value  a=4  is 
obtained.  1/a  represents  the  volume  fraction  of  the  YC02 


T(K) 

FIC.  7.  (a)  Temperature  dependence  of  the  magnetization  M(r)  in  a  field 
H~10  kOe  for  samples  A.  (b)  Temperature  dependence  of 
The  prefactor  l/p'(<l))  is  used  to  normalize  the  data 

to  bulk  YC02. 


phase  in  the  whole  sample;  it  is  in  fairly  good  agreement 
with  the  value  of  30%  estimated  in  Sec.  111. 

The  temperature  dependence  of  the  magnetization  mea¬ 
sure  '  in  a  field  of  10  kOe  for  the  A  samples  is  shown  in  Fig. 
7(a).  This  large  field  value  was  chosen  to  minimize  possible 
superparamagnetic  contributions.  The  magnetization  de¬ 
creases  rapidly  with  temperature.  An  average  ordering  tem¬ 
perature  can  be  located  at  about  150  K.  The  curves 
M{T)lp' which  compare  the  temperature  de¬ 
pendence  of  the  nanocolumns  magnetization  in  the  different 
samples,  normalized  through  the  factor  p'(d>)  to  account  for 
the  different  proportions  of  amorphous  phase  in  each  sample, 
are  identical  [Fig.  7(b)].  However,  there  are  serious  differ¬ 
ences  with  the  temperature  dependence  of  the  magnetization 
in  bulk  amorphous  YC02:  The  rate  of  decrease  of  M{  T)  is 
enhanced  and  the  Curie  temperature  is  decreased  ('/'^.=380  K 
for  amorphous  YC02).  This  can  be  ascribed  to  the  reduced 
dimensionality  of  the  naaocolumns. 


C.  Anisotropy  In  irradiated  samples 

The  comparison  of  hysteresis  cycles  obtained  for  H  ap¬ 
plied,  respectively,  in-plane  and  out-of-plane  shows  that  in 
samples  irradiated  at  the  lowest  fluence  (A1  and  Bl)  the 
magnetization  tends  to  be  perpendicular  to  the  film  plane. 
This  i.s  consistent  with  the  formation  of  elongated  magnetic 
columns  by  irradiation  since  shape  anisotropy  favors  the 
magnetization  to  lie  along  the  column’s  long  dimension.  A 
remanent  magnetization,  which  amounts  to  0.2  ,  is  how¬ 

ever  obtained  for  the  in-plane  hysteresis  loop,  which  reveals 
that  the  magnetization  is  not  perfectly  perpendicular  to  the 
film  plane.  This  can  be  due  either  to  the  tracks  not  being 
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FIG.  8.  Thermal  variation  of  the  anisotropy  energy  E^{T)  in  .sample  At 
(open  symbols)  compared  to  the  .square  of  the  magnetization  (closed  .sym¬ 
bols),  Inset:  variation  of  as  a  function  of  W,. 


exactly  perpendicular  to  the  film  plane  or  to  the  magnetiza¬ 
tion  deviating  of  the  column  axis.  Further  microstructural 
studies  will  be  required  to  clarify  this  point. 

The  anisotropic  behavior  of  samples  A  may  however  be 
discassed  by  neglecting  to  first  approximation  the  deviation 
of  the  magnetization  from  the  perpendicular  direction.  At  10 
K,  the  anisotropy  energy  for  the  sample  A1  is  =  1.55X  10'* 
erg/cm^  and  tHe  deduced  mean  anisotropy  field  is  =  1 .6 
kOe.  The  temperature  dependence  of  the  anisotropy  energy  is 
identical  to  that  of  A/j  (Fig.  8).  This  confirms  that  the  an¬ 
isotropy  of  the  magnetic  columns  is  dominated  by  shape  an¬ 
isotropy.  Magnetocrystallinc  bulk  or  surface  anisotropy  may 
be  neglected,  in  agreement  with  the  low  anisotropy  value 
observed  in  the  as-deposited  Y-Co  amorphous  films  (see  Sec. 
II  B). 

To  analyze  the  properties  of  sample  Al,  the  total  energy 
for  a  single  column  can  be  written  as 

E=27tN\iM[“^^  cos^  614- sin*  0 

-f27rp(a»)Af<‘”^  cos^  sin^  6 

sin  e,  (4) 

where  and  are  the  demagnetizing  field  coefficients, 
respectively,  along  the  column’s  long  dimension  (perpen¬ 
dicular  to  the  film  plane)  and  perpendicular  to  it  (parallel  to 
the  film  plane),  and  6  is  the  angle  between  the  magnetization 
direction  and  the  film  normal.  The  two  first  terms  in  Eq.  (4) 
represent  the  particle  self-dipolar  energy,  the  two  next  terms 
represent  the  interparticle  dipolar  energy  (.see  further)  ex¬ 
pressed  in  the  continuous  medium  approximation  [i.c.. 
equivalent  to  the  demagnetizing  field  created  by  a  continuous 
film  of  magnetization  p(‘P)M*.‘'^]  and  the  last  term  is  the 
Zeeman  energy.  From  Eq.  (4),  the  ani.sotropy  may  be  related 
to  the  demagnetizing  field  coefficients  through 

/,^^  =  47r{AJl-/;(‘fi)]-/V||-/7(<l>)}M,.  (5) 

From  Eq.  (5)  and  with  A||+2Afj^-l,  the  values  jV||='0.1  and 
Aj^’*»0.45  are  obtained.  These  values  suggest  that  the  nano¬ 
columns  in  sample  Al  are  not  ideally  elongated.  The  same 
feature  has  been  reported  for  NiZr2  alloys  in  which  discon- 
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FIG.  9.  Calculated  (open  .symbols)  and  cxperiincnlal  (closed  symbols)  val¬ 
ues  of  the  mean  anisotropy  field  as  a  function  o*'  the  ion  beam  llucncc 
(samples  A). 


tinuous  elongated  latent  tracks  were  observed.’  TEM  obser¬ 
vations  are  in  progress  in  order  to  reveal  the  exact  mor¬ 
phology  of  the  tracks  in  our  systems. 

The  anisotropy  was  also  measured  in  samples  A2  and 
A3,  irradiated  at  higher  fluences.  When  the  fluence  is  in¬ 
creased  to  5X10'^  ions/cm’  (sample  A2)  the  magnetization 
curves  are  approximately  identical  whatever  the  direction  of 
the  applied  field  is.  When  the  fluence  is  further  increased  to 
2X  1()‘^  ions/cm^  (sample  A3),  the  easy  magnetization  direc¬ 
tion  lies  in-planc.  From  the  identical  temperature  dependence 
of  the  reduced  magnetization  in  the  three  samples  [Fig.  7(b)], 
one  can  assume  that  the  columns  are  identical  whatever  the 
fluence  is.  The  variation  of  the  anisotropy  field  with  the  ion 
fluence  must  then  originate  from  the  rise  of  interactions  be¬ 
tween  columns.  Exchange  interactions  are  generally  isotropic 
in  nature  and  it  is  thus  legitimate  to  first  order  to  consider 
dipolar  interactions  only.  However,  such  dipolar  interactions 
depend  drastically  on  the  initial  zero-field  magnetic  configu¬ 
ration  which  in  turn  depends  on  exchange  interactions  be¬ 
tween  particles.  For  amorphous  YC02  columns  embedded  in 
a  Pauli  paramagnetic  matrix  of  crystalline  YCo,,  exchange 
interactions  between  columns  may  be  mediated  by  itinerant 
?>d  electrons  of  the  matrix.  The  very  strong  decrease  in  an¬ 
isotropy  observed  with  increasing  ion  fluence  suggests  that 
large  dipolar  interactions  develop  as  the  density  of  tracks  in 
increased.  This  implies  ferromagnetic  coupling  between 
neighboring  columns,  i.e.,  the  formation  of  correlated  re¬ 
gions  with  large  average  magnetization.  This  justifies  the  for¬ 
mulation  used  in  Eq.  (4)  to  express  dipolar  interactions. 

The  anisotropy  field  variation  calculated  for  samples  A 
according  to  Eq.  (5)  is  reported  in  Fig.  9.  It  accounts  for  only 
half  the  total  anisotropy  variation.  This  suggests  that  the  con¬ 
tinuous  medium  approximation  is  not  valid,  especially  at 
large  ion  fluencies.  Statistical  fluctuations  in  the  column’s 
distribution  function,  which  would  locally  increase  the  dipo¬ 
lar  interactions  may  have  to  be  considered  Another  possibil¬ 
ity  is  that  irradiation  in  recrystallized  regions  induces  the 
formation  of  magnetic  columns  whose  shape  anisotropy  is 
not  as  large  as  that  of  columns  formed  during  first  irradia¬ 
tion. 

A  di.scussion  of  the  anisotropic  behavior  in  samples  B 
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leads  to  a  very  similar  conclusion.  It  is  not  included  in  this 
article. 

D.  Coercivlty 

The  low-temperature  value  of  the  coercive  field  reaches 
//^=65()  Oe  in  sample  Al,  that  is  half  th;  value  of  the  mean 
anisotropy  field.  It  is  known  that  for  coherent  rotation  is 
equal  to  //^  .  However,  in  the  case  where  shape  anisotropy  is 
involved,  nonuniform  magnetization  processes,  such  as  curl¬ 
ing,  are,  in  general  expected  to  occur  and  to  reduce  the  co¬ 
ercive  field  to  values  much  lower  than  1/2  //^  .  The  rather 
large  value  of  the  coercive  field  in  the  present  case  can  be 
understood  by  considering  that,  as  a  consequence  of  the 
small  diameter  of  the  magnetic  columns,  curling  cannot  oc¬ 
cur.  A. simple  nonuniform  process  can  be  considered,  consist¬ 
ing  in  a  progressive  reversal  and  rotation  of  the  magnetiza¬ 
tion  about  the  column  axis.  To  the  very  first  approximation, 
the  dipolar  energy  is  reduced  by  a  factor  of  4  with  respect  to 
a  uniform  magnetization  perpendicular  to  the  column  axis 
(coherent  rotation).  The  exchange  energy  is 


where  A  is  the  exchange  constant,  8  the  angle  between  adja¬ 
cent  moments,  and  /  the  length  over  which  rotation  occurs.  / 
is  obtained  by  minimizing  the  exchange  energy  with  re.specl 
to  the  dipolar  energy.  One  obtains 


With  A  -5X10“’  erg/cm‘^'  and  A/*“'--360  emu/cm^  the  do¬ 
main  wall  length  is  /=600  A. 

The  coercive  field  can  be  estimated  from  the  above  by 
expressing  that  for  H  =  the  Zeeman  energy  MH^l  is 
equal  to  the  sum  of  the  dipolar  and  exchange  energies.  This 
yields  W^.=800  Oe,  which  is  in  reasonable  agreement  with 
the  experimental  value.  For  the  samples  A2  and  A3  the  co¬ 
ercive  field  is  reduced  to  300  and  150  Oe,  respectively.  This 
abrupt  decrease  can  be  explained  by  considering  that  magne¬ 
tostatic  interactions  will  produce  an  additional  demagnetiz¬ 
ing  field  expressed  in  the  continuous  medium  approximation 
as  47rp(d>)Af,v .  Comparison  between  the  experimental  and 
the  estimated  values  of  the  coercive  fields  is  shown  in  Fig. 
10.  It  is  somehow  surprising  that  the  variation  of  coercivity 
with  fluence  can  be  correctly  described  by  this  .simple  model 
whereas  the  same  type  of  analysis  does  not  property  account 
for  the  anisotropy  field  variation. 

V.  CONCLUSIONS 

The  original  properties  of  magnetic  nanocolumns  pro¬ 
duced  by  heavy  ion  irradiation  have  been  discussed.  The 
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FIG.  to.  Calculated  (open  symbols)  and  experimental  (closed  symbols)  val¬ 
ues  of  the  coercive  field  as  a  function  of  the  ion  beam  fluence  (samples  A). 

observed  anisotropy  in  these  systems  has  been  attributed  to 
shape  anisotropy.  A  magnetization  reversal  process  has  been 
discassed  in  which  dipolar  interactions  are  not  fully  mini¬ 
mized  because  of  the  very  small  diameter  of  the  magnetic 
columns.  Further  microstructural  analysis  and  new  irradia¬ 
tion  experiments  on  other  intermetallic  compounds  contain¬ 
ing  magnetic  rare-earth  elements  are  needed  to  allow  a  better 
understanding  of  the  underlying  mechanisms  al  the  origin  of 
anisotropy  and  coercivity. 
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Ferromagnetic  wire  and  box  arrays  with  widths  and  spacings  in  the  range  of  2-0. b  /lim  were 
successfully  fabricated  utilizing  high-resolution  electron-beam  lithography  and  lift-off  techniques. 
The  box  arrays  possessed  a  unique  magnetic  switching  mechanism.  As  the  magnetic  field  decreased, 
the  magnetic  coherency  bciween  the  boxes  which  are  in  a  row  first  disappeared.  Domain  wall 
motion  in  each  box  t'ccurred  in  the  next  step.  The  demagnetizing  fields  observed  in  the  wire  arrays 
wifh  short  spacings  were  different  from  those  calculated  by  a  model,  in  winch  the  wires  are  jsolaled 
from  each  other,  Ferromagnetic  resonance  measurement  implied  the  appearance  of  interwire 
dipole-dipole  interaction.  Multilayered  wire  arrays  were  also  prepared  to  study  the  magnetoresistive 
characteri.stics. 


I.  INTRODUCTION 

The  physical  properties  of  materials  with  an  artificial 
supersfructure  have  attracted  much  attention. This  is  be¬ 
cause  the  effects  from  the  periodicity  and  size  are  expected 
to  be  significantly  different  from  those  in  the  bulk  states.  In 
the  past  study,  we  have  shown  that  metallic  superlatticcs  pre¬ 
pared  by  molecular-beam  epitaxy  possess  unique  structural'^ 
and  magnetic'*  characteristics.  An  artificial  periodicity  along 
the  film  normal  plays  an  important  role  in  this  uniqueness. 
Therefore,  two-  or  three-dimensional  composition  modula¬ 
tion  in  materials  should  be  proposed  as  the  next  re.search 
target,  Though  atomic-level  control  is  still  not  possible  in  the 
preparation  of  such  artificial  structures,  fine  patterning  in 
submicron  size  can  be  made  using  various  lithography  tech¬ 
niques.  In  the  field  of  magneti.sm,  microscopic  arrays  of  fer¬ 
romagnetic  particles  are  prepared  to  study  the  basic  prob¬ 
lems,  such  as  demagnetization  proce.ss  and  interparticle 
interaction.^'^’ 

In  the  present  study,  periodic  arrays  of  ferromagnetic 
wires  and  boxes  are  fabricated  as  the  first  step  toward  two-  or 
three-dimensional  modification.  The  magnetic  properties  arc 
discu.ssed  on  the  basis  of  results  obtained  from  hy.steresis 
loops.  Bitter  patterns,  and  ferromagnetic  resonance  (FMR) 
measurements.  As  one  of  the  applications  of  the  artificial 
structure,  magnetoresistive  characteristics  of  multilayered 
wire  arrays  are  also  studied, 

II.  EXPERIMENT 

The  wire  and  box  arrays  were  fabricated  utilizing  high- 
resolution  electron-beam  lithography  and  lift-off  techniques. 
l-/tim-thick  polytmethyl  methacrylate)  resist  films  coated  on 
Si  (lot))  wafers  were  directly  exposed  by  an  electron  beam 
with  acceleration  voltages  between  Z.*)  and  .“'(I  kV.  The  typical 
exposure  area  tequivalent  to  sample  si/ei  was  In  -  Id  irrm 
After  baking  at  47,1  K  under  N.  atmosphere  lor  2ii  mm.  lbe\ 
were  developed  using  methyl  tsobulyl  ketone  Ne\i.  Ni..,,le.,, 
aihrys  Iwt )  whieh  form  simple  sMie  or  box  .iit.iss  win- 
deposited  at  the  room  tempei.rtuie  on  to  .i  lithogiapliii  resist 
mask.  Ion  beam  sputtering  was  used  lor  the  prep.ir.ilioii  nt 


Nixi|Fei|)/Co/C’u  Co  multilayered  wire  arrays.  The  resist  por¬ 
tions  were  finally  removed  with  acetone.  In  order  to  study 
the  effect  of  the  interwire  or  interbox  interiictions.  arrays 
with  various  widths  (vv)  and  spacings  (si  between  D.b  and  2 
pim  were  prepared.  The  artificial  periodic  structures  formed 
were  observed  by  scanning  electron  microscopy  (SliM). 
Other  structural  characterization  was  done  by  x-ray  diffrac¬ 
tion  (XRD)  with  CuKo  radiation.  Magnetic  hystercs's  loops 
were  measured  at  room  temperature  using  a  vibrating  sample 
magnetometer.  Bitter  patterns  were  observed  under  magnetic 
fields  lc,ss  than  55  G.  The  FMR  measurements  were  made 
v/ith  an  electron  spin  resonance  spectrometer  operated  on  the 
X  band  at  300  K.  Magnetoresistance  (MR)  was  measured  at 
room  temperature  in  a  four-terminal  geometry  with  a  direct 
current  (J). 

III.  RESULTS  AND  DISCUSSION 

A.  Structural  characteristics  of  NlgoFejo  arrays 

All  NixiiFci,)  wires  and  boxes  prepared  in  this  study  have 
a  thickness  of  51)  nm.  Figure  1(a)  shows  the  StM  images  of 
the  wire  arrays  with  various  widths  and  spacings.  It  is  found 
that  the  widths  are  equal  to  the  spacings  as  designed.  The 
linearity  and  edge  structure  of  each  wire  are  good  eiunigh  to 
discu.ss  the  physical  properties.  In  the  present  study,  we  con¬ 
firmed  that  the  specimen  with  a  width  and  a  spacing  rrf  O.o 
/zm  possesses  a  sharp  artificial  structure.  Though  the  box 
arrays  also  showed  a  clear  periodic  structure,  the  shape  ot 

each  box  rounded  with  increasing  the  exposure  resolu . as 

shown  in  Fig.  Kb).  The  XRl)  patterns  of  the  NiM,Fe.,,  iirmys 
showed  no  petiks  in  the  miildlc-aiigle  region  The  measure 
mcnl  system  used  possesses  sullicieill  seiisitn.  to  detect 
the  tlillraction  from  the  ari;i\s  Tlierelorc,  the  erv  i.illinuv  ot 
the  Ni.,|,Te.,,  wires  and  boxes  is  concluded  n.  )'■  li>w 

B.  Magnetic  characteristics  of  NigoFeT,,  arrays 

Ttie  b\sieiesis  Imip'.  obl.iined  lot  the  Ni^.,!  e  ,,  !'o\  ,iii,i\ 
with  ,1  width  .iiul  .1  sp, icing  ot  1  /on  aic  shown  in  I  ig  .' 
\k  ben  lb-  m.igiu  tu  held  I  //  I  w  .is  .ipplied  p.ii.dlel  to  .i  side  ot 
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the  square  (see  Ti^.  Ihc  iiiagneti/ation  (A/)  itwieaM.-d 
and/ur  decreased  in  iwo  steps  I'he  sane  Ivhavinr  ssas  atsai 
observed  in  the  A/-//  cur\'es  measured  under  the  eondiiioti 
where  the  magnetic  tield  was  applied  at  an  angle  ot  45  In  a 
side  of  the  square.  These  trhservations  suggest  the  piese  nct 
of  two  kinds  of  magneti/ation  switching  mode  m  the  ls>\ 
arrays.  Figure  .1  shows  the  Hitter  patterns  ol  the  txix  atiay 
with  a  width  and  a  spacing  ot  2  /am.  Under  as  ,inK  a  dim 
pattern  was  observed  in  each  U>x.  indicating  the  incomplete 
saturation.  In  contrast,  under  the  same  Held,  some  |)alletns 
were  linearly  present  t*ctwccit  the  Ixtxes  which  are  m  a  tow 
This  indicates  that  magnetic  coherency  was  induced  m  the 
box  arrays.  As  shown  in  Figs.  .4(al  and  .t(l>i,  the  coherence 
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direction  was  i;i  .k  I'ordance  will)  that  ol  the  .ipplied  held 
lleie.  to;  coheieni  paileins  weie  otrsersed  in  ihe  Isix  atiavs 
Ailh  laige  spaemgs  (  onsequeiilU.  ihe  mleilxix  distance  is 
cx|>eelcd  to  l>e  lesjvuisibie  lot  the  a|>|K‘atance  ol  the  mag- 
iielic  cohcrciwA  AAhcihet  Ihe  ls>xes  mietact  vsith  eacli  other 
ot  whether  Ihcx  aie  isolated  liom  each  olhei  is  a  most  mtei- 
esting  ptoldem  in  ihe  magnetism  ol  the  aitavs  I  lom  this 
|N>mi  of  Slew.  Ihe  alxivc  lesults  aie  im|>oitaiil  With  decteas- 
ing  tieid.  the  |i.ilteins  Ix-iween  Ihe  Nixes  ihsapiteated  and  the 
domain  situctuie  in  each  Nix  iHvam''  elc.n  |sce  I  ig  .Aui|. 
Thcieloic.  the  demagtieti/alion  piiKCss  obsctxed  m  the  Nix 
atiavs  can  he  undeiMood  as  lollows  As  the  litsi  step,  the 
magnetie  eoheiencv  Ivlweeii  the  Nixes  disapfieais  with  de- 
eie.ising  magneln  lield  Ihe  lineal  ehaiige  ol  the  magneli/a- 
lion,  whieh  Is  III  the  seeond  step,  lelleets  the  wall  motion  in 
each  Nix 
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|H'raiuii'  loi  Ihc  nmk'  ittravs  '>Mlh  ii  uKiih  anil  a 

Ill  1  #iin  KL'Ctan^iuiat  limps  lAi-ti;  nliscrMil  ixhcii  Iht 
nwkIKCtic  tlflii  ixas  applied  paiallcl  In  the  slfi|K'\.  The  luster- 
esis  (eatuii-  iiiilicati's  that  the  ina^iieti/atiiin  su  itL'Iiiii^  is  at- 
tiihutahlc  to  oiiK  diiiitaiii  \sall  nintiiiii  The  cuL'ieivi'  held 
iiK'icased  with  iketeasinj!  uiic  width.  lUulcf  the  cnniiitiiin 
where  the  ina^netie  held  was  applied  tuiiiiial  lu  the  stri|Ks. 
the  iiia^neti/atioii  hiieaiK  ehaii^ed  with  increase  and>iir  de¬ 
crease  in  the  inaiinelic  held  I  he  fealute  shows  that  only 
inajineti/'ation  rotation  is  ies(ionsihlc  lor  the  switching  pro¬ 
cess.  liased  on  the  magnetic  data  descrik'd  alnive.  the  sha|H' 
ai'is4>iropy  is  tou'id  to  K'  induced  in  each  wire,  resulting  in  a 
magnetic  easy-a.nis  along  the  stripes.  Here.  ii<'  MR  change 
was  oliscTvcd  w  hen  the  magnetic  held  was  applied  parallel  tn 
(he  stri|x.'s  C'onseipiently.  the  induced  anisotropy  is  con¬ 
cluded  to  Ih.'  extremely  strong.  This  prompted  us  to  prepare 
multilayered  wire  arrays  as  described  in  Sec.  ill  C'.  The  de- 
magncli/ing  tields  (//,yl  in  the  wire  arrays  were  studied  as 
the  tunclion  ot  the  width  and  spacing.  Since  the  total  held 
i//,)  lor  hard-a.\is  saturation  as  noted  in  l-ig.  4(b)  is  the  al¬ 
gebraic  sum  ol  the  anisotropy  held  (//*)  and  the  //,/  /  the  Hj 
value  seas  e.s(XTimenlally  determined  by  using  Eq.  (I) 

Hj  //,  //i.  (!) 

In  the  present  study.  .S  ()e.  which  has  been  obtained  for  u 
Niwil  I'.si  thin  film  with  no  patterns,  was  used  as  the  //*  value. 
In  contrast,  the  H,j  of  the  wire  arrays,  in  which  the  wires  are 
isolated  from  each  other,  can  be  calculated  t-'i'n  the  geom¬ 
etry  and  the  saturation  magneli/alion'' 

//,/  i\t,  11.  (2) 

where  i  is  the  thickness  (.so  nm),  ,Vf.  the  saturation  magne- 
tt/alion  ol  the  Ni«,he.|i  (Id  (MX)  (1).  le  the  wire  width.  As 
shown  m  1  ig  “i.  //,,  ex|xinentialiy  increased  as  the  tv  and  s 
values  dec'eased  Here,  it  is  worth  noting  that  the  difference 
k’lween  the  e\|Krimenlal  and  calculated  data  increases  with 
decicasing  width  .iml  spacing  This  suggests  that  the  wires 
interact  with  '..ich  oihci  However,  the  observation  does  not 
prose  It  Isfcausc-  tsnh  o(  ihc  u  .ind  i  s allies  are  parametri/ed. 
Ibereliire.  .1  I  V1K  nieasur.-nient  was  carried  out  on  the  wire 
aiiass  Ihe  samples  were  m  .1  umloim  rl  tiehl  at  0.224  (ill/ 
III  a  II,.,,  casits  A  si.oii  magnetic  tiehl  was  applieil  |ierpeii- 


II  K.l 

i  Ui  Vi  I  MK  v|H‘ktrA  tit  Nu,|  c kviu  .utaw  .i  >Auilh  aiuI  a  s>;icin^  nt 
1  /iiii  lA)  4m)  ihi  vkc'ic  nu'jknicr'  uiuii'f  (Ik  (.ttiuiilion  lAhcti*  the  statu  tielU 
vs  411  jpplii'd  paiallel  atui  {h  r|H'itiJu uLit.  lesjKu  liv elv .  In  tlie  stn{H's 

diculat  to  the  rt  field.  As  shown  in  I'ig.  fita).  when  the  static 
tield  wiis  applied  parallel  to  Ihe  stri|K's.  uniform  precessional 
mode  was  ('bserved.  On  the  other  hand,  under  llic  condition 
where  the  magnetic  held  was  applied  normal  to  the  stripes 
and  parallel  to  the  array  platte.  multiple  resonanees  were  ob¬ 
served  at  higher  field  than  the  main  resonance.  Such  multiple 
rc.soiiunces  are  similar  to  that  corresponding  to  spin  wave 
escitat’on.'^  However,  the  thickness  of  each  wire  is  smaller 
than  the  wavelength  of  the  spin  wave.  In  addition,  the  mul¬ 
tiple  resonances  observed  in  the  present  study  were  strongly 
dependent  on  the  width  and  spacing  in  the  wire  arrays,  us 
shown  in  Fig,  7.  Therefore,  some  other  mechaniisnt  must  be 
proposed  for  the  wire  arrays.  In  this  context,  we  note  the  role 


It  (U) 

11(1  7  ‘  MR  s|H.‘elr;i  iil  wire  arriiy.s  nieasurcil  under  Ihe  conditiun 

where  llie  ■.telle  held  wae  applied  perpendicular  Ui  the  stripe,.  The  “'idtti  and 
spaeinn  were  lai  1  O.  Ihl  I  and  (e)  2.11  /uin. 
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I'Ui  K  MR  curves  ttf  N(,,)f-e  lo  (i  oin)  (  u  in  (>  run)  (  u  i2  A  mitl  (  o  i4  o 
nm)  muitil^iycicd  wire  .trrav  uil.  I^i  ;inii  tilin  (c).  Oil  (al.  (c)  and  (hi.  (di 
were  rmasufcd  under  (he  cnndiliun  where  (he  iiui^ru'tic  held  was  applied 
parallel  and  |Ki)N.'iulieu(af,  ics(X'etiset\.  hi  (he  eass  a\is 


of  dip()lc-di[K>l(;  iiitcractioiiN  in  the  stripes.  This  is  beeiuise 
the  dipolar  eoupling  is  effective  over  a  long  range.  In  the 
pioneering  work  by  Nakatani.  it  has  been  suggested  that 
magnetic  dipolar  standing  waves  are  excited  in  the  wire 
arrays."’ 

C.  !liiagn»tor«tistlv«  charactaristics  of 
NltoFajo^Co/Cu/Co  multilayarad  arrays 

Various  nniltiliiyercd  materials  containing  ‘spin  valves" 
display  a  large  negative  MR  change  when  the  moments  of 
adjacent  ferromagnetic  layers  arc  turned  from  anliparullel  to 
parallel.”"'^  However,  the  magnetic  moment  is  expected  to 
form  an  angle  of  several  degrees  with  another  one  in  the 
plane.  Therefore,  we  note  the  strong  anisotropy  induced  in 
the  wire  structure  as  shown  in  Fig.  4.  The  shape  anisotropy 
makes  the  magnetic  aittipurallcl  and  parallel  alignments  in 
the  multilayers  complete.  Figures  H(a)-8(d)  show  the  MR 
curves  of  the  Nis(,Fe2o  (6.0  ntTt)/Co(().b  ttm)/Cu(2.3  nm)/ 
Co(4.0  nm)  multilayered  wire  array  and  film.  Here,  the  mul¬ 
tilayered  him  sample  w  is  coprepared  with  the  wire  array. 
When  the  magnetic  field  was  applied  along  the  easy  axis,  the 
difference  in  the  shape  of  the  MR  curves  between  the  array 
and  the  film  was  distinct  [see  Figs,  8(a)  and  8(c)].  Since  the 
film  sample  possesses  a  normal  MR  change  associated  with 
the  different  coercive  fields,  the  uniqueness  is  probably  due 
to  the  wire  structure.  On  the  other  hand,  under  the  condition 


where  the  magnetic  field  was  applied  normal  to  the  easy  axis, 
the  MR  change  in  the  wire  array  was  likely  steeper  than  that 
in  the  film,  as  shown  in  Figs.  8(b)  and  8(d).  The  relation 
between  the  MR  change  and  the  demagnetization  process  of 
these  samples  is  currently  under  investigation. 

tv.  SUMMARY 

Wire  and  box  arrays  of  Nixiil'e,,,  with  widths  ind  spac- 
iiigs  in  the  range  of  2-0. b  ;uni  were  successfully  fabricated 
utilizing  liigh-resolulion  electron-beam  lithography  and  lift¬ 
off  lectiniques.  Hitier  patterns  of  tlie  box  arrays  indicated  that 
magnetic  coherency  is  induced  between  the  boxes  which  are 
in  a  row  under  the  magnetic  field.  Two  kinds  of  magnetiza¬ 
tion  switching  modes  were  present  in  the  box  arrays.  The 
demagnetizing  fields  of  the  wire  arrays  with  short  spacings 
were  larger  than  those  calculated  by  a  model,  in  which  the 
wires  are  isolated  from  each  otiicr.  'I'lie  multiple  resonances 
observed  in  tile  wire  arrays  implied  the  tippearance  of  inter¬ 
wire  dqu'le-dipole  interaetion.  I'he  magnetoresistive  eharac- 
tcristics  of  the  Nix,|Fe  .,,'('o/('u'(  o  multilayered  wire  array 
were  preliminarily  stmlied. 
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Ferromagnetic  filaments  fabrication  in  porous  Si  matrix  (invited) 

Sergey  A.  Gusev,  Natalia  A.  Korotkova,  Dmitry  B.  Rozenstein,®'  and  Andrey  A.  Fraerman 

Institute  for  Physics  of  Microstructures,  Russian  Academy  of  Sciences,  46  Ul'janova  St., 

603600  Nizhny  Novgorod,  Russia 

We  have  fabricated  Ni  filaments  by  nickel  precipitation  into  a  porous  silicon  matrix,  making  Ni 
filaments  of  about  200  A  in  diameter  and  30  (zm  in  length  separated  by  ~500  A  silicon  walls.  This 
composite  material  demonstrates  strong  magnetic  anisotropy  perpendicular  to  the  surface  due  to 
shape  anisotropy  of  the  Ni  filaments. 


I.  INTRODUCTION 

When  a  silicon  wafer  is  electrochemically  etched  by  an¬ 
odization  in  hydrofluoric  acid  solutions  a  porous  silicon  (PS) 
layer  is  formed.  Choosing  appropriate  etching  conditions 
(electrolyte  composition  and  current  densities)  which  is  spe¬ 
cific  for  each  silicon  type,  one  can  gel  a  PS  structure  with 
cylindrical  microporcs  oriented  perpendicular  to  the  surface. 
The  remarkable  properties  of  PS  that  art  pertinent  here  arc 
that  its  pores  are  very  uniform  in  diameter  and  length,  that 
the  pores  are  parallel  and  the  pore  density,  pore  length  and 
diameter  can  be  controlled  rather  easily  by  varying  electro¬ 
chemical  parameters  and  silicon  doping.'.  Typical  pore  diam¬ 
eters  which  could  be  obtained  are  in  the  range  of  lO-KMK)  A 
and  pore  length  is  practically  unlimited  and  controlled  only 
by  etching  time.  We  used  PS  as  a  matrix  to  form  ferromag¬ 
netic  filaments  by  clectrodepositing  nickel  into  the  pores. 
Starting  the  research  we  assumed  this  material  to  have  a 
large  perpendicular  anisotropy  due  to  shape  anisotropy  of 
ferromagnetic  filaments.  Some  properties  of  small  aniso¬ 
tropic  magnetic  particles  in  nonmagnetic  matrix  have  been 
previously  reported  for  Fe  needles  into  AliO,  matrix"'  and 
for  Co  rods  in  the  .same  mt'trix.'*'  In  the  present  article  we 
report  on  our  experiments  on  the  Ni  filaments  in  porous  Si 
matrix. 


II.  EXPERIMENT  AND  RESULTS 

A.  Anodization 

We  have  anodized  a  /'-type  Sb-doped  0.01  i\  cm  silicon 
substrate  in  the  HFtethanol  (1:1)  solution  at  18-20'’  C  with  a 
dc  current  (IvX)  mA/cm^)  for  .‘5  min,  getting  the  PS  layer  of 
30  yum  thickness.  A  JEM  2(XK)  EXII  electronic  microscope 
was  used  to  study  PS  structure.  Scanning  electron  micros¬ 
copy  (SEM)  observations  of  the  sample  split  (Fig.  I)  re¬ 
vealed  that  the  pore  diameter  and  the  average  separation  be¬ 
tween  pores  arc  ~2()()  and  '-.500  A,  respectively. 


B.  Nickel  precipitation 

After  PS  formation,  nickel  was  clectrodepositcd  into  the 
pores  using  ac  electrolysis  in  an  electrolyte  of  the  following 
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composition:  NiCL-fiHiO  185g// ;  boric  acid  4.5  g// ;  //H 
='3.0.  Nickel  precipitation  was  carried  out  at  1-3  V,  50  Hz, 
and  18-20“  C  with  nickel  counterelectrode.  The  nickel  con¬ 
centration  profile  were  studied  by  x-ray  microanalysis  with  a 
LINK  analyzer  mounted  on  the  electronic  microscope,  .scan¬ 
ning  along  the  sample  split  in  the  pore  direction  by  the  elec¬ 
tronic  spot.  The  Si  Kn  and  Ni  Ka  lines  intensity  distribution 
(corresponding  with  the  elements  concentration  profiles) 
along  the  sample  depth  arc  presented  in  Fig.  2. 


C.  Magnetic  properties 

To  investigate  magnetic  properties  of  the  obtained  me¬ 
dium  a  ferromagnetic  .resonnnee  (FMR)  study  of  sampies 
was  carried  out  with  electron  paramagnetic  resonance  (F.PR) 
spectrometer  PS1(K)X  at  rf  ‘i.4.S  GHz  in  the  Magnetic  fields 
up  to  7  kOe.  The  atigular  anisotropy  along  the  nickel  fila¬ 
ments  with  the  value  in  the  range  .3(K)-2()(H)  Oe  depending 
on  the  sample  structure.  A  representative  angular  dependence 
corresponding  to  800  Oe  uniaxial  anisotropy  is  shown  in 
Fig.  .3. 

The  hysteresis  curves  for  this  sample  were  measured  by 
vibrating  sample  magnetometer  (VSM)  and  are  presciteil  in 


-Tfi  3  1^^  '  mm 

?1'I0»41'  200KU  l-00n(a 


l•'Ki.  1.  .Sr.M  iriiiigt  1)1'  ihc  |)<)ri)us  silkDii  sample  split  iilnng  tUe  pores. 
Sub.sirale;  H-lype  Si  0.1)1  11  cn);  elccIrnlyU':  lll'':elliiiiiiil  ll:l);  elcliiiit)  cut- 
rml;  KM)  iiiA/ein’.  Average  [rore  ilianietei.  length  2IM)  A,  .VI  ^m. 
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FIG,  2.  The  Si  Ka  and  Ni  lines  intensity  distribution  (corresponding 
with  cic'.ncnts  concentration  profiles)  of  metallized  porous  layer  determined 
by  x-ray  microanalysis. 


Fig.  4.  The  difference  between  the  perpendicular  and  in¬ 
plane  loops  confirms  the  presence  of  perpendicular  magnetic 
anisotropy. 


III.  CONCLUSION 

Th\-  carried  out  magnetic  measurements  shows  the  per¬ 
pendicular  anisotropy  material  fabrication.  Our  investigation 
of  this  medium  structure  revealed  that  this  material  repre¬ 
sents  a  set  of  nickel  filaments  with  diameters  <2(K)  A  and 
length  ~30  fj.m  separated  by  5(X)  A  silicon  walls.  It  is 
known,  that  in  a  ferromagnetic  cylinder  with  radius  less  than 
the  exchange  length  magnetization  is  uniform  along  the 
radius.'*’  The  calculated  exchange  length  for  nickel  is  about 
3(K)  A.  So  one  can  expect  quasi-one-dimensional  magnetic 
properties  for  the  obtained  Ni  filaments  with  smaller  diam¬ 
eters  ~2()0  A). 


FIG.  .1.  FMR  resunant  field  angular  dependence.  I7.etn  angle  corre^pllnds 
with  in-plane  external  magnetic  field.)  C'nrresponding  perpendicular  anistii- 
ropy  -800  Oe. 
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FIG.  4.  Perpendicular  la)  and  in-plane  Ibl  Irysleresis  harps  measured  hy 
VSM  for  a  Ni-tilled  pirrirus  Si  sample 
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Single-domain  magnetic  pillar  array  of  35  nm  diameter  and  65  Gbits/in.^ 
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Using  electron  beam  nanolithography  and  electroplating,  arrays  of  Ni  pillars  on  silicon  that  have  a 
uniform  diameter  of  35  nm,  a  height  of  120  nm,  and  a  period  of  101)  nm  were  fabricated.  The  density 
of  the  pillar  arrays  is  65  Gbits/in.’ — over  two  orders  of  magnitude  greater  than  the  state-of-the-art 
magnetic  storage  density.  Because  of  their  nanoscalc  size,  shape  anisotropy,  and  separation  from 
each  other,  each  Ni  pillar  is  single  domain  with  only  two  quantized  perpendicular  magnetization 
states;  up  and  down.  Each  pillar  can  be  used  to  store  one  bit  of  information,  therefore  such 
nanomagnetic  pillar  array  storage  offers  a  rather  different  paradigm  than  the  conventional  storage 
method.  A  quantum  magnetic  disk  scheme  that  is  based  on  uniformly  embedding  single-domain 
magnetic  structures  in  a  nonmagnetic  disk  is  proposed. 


I.  INTRODUCTION 

Perpendicular  magnetic  recording  media  have  been  con¬ 
sidered  by  many  as  the  media  that  will  offer  the  largest  stor¬ 
age  density.  Previously,  several  perpendicular  recording  me¬ 
dia  were  developed  and  investigated.  These  include  C’o-C’r 
thin  films  with  vertical  grains,'  ’  barium  ferrite  powder  with 
a  perpendicular  c  axis,'  and  vertical  ferromagnetic  pillars 
plated  through  porous  Al  films'  or  plastics  films  with  nuclear 
radiated  tracks.^  In  all  these  media,  the  diameter  of  magnetic 
grains  and  the  magnelizalion  direction  have  a  brotid  continu¬ 
ous  distribution;  (he  spacing  between  the  grains  varies  and  is 
uncontrrrllable:  and  each  bit  of  informiition  is  stored  over  al 
least  several  magnetic  grains. 

Itt  order  to  explore  the  ultimati'  size  ol  a  tnagtietic  bit 
and  the  ulliinale  spacing  hctwecti  iieighhoting  magnciic  bits 
(therefore  storage  density),  to  itnprove  understanding  of  the 
fundamcntul  magnetics,  titid  to  develop  tiew  tnagnctic  de¬ 
vices  of  high  speed  atid  high  density,  we  Imvc  fabricated 
ultrahigh  density  arrays  of  single-domain  nickel  pillars  using 
electron  beam  tmnolithography  atid  electroplating.  The 
unique  advantage  of  ttatuilithogriiphy  is  that  the  dimension  of 
each  pillar  as  well  as  the  spacing  bciwceti  the  pillars  cat)  be 
well  controlled  tmd  uniform.  Due  to  small  size  ;md  shape 
anisotropy,  etich  pillar  is  a  single  ilonmin  with  magneli/ation 
perpendiculiir  to  the  substriite.  Moreover,  etich  magnetic  pil¬ 
lar  can  be  used  to  store  one  bit  of  inlorinalion  In  this  tirlicle 
we  will  discuss  the  fabrication  process,  mtignelic  force  mi¬ 
croscope  (MEM)  measurements,  and  the  possibilities  of  ;i 
novel  new  recording  paradigm  offered  by  these  pilltirs. 

)l.  FABRICATION  OF  MAGNETIC  PILLAR  ARRAYS 

A  schematic  of  our  fabrication  process  is  shown  in  l-'ig. 
1.  A  thin  gold  plating  btise  was  ele|)osiied  on  a  silicon  sub¬ 
strate.  A  high  resolution  electron  beam  resist,  polymethyl 
methacrylate  (I’MMA),  was  then  spun  onto  the  substrate. 
Depending  upon  the  desired  jiillar  height,  the  thickness  ol 
the  EMMA  is  typically  I.IO  nm;  however.  72(1  nm  tliick 
EMMA  was  also  used  in  some  cases.  Dot  arrays  with  diam¬ 
eters  from  3.‘s  to  40  nm  tmd  spacings  from  .‘'0  to  lOlK)  nm 
were  exposed  in  the  EMMA  using  a  high  resolution  electron 
bean)  lithography  system  with  ti  beam  diameter  of  4  nm,  Elie 
exposed  EMMA  was  then  developed  in  a  cellosolve  and 
methanol  solution  creating  a  template  lor  the  electroplating 


process.  The  sample  was  immersed  in  a  nickel  sulfamate 
type  plating  bath  and  nickel  was  electroplated  into  the  tem¬ 
plate  openings  until  the  nickel  thickness  was  near  the  tem¬ 
plate  thickness.  The  plating  rate,  which  is  a  function  of  plat¬ 
ing  current,  temphite  diameter,  and  template  thickness,  was 
well  calibrated  and  was  lixed  at  45  nm/min  for  our  work. 
After  electroplating,  the  EMMA  template  was  removed. 

After  fabrication,  the  pillars  were  examined  using  a 
scanning  electron  microscope  (.SEM)  to  verily  the  pillar  di¬ 
mensions.  The  resulting  nickel  pillars  are  uniform  and  have 
desired  shtipe  tiiiisotropy.  Figure  2  shows  a  SEM  micrograph 
of  a  pillar  tirray  having  a  diameter  of  .35  nm.  a  lieight  of  120 
nm.  and  therefore  an  ;ispect  ratio  of  .3.4.  The  pillar  array  has 
a  period  of  101)  nm.  and  thus  has  a  magnetic  storage  density 
of  ()5  (ibit.s/in.‘  which  is  two  orders  of  magnitude  higher  than 
the  state-of-tiie-art  storage.  The  pillars  have  a  cylindrical 
shape  with  very  smooth  sidewalls. 

I  i.iiH'UDU  Bconi  l.iliio^riiphy 
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I'lO.  2,  SEM  image  of  Ni  pillar  array  of  35  nm  diameter,  12(1  nm  height, 
and  a  1(X)  nm  spacing,  The  density  is  65  Ghils/in.’  and  the  aspect  ratio  is 
3,4. 


Figure  3  shows  a  SEM  luicrograph  of  a  second  sample 
that  was  fabricated  using  72t)  nm  thick  PMMA  to  obtain 
taller  nickel  pillars.  These  pillars  have  an  average  diameter 
of  75  nm,  a  height  of  700  nm  (therefore  an  aspect  ratio  of 
*^.3),  and  a  period  of  ItiO  nm.  Coinpared  with  the  pillars  in 
Fig,  2,  these  mil  pillars  have  a  cone  shaped  sidewall  with  an 
angle  of  l.(i°  from  vertical.  Such  cone  shape  results  from  the 
fact  that  during  the  plating,  the  Ni  pillars  conformed  with  the 
PMMA  template  that  has  a  cone  shape  due  to  significant 
electron  scattering  in  the  thicker  PMMA  during  the  lithogra¬ 
phy. 


I'lCi.  3.  SEM  image  of  Ni  pillar  array  of  average  75  am  diameter.  7(XI  ntii 
heighi,  and  a  KKl  am  spacing.  Ihe  densiry  is  {i5  (ihiis/iii.'  and  (tie  aspecl 
ratio  is  U.3. 


III.  THEORETICAL  ANALYSIS 

We  discuss  the  theoretical  analysis  of  the  nickel  pillar 
arrays  here  and  the  characterization  in  the  next  section.  First, 
theoretical  calculation  indicates  that  each  nickel  pillar  should 
be  single  domain.  Using  Aharoni’s  formulas,  the  diameter  for 
a  prolate  nickel  spheroid  with  an  aspect  ratio  of  3.4  to  be 
single  domain  should  be  52  nm  or  smaller.*'  In  our  case,  the 
pillar  diameter  is  35  nm  and  therefore  should  be  single  do¬ 
main. 

Second,  if  each  pillar  is  used  to  store  one  bit  of  informa¬ 
tion,  such  nanoscale  pillar  array  storage  has  a  rather  different 
paradigm  than  the  conventional  storage.  In  conventional  stor¬ 
age,  each  bit  of  information  is  stored  over  a  number  of  mag¬ 
netic  grains  which  have  a  broad  distribution  in  grain  size, 
spacing,  and  magnetization  direction.  These  distributions 
will  result  in  the  variation  of  the  total  magnetization  of  each 
bit  stored  and  give  rise  to  noise  in  reading.  In  the  single- 
domain  pillar  array  on  the  otht  r  hand,  each  bit  is  stored  in  a 
pillar  which  has  only  two  quantized  magnetization  values:  up 
or  down  in  direction  but  equal  in  magnitude.  Therefore, 
noise  for  each  bit  should  be  small.  Certainly  development  of 
fabrication  proces.ses  for  these  nanomagnetic  pillar  arrays  is 
just  the  first  step  towards  realization  of  this  paradigm;  meth¬ 
ods  for  writing  and  reading  information  in  such  a  media  still 
need  to  be  developed. 


IV,  CHARACTERIZATION 

We  have  attempted  to  use  u  high  resolution  magnetic 
force  microscope  (MFM)  operating  at  300  inTorr  to  examine 
lhc.se  ultra-high  density  pillar  arrays,  hut  were  unsuccessful. 
The  primary  reason  is  that  since  the  topology  image  and 
magnetic  image  are  intertwined  in  MFM,  the  aspect  ratio  of 
our  nanomagnetic  pillars  is  so  large  that  the  topology  image 
completely  masks  the  magnetic  image.  Despite  the  difficulty 
in  characterizing  these  nanomagnetic  pillars.  MFM  measure¬ 
ments  showed  that  horizontal  nanomagnetic  bars  of  35  nm 
thickness  and  nanoscale  widths  are  single  domain,  support¬ 
ing  our  theoretical  estimation  that  the  nanomagnetic  pillars 
should  be  single  domain  as  well.’ 

Two  other  po.ssible  methods  may  be  able  to  characterize 
the  nanoscalc  magnetic  pillars:  scanning  electron  microscopy 
with  polarization  analysis  (SEMPA)  and  magnetooptical 
Kerr  effect  microscopy  (MOKE).  Currently,  we  are  pursuing 
these  two  studies.  SEMPA  analysis  Ibrms  imagcis  by  scan¬ 
ning  a  focused  electron  beam  across  a  sample  and  detecting 
the  spin  polarization  of  secondary  electrons.  The  magnitude 
and  direction  of  the  secondary  electron's  spin  polarization  is 
directly  proportional  to  the  magnitude  and  direction  (4  the 
magnetization  of  the  sample  being  scanned.  MOKE  analysis 
measures  the  magnetization  of  the  pillars  versus  the  mag¬ 
netic  field  by  detecting  the  rotation  of  pr.lari/atior.  state  of 
light  reflected  from  a  ferromagnetic  sample.  We  have  built  .i 
detection  .system  that  can  detect  a  signal-to-noise  ratio  near 
lit  *'  and  are  building  a  special  (rrube  station  that  will  enable 
us  to  focus  the  laser  beam  to  a  diameter  of  3-4  /.m  and 
position  the  beam  to  a  specific  location  of  the  sample  within 
2  yum  accuracy. 
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FIG.  4.  Schematic  of  a  quantum  magnetic  di.sk  which  consists  of  prepat- 
tcincd  single-domain  magnetic  structures  embedded  in  a  nonmagnetic  disk. 

V.  QUANTUM  MAGNETIC  DISK 

Based  on  these  artificially  patterned  single-domain  mag¬ 
netic  structures,  we  propose  a  new  paradigm  for  ultra-high 
density  magnetic  disk:  Quantum  Magnetic  Disk.**  As  shown 
in  Fig.  4,  a  quantum  magnetic  disk  consists  of  prepatterned 
single-domain  magnetic  structures  embedded  in  a  nonmag¬ 
netic  disk.  Each  bit  in  the  quantum  magnetic  disk  is  repre¬ 
sented  by  a  prefabricated  single  domain  magnetic  structure 
that  has  a  uniform  and  well-defined  shape,  a  prespecified 
location,  and  most  importantly,  a  quantified  magnetization 
that  has  only  two  states:  the  same  in  value  and  opposite  in 
direction.  In  other  words,  the  shape,  magnetization,  and  lo¬ 
cation  for  each  bit  in  a  quantum  magnetic  disk  are  all  quan¬ 
tized  and  predefined  during  the  disk  manufacturing.  On  the 
contrary,  in  a  conventional  magnetic  disk  where  a  bit  is  not 
defined  at  disk  fabrication,  the  shape  and  magnetization  of 
each  bit  have  a  broad  distribution  and  the  location  of  a  bit 
can  be  anywhere  on  the  disk.  The  quantum  magnetic  disk 
also  differs  from  discrete  track  disk'^'"'  and  discrete  segment 
disk"''^  where  the  magnetization  (both  value  and  direction) 
of  each  bit  can  have  a  continuous  and  broad  distribution. 

The  advantages  of  quantum  magnetic  disks  over  the  con¬ 
ventional  disks  are  apparent.  First,  the  writing  process  in  the 
quantum  disk  is  greatly  simplified,  resulting  in  much  lower 
noise  and  lower  error  rate  and  allowing  much  higher  density. 
In  the  quantum  disk,  the  writing  process  does  not  define  the 
location,  shape,  and  magnetization  value  of  a  bit,  but  just 
.simply  flips  the  quantized  magnetization  orientation  of  a  pre¬ 
patterned  single-domain  magnetic  structure.  The  writing  can 
be  perfect,  even  though  the  head  slightly  deviates  from  the 
intended  bit  location  and  partially  overlaps  with  other  bits,  as 
long  as  the  head  flips  only  the  magnetization  of  the  intended 
bit.  But  in  the  conventional  magnetic  disk,  the  writing  pro¬ 
cess  must  define  the  location,  shape,  and  magnetization  of  a 
bit.  If  the  head  deviates  from  the  intended  location,  the  head 
v/ill  write  part  of  the  intend  bit  and  part  of  the  neighboring 
bits. 


Second,  the  quantum  disk  can  track  every  bit  individu¬ 
ally,  but  the  conventional  disk  cannot  track  all  of  its  bits. 
This  is  because  that  in  quantum  disk  each  bit  is  separated 
from  others  by  nonmagnetic  material,  but  in  the  conventional 
disk  many  bits  are  connected.  The  individual-bit-tracking 
ability  allows  precise  positioning,  lower  error  rate,  and  there¬ 
fore  ultrahigh  density  storage. 

Finally,  reading  in  the  quantum  disk  is  much  less  jitter 
than  that  in  the  conventional  disk.  The  reason  is  that  in  the 
conventional  disk  the  boundary  between  bits  is  ragged  and 
not  well  defined,  but  in  the  quantum  disk  each  bit  is  defined 
with  nanometer  precision  (can  be  less  than  the  grain  size) 
and  is  well  separated  from  each  other. 

VI.  SUMMARY 

Using  electron  beam  nanolithography  and  electroplating, 
arrays  of  Ni  pillars  on  silicon  that  have  a  uniform  diameter  of 
35  nm,  a  height  of  120  nm,  and  a  period  of  100  nm  were 
fabricated.  The  density  of  the  pillar  arrays  is  65 
Gbits/in. ^ — over  two  orders  of  magnitude  greater  than  the 
state-of-the-art  magnetic  storage  density.  Because  of  their 
nanoscale  size,  shape  anisotropy,  and  separation  from  each 
other,  each  Ni  pillar  is  single  domain  with  only  two  quan¬ 
tized  perpendicular  magnetization  states:  up  and  down.  Each 
pillar  can  be  used  to  store  one  bit;  such  nanoscale  pillar  array 
storage  offers  a  rather  different  paradigm  than  the  conven¬ 
tional  storage  method.  Certainly  development  of  fabrication 
processes  for  such  magnetic  recording  media  is  just  the  first 
step  towards  realization  of  this  paradigm;  methods  for  writ¬ 
ing  and  reading  information  with  such  a  media  still  need  to 
be  developed.  MFM  characterization  of  these  pillars  is  un¬ 
successful  at  the  moment  due  to  large  aspect  ratio.  Charac¬ 
terization  using  SEMPA  and  MOKE  is  in  progress.  Finally, 
based  on  the  artificially  patterned  single-domain  magnetic 
structures,  a  new  paradigm  for  ultrahigh  density  magnetic 
recording  media — the  quantum  magnetic  disk  is  proposed. 
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Magnetic  properties  of  nanostructured  thin  films  of  transition  metal 
obtained  by  low  energy  cluster  beam  deposition 
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Clusters  of  iron,  cobalt,  and  nickel  are  produced  in  a  laser  vaporization  source.  The  size  distributions 
of  the  incident  clusters  are  checked  by  tinic-of-flight  mass  spectrometry  before  deposition  at  low 
energy.  Studying  the  near  threshold  photoionizat'on.  Co,,  and  Ni„  clusters  exhibit  an  icosahedral 
structure  while  for  iron,  no  clear  structure  emerges.  Neutral  clusters  were  deposited  on  different 
substrates  at  room  temperature  with  thicknc.sses  up  to  100  nm  in  view  to  determine  their  structure 
and  magnetic  properties.  A  limited  oalescence  of  the  clusters  is  observed  from  high-resolution 
transmission  electron  microscopy.  No  icosahedron  has  been  observed  but  cuboctahedron  and 
interface  twins  between  adjacent  particles  have  been  clearly  identified  in  Ni  films.  Grazing  incidence 
x-ray  diffraction  experiments  reveal  a  classical  phase  with  grain  size  around  b  and  4  nm  for  Fe  and 
Ni  films,  respectively  but  an  anomalous  fee  phase  for  Co  films  and  a  very  low  grain  size  of  2  nm. 

The  density  of  films  determined  by  x-ray  reflectivity  was  estimated  to  repre.sent  only  M)7e~(t^7r  of 
the  bulk  density,  Magnetic  behaviors  studied  by  ferromagnetic  re.sonance  and  SQUID  magnetization 
measurements  have  been  interpreted  using  the  correlated  spin  glass  model.  Mbssbaiier  spectra 
performed  on  Fe  films  at  zero  field  reveaitd  the  presence  of  20%  of  iron  in  the  form  of  thin 
nonmagnetic  oxide  skin  surrounding  Fe  grains  which  allow  to  find  2.2  /iB  per  magnetic  iron  atom 
in  agreement  with  macro.scopic  magnetic  measurements.  Nevertheless  we  found  an  anomalous 
reduced  atomic  moment  for  Ni  film. 


INTRODUCTION 

Recently,  magnetic  properties  such  as  exchange  coupling 
or  giant  magnetoresistance  mainly  observed  in  metallic  mul¬ 
tilayers  have  been  detected  in  other  nanostructured  systems. 
For  example,  Berkowitz  et  al.'  and  Xiao  ct  al.'  observed  gi¬ 
ant  magnetoresistances  in  ultrafine  Co-rich  precipitate  par¬ 
ticles  in  a  Cu-rich  matrix.  These  samples  were  prepared  by 
coevaporation  taking  advantage  of  the  low  solubility  of  Cu  in 
Co.  However,  though  this  technique  is  limited  to  nonmiscible 
components,  the  adjustable  cluster  diameter  is  a  new  param¬ 
eter  in  addition  to  the  distance  between  particles  as  in  thin 
film  layers.  Thus,  studies  on  clusters  and  cluster  assembled 
materials  are  of  increasing  interest. 

The  laser  vaporization  source  of  the  laboratory’  allows 
the  obtention  of  an  intense  cluster  beam  of  any  size  distribu¬ 
tion  (from  few  to  a  thousand  atoms  per  cluster)  and  the  syn¬ 
thesis  of  cluster  assembled  materials,  even  of  the  most  re¬ 
fractory  and  of  the  most  complex  ones.  The  cluster  size 
distribution  ir>  checked  by  tinic-of-llight  mass  spectrometry 
before  deposition.  Our  source  producing  cold  clusters  with 
low  kinetic  energy,  incident  dusters  do  not  fragment  on  the 
substrate  and  may  conserve  their  intrinsic  structures.  Thus 
we  succeeded  in  the  stabilization  of  very  small  size 
fullerenes  (€20-012),  never  previously  observed  experimen¬ 
tally,  We  clearly  evidenced  that  deposited  carbon  clusters 
presented  the  in  flight-clusters  fingerprint.’ 


Our  challenge  in  depositing  transition  metal  clusters  is  to 
synthesize  new  phases  where  the  anomalous  crystallographic 
structures  of  free  clusters  would  be  kept  and  to  study  the 
specific  magnetic  behavior  of  these  weakly  correlated  ettti- 
ties  on  a  substrate.  Once  more,  we  show  that  our  technique 
leads  to  a  random  eonrpaet  cluster  stacking  (RCCS),’  Thus 
magnetic  results  could  be  interpreted  by  random  anisotropy 
model  with  a  .scale  law  and  in  terms  of  localization  of  spin 
waves. 


EXPERIMENT 

Our  cluster  source  is  based  on  the  technique  of  la.ser 
vaporization.’  ■'  Roughly,  a  plasma  is  created  in  a  vacuum 
cavity  by  Nd-YAG  laser  light.  .Synchrmtized  with  the  laser,  a 
high  pressure  (5  bars)  helium  pulse,  injected  in  the  cavity  by 
a  nozzle,  thermalizes  the  plasma  and  cluster  growth  occurs. 
The  nascent  clusters  are  then  rapidly  quenched  during  the 
following  isentropic  expansion  into  vacuum  (10  ’’  I'orr). 

Cluster  size  distributions  are  analyzed  in  a  time-of-flight 
mass  spectrometer.  Studying  the  near  threshold  photoioniza¬ 
tion  (performed  with  a  Irequency-doubled  tunable  dye  laser 
pumped  by  a  XeC'l  excimer  laser),  mass  spectra  of  C'o„  and 
Ni„  clusters  exhibit  oscillations  and  a  series  of  magic  num¬ 
bers  (/I  “  1 3,55, 147,300,,S()  1 ,.. . )  corresponding  to  an 
icosahedral  or  cuboctahedral  atomic  shell  structure  in  the  ob¬ 
tained  ma.ss  range  (5()-b()()  atoms  per  cluster).  A  finer  analy- 
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sis  allows  us  to  conclude  for  the  icosahedral  structure.^  For 
iron  clusters,  the  results  are  not  so  simple,  indicating  a  com¬ 
petition  between  different  regimes/’ 

Then,  free  neutral  clusters  are  deposited  with  a  kinetic 
energy  in  the  10-20  eV  range  on  different  substrates  at  room 
temperature  with  thicknesses  up  to  100  nm  in  view  to  deter¬ 
mine  their  structure  and  magnetic  properties. 

SAMPLE  CHARACTERIZATION 

The  typical  size  of  supported  clusters  obtained  from 
high-resolution  transmission  electron  microscopy  (HRTEM) 
was  about  2-6  nm  for  an  initial  size  distribution  centered 
around  150  atoms  for  Fe  and  300  atoms  for  Co  and  Ni  clus¬ 
ters,  respectively.  No  icosahedron  was  observed  but  cuboc- 
tahedra  and  interface  twins  between  adjacent  particles  was 
clearly  identified  in  Ni  films.  Quasispherical  grain  morphol¬ 
ogy  existed  in  Fe  film  which  could  correspond  to  a  bcc 
rhombic  dodecahedron  [110]  according  to  the  Wulff’s 
theorem.^  Grazing  incidence  x-ray  diffraction  (GIXD)  ex¬ 
periments  exhibit  a  classical  bcc  phase  for  Fe  films  but  a  fee 
phase  for  both  Co  and  Ni  with  a  grain  size  extracted  from  the 
peak  width  of  about  6,  4,  and  1 .5  nm,  respectively,  in  agree¬ 
ment  with  electronic  diffractions  and  TEM  observations.  The 
classical  structure  of  cobalt  being  hep,  the  fee  phase  ob¬ 
served  in  Co  films  might  be  related  to  the  icosahedral  struc¬ 
ture  of  the  incident  cluster  beam.  In  fact,  the  icosahedron  is 
expected  to  be  the  precursor  of  the  fee  crystal.  The  small 
grain  size  and  the  reminiscence  of  a  free  cluster  structure 
confirm  the  limited  coalescence  process  due  to  a  weak  diffu¬ 
sion  of  metallic  clusters  on  the  substrate  even  at  room  tem¬ 
perature. 

Rutherford  backscattering  spectroscopy  showed  that 
these  porous  films  are  composed  of  20%-30%  of  oxygen  for 
70%-80%  of  metals.  The  density  of  the  films,  determined  by 
x-ray  .scattering  at  very  low  angle  in  6129  mode  and  from 
rocking  curve  around  the  critical  angle  of  the  total  reflectiv¬ 
ity,  was  estimated  to  represent  only  6()%-65%  of  the  bulk 
density.** 

MAGNETIC  PROPERTIES 

Mossbauer  spectra  performed  at  room  temperature  on  Fe 
films  without  magnetic  field  revealed  the  presence  of  the 
sextet  of  the  metallic  iron  (with  hyperfine  field  around  332 
KOe  and  representing  80%  of  the  signal)  and  of  two  doublets 
corresponding  to  20%  of  ferric  oxide  t,Fig.  1).  Whereas  the 
common  isomer  shift  of  both  nonmagnetic  signals  is  equal  to 
0.4  mm/s  compared  to  the  metallic  iron,  the  quadrupolar 
splittings  respectively  equal  to  0.9  and  2.4  mm/s  allow  us  to 
differ  two  types  of  oxide.  The  first  one  is  identified  as  a  thin 
layer  of  nonstoechiometric  re304  or/and  a  mixture  of  slo- 
echiometric  Fe304  and  •>'-Fe203  phases'*  (in  agreement  with 
the  GIXD  experiments  on  the  most  oxidized  films*”).  The 
second  one,  not  identified  so  far  could  be  related  to  a  free- 
cluster  oxidation.  These  results  allow  to  describe  the  sup¬ 
ported  clusters  as  pure  iron  core  surrounded  by  a  thin  skin  (2 
or  3  monolayers^)  of  non-magnetic  oxide.  On  the  other  hand, 
the  intensity  ratio  of  the  .sextuplet  (321123)  evidences  a  ran¬ 
dom  spatial  distribution  of  the  magnetization  at  zero  field. 
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FIG.  1.  Miissbaucr  spccira  obtained  on  a  Fci5ii  film  at  300  K. 

The  macroscopic  magnetic  behavior  of  our  films  has 
been  studied  using  ferromagnetic  re.sonance  (FMR)  and  mag¬ 
netization  measurements  (SQUID).  FMR  curves  roughly  tra¬ 
duced  a  thin  film  behavior'*  but  revealed  several  resonance 
magnetic  fields  due  to  anchorage  of  spin  waves  at  the  surface 
(when  the  applied  field  is  perpendicular  to  the  surface  of  the 
film).  The  coercive  field  at  300  K  is  about  100  Oe  for  cobalt, 
50  Oe  for  iron,  and  lower  than  10  Oe  for  nickel  and  increases 
at  10  K  up  to  1000  and  500  Oe  for  Co  and  Fe  films,  respec¬ 
tively.  The  value  of  the  saturation  magnetization  was  related 
to  the  density  value  and  to  the  quantities  of  oxides.  For  iron 
in  agreement  with  Mossbauer  results,  the  classical  atomic 
moment  of  2.2  /rB  per  magnetic  iron  atom  is  retrieved.  On 
the  contrary  we  found  a  strongly  reduced  value  in  Ni  film. 
The  atomic  moment  per  Ni  atom  has  been  estimated  to  be 
equal  to  1/4  of  the  bulk  value  (taking  into  account  the  film 
density).  By  extrapolating  the  magnetization  curve  versus 
temperature,  the  Curie  temperature  has  been  found  to  be 
around  350—400  K.  Thus  the  magnetization  reduction  can 
not  be  uniform,  otherwise  would  be  much  more  reduced. 
This  could  be  due  to  the  presence  of  dead  magnetic  layers 
similar  to  that  observed  in  Fe  films  and/or  to  antiferromag¬ 
netic  coupling  between  Ni  particles  via  Ni  shell.  Magnetore¬ 
sistance  measurements  and  magnetization  under  high  mag¬ 
netic  field  are  in  progress  in  view  to  see  respectively  an 
important  negative  magnetoresistance  and  a  second  transi¬ 
tion  of  the  saturation  magnetization. 

We  fitted  the  approach  to  saturation  of  the  magnetization 
using  the  Chudnovsky  model. The  experimental  law  of 
approach  to  saturation  in  magnetic  systems  is  perfectly  fitted 
by  the  formalism  of  the  random-anisotropy  amorphous  mag¬ 
nets.  In  the  Chudnovsky’s  model,*’  a  physical  parameter  is 
defined 
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FIG.  2.  Magnetization  law  in  approaching  saturation  obtained  on  a  Fc,,,, 
film  at  3(K1  K. 


^  \\5j  A  ’ 

where  ‘s  the  distance  over  which  ihe  local  anisotropy  axes 
are  correlated  and  A  is  the  exchange  constant.  The  parameter 
X  is  the  critical  boundary  between  the  correlated  spin  glass 
(CSG)  regime  (X<1)  and  the  spcromagnctic  state  (X>1). 
One  can  define  the  ferromagnetic  correlation  length 
The  best  fit"'’''’  of  the  curve  on  Fe  films  (Fig.  2) 
gives  respectively,  2/?a=6  nm,  K'~2,51Q^  erg/cm-’  (in 
agreement  with  FMR  fits,  to  compare  to  5X10'*’  erg/cm^  in 
the  bulk),A~10”’  erg/cm,  therefore  X=0.66  and/?y=8  nm. 
Let  us  underline  that  in  amorphous  alloys,  R^  is  always  of 
the  order  of  the  inter-reticular  distance  (e.g.,  in  rare  earth-Fe 
compounds  R^=0.5  nm*'*.)  In  our  case  we  note  that  R^  ex¬ 
actly  corresponds  to  the  supported  particles  size  and  that  the 
Rf  value  shows  the  ferromagn-'tic  correlation  limited  to  the 
first  neighbors.  However,  if  the  ferromagnetic  domain  was 
strictly  limited  to  the  R  f  value,  the  film  should  be  superpara- 
magnetic.  That  confirms  the  definition  oi  Rf  in  the  CSG 
model  where  it  represents  an  exponential  decay  coupling.  We 
thus  showed  that  RCCS  films  can  be  described  as  an  amor¬ 
phous  with  an  adjustable  parameter  /?„ .  In  our  case,  is 
great  enough  to  reach  experimental  fields  larger  than  the 
crossover  field''  H^„=2AIMJil  which  separates  the  region 
v/ith  and  without  random  anisotropy  fluctuations  (determined 
around  3  kOe  in  Fc  films).  In  Ni  films  (Fig.  3)  we  clearly  see 
two  regimes  for  the  low  field  (AAf/Af  J  variation  versus  tem¬ 


FIG.  3.  Magnetization  vs  temperature  obtained  on  a  Nijoj  film. 


perature  (maybe  correlated  to  a  Tncci  of  oxide).  At  low 
temperature  the  random  anisotropy  fluctuations  dominate 
(with  a  law)  whereas  at  high  temperature  the  exchanges 
dominate  (with  a  H  law),  the  transition  occurring  around 
200  K. 

In  conclusion,  these  first  results  lead  us  to  pursue  this 
study  to  elucidate  some  other  characteristic  magnetic  param- 
eteis  of  the  layers  {T^ ,  e.g.,  antiferromagnetic  coupling  in  Ni 
films,  and  complete  magnetic  study  on  promising  Co  films). 
In  particular,  x-ray  absorption  measurements  will  allow  us  to 
locally  describe  crystallographic  and  magnetic  atomic  envi¬ 
ronment  in  view  to  explain  the  anomalous  atomic  moment  in 
Ni  films.  Experiments  with  cooled  substrates  are  in  progress 
to  attempt  to  stabilize  the  icosahedral  structure  which  is  ex¬ 
pected  to  lead  to  specific  magnetic  properties. 
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Size  effects  on  switching  field  of  isolated  and  interactive  arrays 
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Isolated  nanoscale  Ni  bars  with  a  length  of  1  /xin,  a  width  from  15  to  300  nm.  and  inlcractivc  bar 
arrays  with  a  spacing  from  200  to  WIO  nm  were  fabricated  using  electron-beam  lithogr  iphy  and  were 
studied  using  magnetic  force  microscopy.  The  study  showed  that  the  virgin  magnetic  state  of  bars 
with  a  width  smaller  than  150  nm  was  single  domain  and  otherwise  multidomain.  It  '  o  showed  that 
the  switching  field  of  isolated  bars  initially  increases  with  decreasing  bar  width,  then  reaches  a 
maximum  switching  field  of  740  Oe  at  a  width  of  55  nm,  and  afterwards  decreases  with  further  bar 
width  reduction.  Furthermore,  it  wa.s  found  that  the  switching  field  of  the  interactive  bars  decreases 
almost  linearly  with  reduction  of  the  spacing  between  the  bars. 


I.  INTRODUCTION 

Understanding  the  behavior  of  a  sitigle  domain  magnetic 
particle  and  the  interaction  between  the  particles  is  very  im¬ 
portant,  because  these  particles  arc  the  basic  constituents  of 
many  magnetic  recording  materials.  However,  previously 
most  experimental  studies  of  magnetic  particles  were  made 
in  an  ensemble  of  such  particles  and  the  properties  of  a 
single  particle  were  inferred  only  through  extrapolation.  Due 
to  large  variation  iti  particle  dimensions,  randomness  of  mag¬ 
netization  and  unavoidable  interaction,  detailed  information 
about  single  panicles  and  their  interaction  is  smeared  out. 

Due  to  advance  in  nanofabrication  technology,  now  it  is 
possible  to  nanoscale  magnetic  particle  arrays  with  precise 
sizes,  '•hapes,  and  spacing,  This  opens  up  new  opportunities 
to  understand  the  fundamentals  of  micromagnetics  and  de¬ 
velop  new  magnetic  materials.  Recently,  the  first  reported 
study  of  nanoscale  permalloy  bars  fabricated  using  electron 
beam  lithography  was  carried  out  by  a  joint  team  from  the 
University  of  California  at  San  Diego  and  1BM.''“  In  that 
study,  isolated  bars  had  ti  fixed  length  of  1  ptm  and  a  fixed 
’.•■■idth  of  133  nm  and  interactive  bar  arrays  had  a  fixed  spac¬ 
ing  with  the  strongest  coupling  along  the  bars'  long  axis. 

In  this  article,  we  present  the  fabrication  and  investiga¬ 
tion  of  isolated  Ni  bars  with  a  width  varying  from  15  to  300 
nm  and  interactive  Ni  bar  arrays  with  a  spacing  varying  from 
200  to  600  nm  with  the  strongest  coupling  in  the  bars’  short 
axis.  Furthermore,  we  report  and  discuss  the  effects  of  bar 
width  and  spacing  on  the  switching  field  of  these  isolated 
and  interactive  bars. 

II.  FABRICATION  OF  NANOMAGNETIC  BAR  ARRA’/S 

The  isolated  and  interactive  nanomagnetic  nickel  bars 
were  fabricated  using  electron-beam  nanolithography  and  a 
lift  off  process.  In  the  fabrication,  a  resist,  polymethyl  meth- 
acralate  (PMMA),  was  first  spun  onto  a  silicon  substrate.  A 
high  resolution  electron  beam  lithography  system  with  a 
beam  diameter  of  4  nm  was  used  to  expose  bar  arrays  in  ihe 
PMMA.  The  exposed  PMMA  was  devehiped  in  a  ccllosolve 
and  methanol  solution  to  form  ;i  resist  template  on  the  sub¬ 
strate.  A  nickel  film,  35  nm  thick,  was  evaporated  onto  the 
entire  sampie.  In  the  lift  off,  the  sample  was  submersed  in 


acetone  which  dissolved  the  PMMA  template  and  lifted  off 
the  nickel  oti  its  surface,  but  not  the  nickel  on  the  substrate. 
After  fabrication,  bar  widths  were  determined  using  a  scan¬ 
ning  electron  microscope  (SEM)  and  the  bar  width  presented 
here  is  the  measured  bar  width. 

For  isolated  bars,  the  bar  length  was  fixed  at  1  /um,  but 
the  bar  width  varied  from  15  to  300  nm.  The  spacing  be¬ 
tween  isolated  bars  is  It)  p.m.  Figure  1  shows  a  scanning 
electron  micrograph  of  a  Ni  bar  with  a  15  nm  width. 

For  interactive  bar  arrays,  the  bar  width  and  length  were 
fixed  at  100  nm  and  1  ^m,  respectively.  The  spacing  between 
bars  along  the  long  axis  is  2  ;u,m,  but  the  spacing  between  the 
bars  along  the  short  axis  varies  from  200  to  600  nm.  There¬ 
fore  the  interaction  between  bars  is  primarily  along  the  short 
axis,  and  the  bar  arrays  can  be  regarded  as  isolated  rows  of 
one  dimension.il  interactive  arrays.  This  is  very  different 
from  that  in  Ref.  1  where  the  bars  were  coupled  primarily 
along  the  long  axis.  To  illustrate  the  fabrication  resolution 


FtCi.  1.  SI  M  image  iil  a  high  a-spiart  ratio  isolated  Ni  bar  th:i:  is  1  /im  long 
and  IS  nm  wide. 
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FIG.  2,  SEM  image  of  interactive  bar  array.s.  Each  bar  is  200  nm  long,  20 
nm  wide  and  35  nm  thick. 


and  uniformity,  Fig.  2  shows  a  large  array  of  Ni  bars  which 
are  200  nm  long,  20  nm  wide,  and  150  nm  apart  along  the 
short  axis  and  100  nm  apart  alo.ng  the  long  axis,  despite  the 
fact  that  such  dense  bar  arrays  were  not  able  to  be  resolved  in 
our  magnetic  force  microscopy  (MFM)  study. 

III.  MFM  MEASUREMENTS 

The  nanomagnetic  bars  were  studied  using  a  custom 
built  MFM  that  was  modified  from  a  commercial  atomic 
force  microscope  (AFM).  The  MFM  was  operated  in  ampli¬ 
tude  detection  mode  at  ~200  mTorr  vacuum  for  a  high  sen¬ 
sitivity.  The  MFM  tips  are  the  ordinary  AFM  cantilevers 
coated  with  30  nm  of  cobalt  and  have  a  resonance  frequency 
of  18  kHz.  These  soft  tips  give  better  sensitivity  but  poorer 
resolution  than  that  of  a  harder  tip. 

In  measuring  the  switching  field  of  the  isolated  bars,  the 
sample  was  first  saturated  in  a  fixed  direction  along  its  easy 
axis  using  a  2000  Oe  magnetic  field  and  a  MFM  image  was 
taken  to  determine  its  magnetization.  Then  a  test  field  was 
applied  in  the  opposite  direction  and  returned  to  zero.  The 
sample  was  examined  under  MFM  again  to  see  if  its  magne¬ 
tization  flipped.  If  the  bar  flipped,  a  smaller  test  field  was 
applied  in  next  measuring  cycle,  otherwise  a  large  field  was 
applied.  This  process  continued  until  the  .switching  field  of  a 
nickel  bar  was  located  within  10  Oe. 

IV.  DATA  AND  ANALYSIS 
A.  Isolated  bars 

Before  the  isolated  bars  were  put  into  any  magnetic  field, 
MFM  images  of  the  sample  were  taken.  These  images 
showed  that  for  bars  of  a  width  smaller  than  150  nm,  the 
viigin  magnetic  state  is  single  domain  with  magnetization 


no.  3.  MFM  image  of  a  Ni  bar  which  is  I  fim  long  and  100  nm  wide.  The 
bright  spot  stands  for  (he  norih  pole  and  the  dark  spot  stands  for  the  south 
pole. 

along  the  direction  of  its  easy  (i.e.,  long)  axis;  and  the  bars  of 
wider  width  are  multidomain.  A  MFM  image  of  a  100  nm 
wide  isolated  bar  is  shown  in  Fig.  3. 

It  was  found  that  the  magnetization  switching  field  of  an 
isolated  bar  is  a  strong  function  of  width,  as  shown  in  Fig.  4. 
The  switching  field  first  increases  with  decreasing  bar  width, 
reaches  a  maximum  switching  field  of  740  Oe  at  a  bar  width 
of  55  nm,  then  decreases  with  further  reduction  of  the  bar 
width.  The  initial  increase  in  the  switching  field  is  because 
the  bar  is  changing  from  multidomain  to  single  domain.  The 
later  decrease  is  likely  due  to  the  fact  that  thermal  energy 
becomes  comparable  to  magnetization  switching  energy."* 

Comparea  to  the  study  in  Ref.  2,  where  the  permalloy 
bars  of  a  width  133  nm  had  a  switching  field  greater  than  400 
Oe,  the  Ni  bar  with  the  same  width  studied  here  has  a  switch¬ 
ing  field  about  100  Oe  less.  This  could  be  due  to  two  reasons. 
First,  nickel  film  on  Si  surface  has  significant  stress,  .so  there 
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Bar  width  ( nm  ) 

FIfi,  4.  Switching  field  of  i.wlalcd  bars  v.s  liar  width.  The  maximum  .s'./iich- 
ing  field  is  740  Oc  for  55  nm  wide  bars,  flic  bars  are  1  /urn  long  and  actual 
bar  width  was  measured  using  SEM. 
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FIG.  5.  MFM  image  of  one-dimensional  interactive  bar  arrays  with  400  nm 
spacing. 


neighbor  bars  increases  and  will  help  a  bar  to  flip.  Third,  the 
broadness  of  the  switching  field  distribution  is  about  UK)  Oe 
which  is  due  to  bar  interaction  as  well  as  size  variations. 


may  be  a  magnetostriction  effect  which  decreases  the  net 
anisotropy.  Second,  Ni  has  strong  crystalline  anisotropy  but 
permalloy  does  not. 

The  critical  width  for  superparamagnetism  can  be  e.sti- 
mated  from  the  switching  field  vs  size  curve.  The  switching 
field  of  a  particle  of  volume  V,  can  be  described  by  the 
equation  hd^l-iVp/V)^^,  where  /i^.,  is  reduced  coercivity 
and  Vp  is  the  volume  below  which  the  particle  is  superpara- 
magnetic.  The  equation  can  be  rewritten  in  terms  of  the  bar 
width  =  By  fitting  the  switching  field  of 

the  bars  with  a  width  smaller  than  55  nm,  Wp  is  found  to  be 
18  nm. 

B.  Interactive  nanomagnetic  bars 

The  interactive  bar  arrays  that  were  studied  using  MFM 
have  a  bar  width  of  100  nm  and  a  spacing  between  bars  of 
0.2,  0.4,  and  0.6  yum,  respectively,  along  the  short  axis.  Fig¬ 
ure  5  shows  a  MFM  image  of  these  bur  array.s.  The  switching 
field  distribution  was  measured  and  is  shown  in  Fig.  6.  In 
this  measurement,  an  average  of  about  30  bars  were  counted 
for  each  data  point  and  the  bars  at  the  end  of  each  row  were 
not  counted.  Figure  6  shows  three  facts.  First,  the  smaller  the 
spacing,  the  smaller  the  switching  field.  The  switching  field 
for  100  nm  wide  isolated  bar  is  300  Oe.  But  due  to  interac¬ 
tion,  the  mean  value  of  switching  field  (i.e.,  the  field  at  which 
50%  of  bars  can  flip)  is  205,  232,  and  260  Oe  for  a  spacing 
of  0.2,  0.4,  and  0.6  yum,  respectively.  Second,  the  switching 
field  decreases  with  the  reduction  of  spacing  at  a  rate  15  Oe 
per  100  nm.  This  behavior  is  due  to  the  fact  that  as  the 
spacing  decreases,  the  demagnetization  field  generated  by 


V.  CONCLUSION 

We  have  fabricated  nanoscale  isolated  magnetic  bars 
with  different  bar  widths  as  well  as  interactive  bar  arrays 
with  different  spacing.*  The  switching  field  was  measured 
using  MFM.  The  SEM  micrographs  show  that  these  Ni  bars 
have  good  uniformity  and  very  high  aspect  ratio.  The  MFM 
studies  show  that  bars  with  a  width  smaller  than  150  nm 
were  single  domain  and  the  switching  field  depends  .strongly 
on  the  width  (therefore  the  aspect  ratio)  of  the  bar.  The 
switching  field  of  the  isolated  bars  first  increases  with  de¬ 
creasing  bar  width,  then  reaches  the  maximum  switching 
field  of  740  Oe  with  55  nm  wide  bars,  and  afterwards  de- 
crea.ses  with  further  reduction  of  bar  width.  The  switching 
field  of  interactive  bars  decreases  almost  linearly  with  the 
reduction  of  spacing.  The  broadness  of  switching  field  distri¬ 
bution  for  interactive  bar  arrays  is  100  Oe. 
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Susceptibility  and  high  field  magncti/atioii  have  tven  measured  lor  YlCo,  .M,).  (M  Al.  l  e.  and 
Ni).  YCOt  exhibits  u  metamagnetic  transition  at  M  T,  Ni  doping  in  YCo.  increases  the  critical  field 
(3,.),  while  Fe  doping  decreases  it.  '1'hese  changes  can  be  elucidated  with  the  band  picture  of 
metamagnetism.  B,  of  VC'Oi  exhibits  a  (K)sitive  shift  proportional  to  the  square  of  temperature.  In 
the  paramagnetic  region  of  Y(('o,  ,  Al,).  with  .v^O.l  1.  the  susceptibility  is  enhanced  with  Al  and 
a  sharp  metamagnetic  transition  with  lower  li,  is  observed.  The  susceptibility  becomes  maximum  at 
a  finite  temperature  7’n,jx'  in  •h'-'  ground  state  is  proportional  to  7  .  These  experimental  results 

are  discussed  with  a  new  theory  based  on  a  spin  fluctuation  model.  The  susceptibility  and  the 
metamagnetic  transition  are  Ibund  to  be  very  sensitive  to  pressure. 


imply  that  the  behavior  of  xCH  I'lso  originates  from  the  spe¬ 
cial  shape  of  the  DOS. 

Thermodynamical  properties  of  an  itinerant  electron 
magnet  aie  dominated  by  the  effect  of  spin  fluctuations.  In 
fact,  magnetic  properties  of  a  weakly  ferromagnetic  metal  at 
finite  temperatures  arc  successfully  elucidated  with  the  spin- 
fluctuation  theory  developed  by  Moriya.''*  However,  the  re¬ 
lation  between  the  temperature  dependence  of  susceptibility 
for  an  exchange-enhanced  paiamagnet  with  metamagnetism 
and  its  magnetization  process  remains  unknown. 

In  the  pre.scnt  study,  we  have  studied  the  magnetization 
process  and  susceptibility  for  a  typical  metamagnetic  com¬ 
pound  YC02  and  pseudobinary  systems  Y(Coi  fM,)2  (M 
=  A1,  Fe,  and  Ni)  to  clarify  the  origin  of  the  transition  and 
the  anomaly  of  xiT).  The  metamagnetic  transitio  ■  is  ex¬ 
pected  to  be  very  sensitive  to  pressure.’^  We  have  also  ex¬ 
amined  the  effect  of  pressure  on  the  magnetization  process 
and  the  su-sccptibility  of  the  Lu(CO|  -xGa^)2  system. 

II.  EXPERIMENTAL  PROCEDURE 

The  Laves  phase  compounds  Y(CO|_,Mf)2  (M=A1,  Fe, 
and  Ni)  and  Lu(Co,  .  ^Gaj.)2  were  prepared  by  arc  melting  in 
an  argon  atmosphere,  followed  by  annealing  at  %()-95()  °C 
for  a  week.  All  the  specimens  are  confined  to  be  single  phase 
with  the  cubic  Laves  phase  structure  by  x-ray  diffraction. 
The  obtained  ingots  were  powdered  for  magnetic  measure¬ 
ments. 

High  magnetic  fields  up  to  42  T  were  produced  using  a 
wire-wound  pulse  magnet  with  a  duration  time  of  about  10 
ms.  Ultrahigh  magnetic  fields  up  to  120  T  were  generated  by 
means  of  a  fast  capacitor  discharge  into  a  single-turn  coil 


I.  INTRODUCTION 

Ultrahigh  magnetic  fields  over  1(H)  T  are  now  available 
for  fundamental  research  on  magnetism.  One  tif  the  mo.st 
interesting  subjects  in  ultrahigh  magnetic  fields  is  itinerant 
electron  metamagnetisni,  that  is,  u  first-order  field-induced 
transition  from  the  paramagnetic  to  the  ferromagnetic  state  in 
a  d-electron  system.  Since  this  phenomenon  was  predicted  to 
occur  by  Wohlfarth  and  Rhodes,'  many  theoretical  and  ex¬ 
perimental  studies  have  been  made  to  elucidate  it. 

We  have  systematically  studied  the  magnetization  pro¬ 
cess  of  various  Co-based  Laves  phase  compounds  in  mag¬ 
netic  fields  up  to  120  T.  We  observed  clear  metamagnetic 
transitions  in  Y(Co,Al)2  (Refs.  2  and  3),  Y(Co,Fe)2  (Ref.  4), 
Sc(Co,A1)2  (Ref.  5),  Lu(Co,Al)2  (Refs.  6  and  7),  Lu(Co,Sn)2 
(Ref.  8),  Lu(Co,Si)2  (Ref.  9),  Lu(Co,Ga)2  (Ref.  10).  YCoj 
(Refs.  11  and  12),  and  LuCo2.'^  Adachi  ct  al.  found  a  meta¬ 
magnetic  transition  in  the  paramagnetic  pyrite  Co(S,Se)2.''’ 

All  of  the  above  compounds  have  characteristics  of  a 
strongly  exchange-enhanced  Pauli  paramagnet:  the  electronic 
specific  heat  coefficient  and  the  magnetic  susceptibility  are 
very  large.  Moreover,  the  temperature  dependence  of  suscep¬ 
tibility  is  anomalous:  xi"^)  increases  with  temperature 
and  then  decreases  through  a  maximum  at  a  finite  tempera¬ 
ture  T  =  ■  These  facts  suggest  that  the  itinerant  electron 

metamagnetism  and  the  appearance  of  a  maximum  in  xiT) 
come  from  the  same  origin.  Itinerant  metamagnetism  is  con¬ 
sidered  to  originate  from  a  special  shape  of  the  density-of- 
states  (DOS)  curve  for  a  r/-electron  system  in  the  vicinity  of 
the  Fermi  level.'  On  the  other  hand,  the  origin  of  the  unusual 
behavior  of  ;^(r)  observed  in  a  strongly  exchange-enhanced 
paramagnet  is  not  well  understood.  However,  the  above  facts 
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an  cxiractioii-ty|)e  magnetometer,  with  a  high  pressure  clamp 
cell  made  of  (  u-  Ii  alloy,  in  steady  magnetic  fields  up  to  7  I" 
The  specific  heat  was  measured  at  lose  temperatures  in  mag¬ 
netic  fields  of  (1.  h,  10,  and  14.<i  T  using  a  conventional  heat 
pulse  method  with  a  mechanical  heat  switch.  The  tempera¬ 
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calibrated  in  magnetic  fields. 
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III.  RESULTS  AND  DISCUSSION 

First  we  show  the  magnetization  of  YCo,  (Refs.  11  and 
12)  and  LuCOi  (Ref.  12)  at  low  temperatures  in  ultrahigh 
magnetic  fields  up  to  about  1(H)  T.  Sharp  metaniagnetic  tran¬ 
sitions  can  clearly  be  seen  around  70  T  with  small  hysteresis. 
In  ScCo2,  however,  we  could  not  find  a  transition  up  to  120 
T.  The  critical  field  of  the  transition  in  the  ground  state  (/),.o) 
is  determined  to  be  69  T  for  YC02  and  74  T  for  LuCo2.  Here, 
we  define  from  the  average  of  two  positions  at  which  (he 
differential  susceptibility  dMIdli  becomes  maximum  in  the 
increasing  and  decreasing  field  scans.  The  values  of  magne¬ 
tization  in  the  paramagnetic  and  ferromagnetic  phases  at  B,.q 
are  0.17  and  0.44  /i/j/Co  for  YC02,  and  0.15  and  0.64  /U/,/Co 
for  LuCo2.  The  magnetization  jump  due  (0  the  transition  is 
AA/  =  0.27  yU/)/Co  for  YC02,  which  is  apparently  smaller 
than  AAf  =  0.49  /i,,/Co  for  LuCo2.  The  high  field  suscepti¬ 
bility  for  both  compounds  is  still  large  in  the  ferromagnetic 
phase.  This  indicates  that  the  magnetization  is  not  com¬ 
pletely  saturated  by  the  metamagnetic  transition. 

Yamada  et  ul  estimated  the  magnetization  in  the 
ground  state  as  a  function  of  magnetic  field  for  ScCoi, 
YC02,  and  LuCot  by  calculating  the  electronic  structure  of 
d-electrons  in  magnetic  fields.  They  assumed  that  the  volume 
does  not  change  in  magnetic  fields.  The  calculated  magneti¬ 
zation  process  exhibits  an  itinerant  metamagnetic  transition 
at  120,  89,  and  94  for  SCC02,  YC02,  and  LUC02,  re.spec- 
tively.  A  sharp  peak  being  just  below  the  Fermi  level  in  DOS 
plays  an  important  role  in  these  transitions.  The  peak  comes 
mainly  from  the  d  component  of  Co  atoms.  As  the  external 
field  is  increased,  the  Fermi  level  for  the  minority  spin  band 
approaches  the  peak  of  DOS  and  eventually  a  transition  to  a 
larger  moment  state  occurs  at  a  certain  field.  The  estimated 
B(.()  for  YC02  and  LUC02  is  larger  by  20  T  than  the  ob.served 
ones,  Yamada  and  Shimizu'"’  have  suggested  that  a  magneto¬ 
volume  effect  reduces  the  value  of  5^0-  The  reduction  is 
roughly  evaluated  to  be  -13  T  for  YC02.  The  evaluated 
becomes  very  close  to  the  observed  one  by  considering  the 
magnetovolume  effect. 

In  order  to  get  further  information  to  support  the  band 
picture  for  the  observed  metamagnetic  transition,  we  exam¬ 
ined  the  change  of  produced  by  the  shift  of  the  Fermi 
level. A  small  amount  of  3d  transition  metals  Fe  and  Ni  are 
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substituted  for  Co  in  YC02.  Fe  substitution  shifts  the  Fermi 
level  to  the  lower  energy  side,  while  the  Ni  substitution  shifts 
it  to  the  higher  energy  side. 

As  an  example,  we  show  in  Fig.  2  the  dMtdB  curve  of 
Y(Co,  -.vNi^.)2  in  an  increasing  field  scan.  The  of  YC02 
obtained  in  this  study  is  72  T,  which  is  slightly  higher  than 
that  .shown  in  Fig.  1,  The  position  of  rapidly  moves  to 
the  higher  field  side  with  increasing  Ni  content.  In  addition 
to  the  movement  of  6,.,),  significant  broadening  of  the  tran- 


p-.-.-.  -----.-I- 


.1.0% 

()0‘ 'so  90  '  ""urii  ‘  ‘"no 

Miipiu'lie  I-'iclcl  (O') 

FIG.  2.  Differential  susceptibility  tlM/dll  of  YlCo,  .Ni,).  measured  in  an 
increasing  field  scan. 


J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Goto  et  al. 


6663 


95 

90 

2 

13 

80 

u 

■c  75 
U 

70 

65 


i'. 


'  M=Ni 


□ 

M=Fco  .iNio/ 


M=l-c 


Y(Co|.xM)i)2 
T=10  K 


3 


Concentration  x  (%) 
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sition  becomes  apparent  in  the  concentration  region  of 
;r>0.015. 

The  values  of  5^,,  obtained  for  Y(CO|  -xNi,)2  and 
Y(Coi_,Fej()2  are  plotted  in  Fig.  3.  Ni  substitution  results  in 
a  linear  increase  of  in  the  investigated  concentration  re¬ 
gion  jc^0.03.  In  the  case  of  Fe  substitution,  on  the  other 
hand,  decreases.  The  observed  change  of  B,.^  due  to  Ni 
and  Fe  substitution  can  easily  be  understood  with  the  band 
model  of  metamagnetism.  Since  excess  d-clectrons  produced 
by  Ni  substitution  increase  the  distance  between  the  Fermi 
level  and  the  peak  position  of  DOS,  the  condition  for  the 
mctamagnetic  transition  is  satisfied  at  a  higher  held.  On  the 
contrary,  a  decrease  of  is  expected  by  Fe  substitution.  The 
change  of  B^.  can  qualitatively  be  explained  with  a  simple 
rigid  band  model.  However,  the  magnitude  of  the  observed 
change  in  B^.  is  apparently  differet-.t  for  these  two  systems. 
We  obtain  \dBco/dx\  =  l .2  T/%Ni  for  Ni  substitution  and 
\dB^.o/dx\  =  4.5  T/%Fc  for  Fe  substitution.  This  fact  seems 


FIG.  4.  Differential  susceptibility  dhfIdB  of  YCoj  lor  several  temperatures 
measured  in  an  increasing  field  scan. 
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FIG.  S.  Ciitical  field  of  YC'o'^  in  an  increasing  field  scan  as  a  function  of 
temperature. 


to  be  contradictory  to  the  rigid  band  model,  in  which  sym¬ 
metrical  changes  are  expected  at  least  for  small  doping.  In 
the  case  of  simultaneous  doping  with  equal  amounts  of  Fe 
and  Ni,  no  change  of  fl,.„  is  expected  from  the  model.  How¬ 
ever,  an  apprcc  iable  increase  of  2  T  is  observed  for  x  -  2%  in 
Y(CO| .  ilFco  jNi,,,),),  as  shown  in  Fig.  3.  It  should  be  noted 
that  the  volamc  change  duu  to  the  substitution  is  negligibly 
small  and  gives  no  effect  to  A  theoretical  study  on  the 
change  of  B,.^)  due  to  the  substitution  is  now  in  progress. 

At  finite  temperatures,  spin  fluctuations  arc  excited  in  a 
mctamagnetic  compound.  Tlic  metumugnetic  transition  is  af¬ 
fected  by  the  spin  fluctuations.  Figure  4  shows  the  dMIdB 
curve  of  YCoj  at  several  temperatures  for  an  increasing  field 
scan.  The  mctamagnetic  transition  is  very  sharp  at  low  tem- 
perature.s,  but  it  broadens  rapidly  with  increasing  tempera¬ 
ture.  We  determine  the  temperature,  at  which  the  first-order 
mctamagnetic  transition  becomes  .second  order  [hysteresis  in 
the  magnetization  curve  disappears),  as  7’|,=  1(X)±  10  K.  The 
critical  field  fi,.(  T)  shows  a  positive  shift  proportional  to 
at  low  temperatures,  as  shown  in  Fig.  5. 

In  RC02  (Rimagnetic  rare-earth  element)  compounds, 
the  Co  site  is  exposed  to  an  exchange  field  from  the  R  sub¬ 
lattice.  As  the  temperature  decreases,  ferromagnetic  or  ferri- 
magnetic  ordering  is  realized  in  RC02  and  is  accompanied 
with  a  mctamagnetic  transition  of  the  c/ -electron  system  (the 
Co  sublattice).  The  Curie  temperature  T,  corresponds  to  the 
metamagncric  transition  point.  If  is  lower  than  To,  the 
magnetic  transition  of  RC02  should  be  first  order.  In  fact,  the 
transitions  of  ErCo2  (1^=30  K)  and  H0C02  (7’t=76  K)  are 
first  order  and  those  of  TbCo2  (7’,.=232  K)  and  GdCo2 
(7,. =405  K)  are  second  order.'** 

The  positive  shift  of  B^T)  suggests  that  the  entropy  of 
the  d-electron  system  is  reduced  by  the  metamagnetic  tran¬ 
sition.  The  entropy  reduction  comes  from  the  suppression  of 
spin  fluctuations  by  the  transition,  leading  to  a  decrease  in 
the  coefficient  y  for  the  electronic  specific  heat.  Here,  we 
evaluate  the  decrease  of  y  from  the  temperature  dependence 
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FIG.  6.  MagnclizHlUin  and  y  value  for  Lu(CO|iv|Ga(|i)i|)2  an  a  function  of 
flcld. 
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of  the  critical  field.  On  the  first-order  phase  boundary,  the 
Clausius-Clapcyron  relation  is  satisfied 

<///,(  D  A5 

“dr  'Km' 

where  Aii  and  AM  are  changes  in  entropy  and  magnetization 
across  the  phase  boundary.  Since  [=B,.(7’)//xo]  is 

proportional  to  A,S  is  proportional  to  T.  This  indicates 
that  y  is  discontinuously  decreased  by  the  metamagnctic 
transition.  Using  the  experimental  values  of 
dB.ldT^^  1 .85  X  10  •'  T/K^  and  AM  =  0.27  /z«/Co,  we  ob¬ 
tain  the  decrease  of  7  for  YC02,  A7=  - 1 1  mJ/K^  mol. 

In  order  to  confirm  directly  the  reduction  of  y  caused  by 
the  metamagnetic  transition,  wc  measured  the  .specific  heat 
of  Lu(CO()9,Ga(,(^)2  with  low  A,.,,  in  steady  magnetic  fields." 
Figure  6  shows  the  specific  heat  together  with  the  magneti¬ 
zation  as  a  function  of  magnetic  field.  The  y  value,  which  is 
3S.5  mJ/K^  mol  in  zero  field,  decreases  during  the  metamag¬ 
netic  transition  and  becomes  25  mJ/K^  mol  in  the  ferromag¬ 
netic  state.  The  decrease  of  y  due  to  the  transition,  Ay= 
- 10.5  mJ/K^  mol,  is  consistent  with  that  estimated  from 
B,(T)  of  YC02. 

The  resistivity  of  the  metamagnetic  compounds  YCo^, 
LuCo2,  and  SCC02  shows  a  temperature  dependence  of 
p{T)-po+AT^  at  low  temperatures.'’'  The  coefficients  A 
and  y  for  these  compounds  are  very  large  compared  with 
isostructural  compounds  with  small  susceptibility,  such  as 
ZrCo2  and  HfCo2.  Baranov  et  al}'^  have  found  that  YC02, 
LuCo2,  and  ScCo2  satisfy  the  Kadowaki- Woods  relation 
(Ref.  20), /4/7=1.0X10~^  /all  cm(K  mol/mJ)^  as  well  as 
heavy  fermion  compounds.  This  relation  can  be  explained  in 
terms  of  spin  fluctuation  theory.^'  These  results  indicate  that 
the  resistivity  of  metamagnetic  compounds  is  dominated  by 
spin  fluctuations.  In  RC02  the  resistivity  is  also  very  large 
above  T,. ,  but  it  is  abruptly  reduced  at  The  abrupt 
reduction  mainly  comes  from  the  suppression  of  spin  fluc¬ 
tuations  due  to  the  metamagnetic  transition,  as  suggested  by 
the  decrease  of  7  observed  in  YC02  and  Lu(Coo.9iGaQ09)2. 


FIG.  7.  TcmiKrutuTC  dependence  of  susccpilbility  for  YlCo,  ,M,)2.  SiiihI! 
arrows  indicate  the  position  of  7'„,„  . 


As  already  described  in  the  introduction,  we  have  found 
the  fact  that  every  metamagnetic  compound  has  a  maximum 
in  xiT).  Wc  examined  the  relation  between  the  susi’c;ifibility 
and  the  magnetization  process  using  the  Y(CO| .  (Ai^)2 
system.’  We  show  xiT)  for  this  system  in  Fig.  7.  xi^)  of 
YC02  increases  with  temperature  and  becomes  maximum 
around  240  K.  At  higher  temperature  it  obeys  a  Curic-Weiss 
law.  With  increasing  x,  ,v(0)  is  more  enhanced.  C  impounds 
with  0. 1 1  exhibit  behavior  typical  of  a  strongly  exchange- 
enhanced  paramagnel  like  YC02.  Above  jc=0.12,  the  com¬ 
pound  becomes  weakly  ferromagnetic.”  The  tempereture  at 


FIG.  8.  Valuc,s  of  and  r,,,,,  for  Y(CO|  ..,A1,)2  as  a  fundi  m  of  jc. 
indicates  the  critical  concentration  for  the  onset  of  ferromagnetism. 
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which  the  susceptibility  becomes  maximum,  ,  decreases 
rapidly  in  accordance  with  the  enhancement  of  ;^()).  The 
concentration  dependence  of  is  indicated  in  Fig.  8. 
systematically  decreases  as  .v  increases. 

Figure  shows  the  low  temperature  magnetization  of  the 
Y(Co|  -.,Alt)2  system.’  All  the  compounds  with  ex¬ 

hibit  sharp  metamagnetic  transitions.  The  critical  field  is 
plotted  together  with  in  Fig.  8.  /i,.„  decreases  nearly 
linearly  with  increasing  jr.  Above  a  =0.08,  however,  B,,„  ex¬ 
hibits  an  anomalous  change.  In  the  weakly  ferromagnetic 
phase  i),12^A<0. 15,  ferromagnetism  and  metaniagnctism 
coexist.  This  may  come  from  heterogeneity  of  the  system. 
The  critical  concentration,  at  which  the  critical  field  becomes 
zero,  is  estimated  to  be  a,. =0.1 2  from  the  a  dependence  of 
/},.()  in  the  concentration  range  A=i0.()8.  This  a,,  coincides 
with  the  onset  of  ferromagnetism.  It  should  be  noted  that  the 
concentration  dependence  of  /f,.„  is  very  similar  to  that  of 
against  y,,,,,  in  Fig.  10.  In  the 


FIG.  10.  Critical  licld  fl,.,,  vs  7  „,„  for  Y(CO|  ..jAl^)2. 


Y(C’o|  ,A1,),  system,  tt  simple  linear  relation 
fl,.()/7i„.„=-0.29  T/K  is  satisfied.  Similar  relations  are  found 
in  some  pseudobinary  systems  such  as  l.,u(C'0|  ,Al,)i.’  and 
HfiCO]  ,Fe, li."’  These  facts  suggest  thiit  the  appearance  of 
a  maximum  in  jc(7'}  is  strongly  related  to  the  occurrence  of 
metamagnetism  and  both  phenomena  have  the  same  origin: 
the  susceptibility  maximum  is  also  associated  with  a  special 
shape  of  the  DOS  curve  in  the  vicinity  of  the  Fermi  level. 

Recently.  Yamada’*'  developed  a  theory  of  the  itinerant 
electron  metamagnetism  at  finite  temperatures  based  on  the 
spin  fluctuation  model.  Characteristics  of  the  itinerant  meta¬ 
magnet  at  finite  temperatures  are  examined  by  the  theory. 
The  equation  of  state  for  the  itinerant  system  is  writti  a  in  the 
ground  state  as 

H{M)=-iiM  +  bM^  +  cM\  (2) 

where  a  is  the  inverse  susceptibility.  The  coefficients  h  and  c 
are  expressed  in  terms  of  the  density  of  states  and  its  deriva¬ 
tives  at  the  Fermi  level.  The  condition  for  the  occurrence  of 
a  metamagnetic  transition”’  is  given  by 

5  ac  ‘J 

aX),  /)<(),  c>(),  and 

lb  h‘  20 

At  finite  temperatures,  the  coefficients  arc  renormalized  by 
thermal  spin  fluctuations.  The  coefficient  a  is  transformed 
into 

A(7')  =  yC/')  '=«  +  f + fc'^,,(7-)'‘.  (4) 

where  f,,(7')^  is  the  thermal  average  of  the  square  of  the 
fluctuating  magnetic  moment  in  the  paramagnetic  state. 
^p(7')^  is  a  monotonically  increasing  function  and  is  propor¬ 
tional  to  7'^  at  low  temperatures,  Under  the  conditio:'  (.T),  the 
susceptibility  x(T)-=A{T)  ‘  has  a  maximum  at  a  finite  tem¬ 
perature  7'=  7’,„„n  due  to  thermal  excitation  of  spin  fluctua¬ 
tions.  This  means  that  both  the  metamagnetic  transition  and 
the  maximum  of  ^(7’)  originate  from  the  eleelronic  structure 
of  </  electrons.  The  temperature  dependence  of  the  critical 
field  is  expressed  as 

7J,(7’)  =  /i,„+«^,,(7')’.  (5) 

where  a  is  a  function  of  b  and  c.  This  indicates  that  /i,.! /')  is 
increased  by  the  effect  of  spin  fluctuations,  consistent  witli 
the  obscived  for  YCoi,  The  linear  relation  between 

77, .(7  )  and  7’„,„,,  li,  const,  is  derived  by  the  theory. 

This  is  also  consistent  with  the  relation  between  77, .o  and 
7'niax  observed  in  the  Y(Co,  ,Al,)i  system.  Moreover,  the 
temperature  Td,  at  which  the  first-order  metamagnetic  tran¬ 
sition  disappears,  can  be  estimated  using  the  experimental 
values  of  and  .v(())/a'(7’i„ux).  The  estimated  7',|  is  104  K 
for  YCoi  with  7’,„ux  =  24()  K  and  y(D)/y(  7'niax)  =0.50.  This 
value  is  in  good  agreement  with  the  experimental  result  of 
Tf)— 100±  10  K.  The  observed  characteristics  of  the  itinerant 
metamagnet  are  successfully  elucidated  with  this  theory 
based  on  the  spin  fluctuation  model. 

Finally,  we  show  the  pressure  effect  on  the  magnetiza¬ 
tion  process  and  the  susceptibility  of  LufCo,  .x.Gax.)2.  Itiner¬ 
ant  metamagnetism  is  expected  to  be  very  sensitive  to  high 
pressure  since  it  comes  from  the  shape  of  the  DOS  curve  in 
the  vicinity  of  the  Fermi  level.  Figure  11  shows  the  pressure 
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FIG.  II.  Pressure  effect  on  the  magnetization  process  of  l.u(C'Oi,KKOa„,2)>  at 
4.2  K. 


dependence  of  the  magnetization  process  for 
Lu(Co„sHGa().i2)2  “t  4.2  K.  This  compound  shows  ferromag¬ 
netic  behavior  at  0  khar.  With  increasing  pressure,  a  meta- 
magnetic  transition  appears  and  the  critical  held  increases 
linearly.  We  obtain  dB,.JdP=  1 .0  T/kbar.  The  DOS  curve  of 
LuCo2  also  has  a  sharp  peak  just  below  the  Fermi  level, 
which  gives  the  nietamagnetism.''’  In  the  LufCo, 
system,  the  peak  becomes  very  broad  due  to  hybridization 
between  Co  d  and  Ga  p  bands  and  the  peak  position  ap¬ 
proaches  the  Fermi  Icvcl.^’  This  may  cause  the  decrease  of 
the  critical  field  in  the  Ga-substituted  system.  The  applica¬ 
tion  of  high  pressure  increases  the  band  width  and  the  dis¬ 
tance  between  the  Fermi  level  and  the  peak  position.  These 
effects  increase  the  critical  field. 

Figure  12  shows  the  temperature  dependence  of  suseep- 
tibility  for  Lu(Co,)  92Ga(),(i(()2  at  high  pressures.  The  applica¬ 
tion  of  pressure  decreases  the  sasceptibility  and  increases 
^miix-  obtain  dT^.^dP^^lA  K/kbar.  According  to  Ya- 
mada’s  theory,  is  proportional  to  the  inverse  of 


T  (K) 


FIG.  12.  Pressure  effeci  on  the  susceptibility  of  Lu(Co,|i,|Ga„„,)2.  Arrows 
indicate  the  position  of  . 


*'■*'0  ob.served  increase  of  indicates  that  the  pressure 
c.  -ct  decreases  both  DOS  at  the  Fermi  level  and  the  en- 
ha., cement  factor.  The  large  reduction  of  suggests 

that  the  spin  fluctuations  are  much  suppressed  by  the  appli¬ 
cation  of  pressure.  In  the  preseni  study  wi  ;annot  determine 
the  relation  between  /i,(i(P)  and  under  high  pres¬ 

sure  with  the  same  sample.  However,  the  simple  relation 
W, .„(/’)//■  „,j,(P)  =  consl  may  be  satisfied. 

In  conclusion,  we  have  successfully  observed  melamag- 
netic  transitions  in  YCo,  and  LuCoi  at  and  74  T. 

The  change  of  /i,.,,  due  to  Ni  and  Fe  doping  in  YCot  suggests 
that  the  transition  originates  from  a  special  shape  of  the  DO.S 
curve  around  the  Fermi  level.  of  YCo^  shows  a  posi¬ 
tive  shift  proportional  to  7'  at  low  temperatures.  In  the 
y(CO|  jAl,),  system,  we  have  found  the  relation 
These  experimental  results  can  be  ex¬ 
plained  by  theory  bused  on  u  spin  fluctuation  model.  We  have 
observed  the  suppression  of  spin  fluctuations  due  to  meta- 
magnctic  transition.  The  metamugnetic  transition  and  suscep¬ 
tibility  arc  sensitively  changed  by  pressure. 
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Local  and  nonlocal  density  functional  studies  of  FeCr 

David  J.  Singh 

Complex  Systems  Theory  Branch,  Naval  Research  Laboratory,  Washington,  DC  20.?75 

Local  spin  density  approximation  and  generalized  gradient  approximation  calculations  are  reported 
for  ferromagnetic  B2  FeCr.  Both  shear  clastic  constants  arc  found  to  be  positive,  indicating 
metastabi!-;y  the  B2  structure.  Both  the  moments  of  the  Fe  and  Cr  layers  are  ferromagnctically 
aligned,  with  'he  Fe  moment  being  considerably  depressed.  This  is  in  contrast  to  the  behavior  for 
thicker  films.  The  evolution  of  the  behavior  as  a  function  of  the  layer  thickness  is  addressed  using 
supercell  calculations.  It  is  found  that  Fe  monolayers  in  bcc  Cr  arc  ferromagnctically  aligned  with 
the  neighboring  Cr  moments,  while  thicker  Fe  layers  are  antifcrromagnetically  iiligned  with  the 
adjacent  Cr  layers. 


INTRODUCTION 

Fc/Cr  multilayers  have  become  the  focus  of  intense  in¬ 
vestigation  over  the  past  few  years  in  part  becau.se  of  the 
discovery  of  oscillatory  interlayer  coupling  and  giant  magne¬ 
toresistance  (GMR)  in  this  system.  Although  CsCl  (/i2) 
structure  FeCr  docs  not  exist  in  the  Fe-Cr  phase  diagram.’ 
the  system  is  of  interest  not  only  because  of  the  possibility  of 
growing  it  layer  by  layer  with  molecular  beam  epitaxy 
(MBE)  but  also  because  it  may  be  viewed  as  alternating 
((X)l)  layers  of  Fe  and  Cr,  thus  forming  the  low  thickness 
limit  in  the  Fe/Cr/Fc  multilayer  family. 

This  article  reports  local  spin  density  approximation 
(LSDA)  and  generalized  gradient  approximation  (GGA)  cal¬ 
culations  used  to  investigate  the  electronic,  magnetic,  struc¬ 
tural,  and  elastic  properties  of  this  phase.  The  results  are  in 
general  accord  with  an  earlier  LSDA  linearized  muftin-tin 
orbital  (LVU'O)  calculation  of  the  electronic  structure,  lattice 
parameter,  and  bulk  modulus  for  this  phase. ^  Enhanced 
bonding,  reduced  Fe  moments,  and  an  unexpected  parallel 
alignment  of  the  Fe  and  Cr  spins  is  found.  This  alignment  is 
oppo.site  to  that  observed  in  multilayers.  Calculations  were 
performed  for  several  multilayers  with  different  Fe  and  Cr 
layer  thicknesses  in  order  to  understand  the  parallel  align¬ 
ment  and  the  regime  in  which  it  occurs. 


METHOD 

The  present  self-consistent  calculations  were  performed 
using  the  general  potential  linearized  augmented  planewave 
(LAPW)  method  with  a  local  orbital  extension'  to  relax  the 
linearization  of  the  3</  bands.  Unlike  the  LMTO  calculations 
of  Ref.  2,  this  method  imposes  no  shape  approximations  on 
the  charge  density  or  potential.  LAPW  sphere  radii  of  2,25 
a.u.  were  used  with  well  converged  basis  sets  derived  from 
an  interstitial  cutoff  of  16  Ry.  The  Brillouin  zone  sampling 
were  performed  using  a  16’’  special  k-points  mesh,  which 
yielded  120  points  in  the  irreducible  1/48  wedge  of  the 
simple  cubic  zone.  The  multilayer  calculations  were  per¬ 
formed  using  a  12'  mesh  in  the  cubic  zone  which  was  folded 
down  into  the  appropriate  tetragonal  zones.  The  LSDA  cal¬ 
culations  were  performed  using  the  Hedin-Lundqvist”  func¬ 
tional  with  the  von  Barth-Hedin  spin  scaling;'^  GGA  calcu¬ 
lations  used  the  recent  Perdew-Wang  functional.” 


B2  FeCr:  STRUCTURAL  AND  ELASTIC  PROPERTIES 

Spin  polarized  LSDA  and  GGA  total  energy  and  elec¬ 
tronic  structure  calculations  were  performed  for  lattice  pa¬ 
rameters  between  .5.20  and  ,5.45  a.u.  Lattice  parameters  and 
bulk  moduli  were  obtained  by  fitting  these  to  the  Birch  equa¬ 
tion  of  state.  This  procedure  yielded  an  LSDA  lattice  param¬ 
eter  of  rt  =5.2.1  a.u.  or  2.77  A  and  a  bulk  modulus  of  297 
GPa.  The  present  lattice  parameter  is  L.1%  smaller  than  the 
5. .31)  a.u.  obtained  by  Moroni  and  Jarlborg  using  the  LMTO 
method,'  while  the  bulk  modulus  is  10%  larger.  Converged 
LSDA  calculations  for  ?id  magnets  typically  give  lattice  pa¬ 
rameters  that  arc  2%  to  .1%  smaller  than  experiment  and  bulk 
moduli  that  are  25%  to  40%  too  large,  even  though  elastic 
and  other  properties  when  calculated  at  the  experimental  lat¬ 
tice  parameter  are  in  close  agreement  with  experiment.*'  In 
contrast  GGA  calculations  typically  yield  lattice  parameters 
and  bulk  moduli  in  much  better  agreement  with  experiment 
for  these  materials.  The  calculated  GGA  lattice  parameter  for 
FeCr  is  «=5..U  a.u.  which  is  approximately  2%  larger  than 
the  LSDA  value,  but  still  2%  smaller  than  is  obtained  by 
applying  Vegard’s  rule  to  bcc  Fe  and  Cr;  this  suggests  en¬ 
hanced  bonding  in  FeCr.  The  GGA  bulk  modulus  is  256  GPa. 
Elastic  constants  were  calculated  within  the  LSDA  but  are 
the  likely  more  realistic  GGA  lattice  parameter,  using  the 
procedure  of  Mchl  el  at.''  This  results  in  fairly  stiff  shear 
elastic  constants,  04.,  =  150  GPa  and  c,|-C|i=2.30  GPa. 
These  large  values,  which  suggest  strong  bonding,  suggest 
that  B2  FeCr  is  a  metastablc  phase,  and  therefore  that  this 
phase  may  be  grown  epitaxially  to  large  thicknesses. 

B2  FeCr:  ELECTRONIC  AND  MAGNETIC  PROPERTIES 

The  l,SDA  band  structure  and  electronic  density  of  states 
(DOS)  are  presented  in  Figs.  1  and  2,  respectively.  The 
Fermi  energy  falls  in  a  peak  in  the  majority  spin  DOS,  per¬ 
haps  related  to  the  fact  that  the  B2  phase  is  thermodynami¬ 
cally  unstable.  Both  the  minority  and  majority  spin  d  bands 
are  partially  occupied.  The  similarity  of  the  Fe  and  Cr  pro¬ 
jections  of  the  DOS  is  remarkable.  This  reflects  hybridization 
between  the  Fe  and  Cr  d  orbitals.  This  is  also  seen  in  the 
magnetic  moments.  At  a  =5,33  a.u.,  Fe  and  Cr  spin  moments 
of  1.21  fill  and  0.61  //./,  were  obtained  within  the  LSDA.  The 
interstitial  polarization  is  very  small  as  expected.  Moroni  and 
Jarlborg-  report  LSDA  valuc.t  at  their  calculated  lattice  pa¬ 
rameter  of  5.30  a.u.  At  that  lattice  parameter,  /  obtain  mo- 
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FIG.  1.  LSDA  hand  structure  of  W2  FeCr.  Majority  (miiiorityl  spin  hands 
arc  denoted  by  heavy  (light)  lines.  Hie  dashed  horizontal  line  denotes  the 
Fermi  energy. 


ments  of  1.164  /lifl  and  0,635  /ifl  for  Fe  and  Cr,  respectively. 
These  values  are  0.06  fig  larger  for  Fe  and  0.05  fig  smaller 
for  Cr  than  for  those  of  Ref,  2.  The  Cr  moment  is  only 
slightly  enhanced  relative  to  bee  Cr,  while  the  Fe  moment  is 
strongly  reduced.  Further,  the  Fe  and  Cr  moments  are  aligned 
in  FeCr  (coincidentally  the  total  spin  moment  of  1.82  fig  is 
what  would  be  expected  if  the  Fe  and  Cr  moments  were 


20 1  Total 


-0.8  -0.6  -0.4  -0.2  0  0.2 

E(Ry) 

FIG.  2.  Total  and  projected  DOS  of  H2  FcCi.  Majority  (minority)  .spin 
contributions  arc  shown  above  (below)  the  axis.  T  he  dashed  vertical  line 
denotes  the  Fermi  energy. 


a  (a.u.) 


I'Tri.  Total  and  p.ojeeled  spin  niagnetizalioti  in  fin  per  fornilila  unit  vs 
lattice  parameter  for  112  I'efr. 


antiparallel  and  were  close  to  their  bulk  elemental  values). 
This  is  in  .sharp  contrast  to  what  is  known  about  the  interface 
between  thicker  Fe  and  Cr  layers  where  the  Fe  and  Cr  mo¬ 
ments  are  antiparallel. "  As  shown  in  Fig.  3,  the  moments 
vary  slowly  over  the  entire  volume  range  studied  and  in  par¬ 
ticular  the  parallel  alignment  of  the  Fe  and  Cr  moments  per¬ 
sists.  This  re.sult,  which  is  qualitatively  in  accord  with  the 
earlier  calculations  of  Moroni  and  Jarlborg^  and  also  holds  in 
GGA  calculations,  can  be  rationalized  in  terms  of  the  elec¬ 
tronic  structure.  In  the  B2  structure  each  Fe  atom  is  sur¬ 
rounded  by  eight  Cr  atoms  and  vice  versa — a  favorable  en¬ 
vironment  for  <{  bonding,  As  mentioned,  the  electronic 
structure  shows  strong  Fe-Cr  hybridization  as  reflected  in  the 
similar  projected  DOS  for  the  two  species.  This  similarity 
arises  in  three  ways,  a  charge  transfer  from  the  Fe  to  the  Cr 
atoms,  parallel  alignment  of  the  spin  moments,  and  u  strong 
reduction  in  the  Fe  moment.  Evidently,  the  bonding  energy  is 
..uffieient  to  bring  these  things  about  in  B2  FeCr. 

FeCr  MULTILAYERS 

Regarding  FeCr  as  a  stack  of  single  (001)  Fe  and  Cr 
layers,  one  may  consider  the  effects  of  changing  the  layer 
thicknesses.  For  thicker  Fe  layers,  each  interface  Fe  atom 
would  be  coordinated  by  four  Cr  atoms  and  four  Fe  atoms  in 
the  next  layer,  which  depending  on  the  layer  thickness  would 
be  interior  or  interface  Fe  atoms.  Similarly,  one  may  consider 
changing  the  Cr  layer  thickness.  In  order  to  study  these  situ¬ 
ations,  LSDA  supercell  calculations  at  the  bulk  Fe  lattice 
parameter  were  performed  for  several  such  stacks,  as  shown 
in  Table  1.  These  are  denoted  as  Fe,|Cr„,  where  n  is  the  thick¬ 
ness  of  the  Fe  layers  and  m  is  the  thickness  of  the  Cr  layers. 
GGA  calculations,  which,  were  performed  for  the  stacks  con¬ 
taining  four  and  fewer  layers  yielded  similar  results  but  with 
larger  Cr  moments  consistent  with  previous  GGA  calcula¬ 
tions  for  bulk  Cr.'' 

The  results  show  that  thickening  the  Cr  layer  does  not 
change  Ihe  parallel  interface  alignment  provided  that  the  Fe 
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TABLE  I.  Projected  spin  moments  in  /ig/atom  of  Fe„Cr„  (001)  slacks.  The 
projfctions  are  onto  the  LAPW  spheres.  The  alignment  of  the  spin  moments 
is  given  by  the  sign.  In  cases  where  there  arc  more  than  one  incquivalcnt  Fc 
or  Cr  atom,  the  moments  arc  given  in  order  of  the  distance  from  the  inter¬ 
face;  Fci  and  Crj  are  the  intcrfacial  atoms. 


n 

m 

M(Fe,) 

WtFcj) 

/M(Fc,) 

M(Cr)) 

A/(Crj) 

) 

1 

1.36 

0..52 

1 

3 

1.33 

0.30 

-0.27 

2 

1 

2.09 

-0.41 

3 

1 

1.92 

2,49 

-0.35 

5 

1 

1,99 

2.44 

2,36 

-0.42 

remains  a  single  atomic  layer  thick.  In  fact,  the  Fe  spin  mo¬ 
ment  changes  little  when  additional  Cr  layers  are  added.  The 
Cr  layers  are,  however,  antiferromagnetically  aligned  with 
neighboring  C'‘  atoms  as  expected,  and  a  reduction  in  the 
interfacial  Cr  moment  is  found  when  the  Cr  layer  is  thick¬ 
ened.  On  the  other  hand,  adding  even  a  single  Fe  layer  leads 
to  a  reversal  of  the  interfacial  alignment  and  an  increase  in 
the  Fe  moment  to  near  the  bulk  Fe  value,  which  persists  as 
additional  Fc  layers  are  added.  Thus  parallel  alignment  of  the 
interfacial  moments  in  Fe-Cr  multilayers  is  dependent  on 
having  single  atomic  layer  thick  Fe  layers  so  that  each  Fe 
atom  is  coordinated  by  eight  Cr  atoms.  This  prediction  may 
perhaps  be  verified  experimentally  by  growing,  with  MBE,  a 
single  atomic  layer  of  Fe  between  two  Cr  layers  and  measur¬ 
ing  the  alignment  of  the  Fe  moment  with  its  Cr  neighbors. 

CONCLUSIONS 

Total  energy  and  electronic  structure  calculations  have 
been  reported  for  B2  FeCr  and  for  Fe-Cr  multilayers.  It  is 


found  that  FeCr  is  elastically  stable  and  is  likely  a  meta.stable 
phase.  A  parallel  alignment  of  the  Fe  and  Cr  moments  is 
found;  this  may  be  understood  in  terms  of  strong  hybridiza¬ 
tion  apparent  in  the  electronic  structure.  Calculations  for 
Fe-Ci  multilayers  show  that  the  interfacial  Fc  and  Cr  mo¬ 
ments  remain  antiparallel,  except  in  the  case  when  the  Fe  is 
a  single  atomic  layer  thick,  in  which  case  a  novel  parallel 
alignment  is  found. 
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The  influence  of  electron  correlations  on  the  temperature  dependence  of  the  electronic  structure  of 
ferromagnetic  bcc  iron  is  investigated  by  the  use  of  a  many-body  evaluation  of  a  generalized  model 
of  magnetism.  The  one-particle  part  of  the  model  Hamiltonian  is  taken  from  an  LDA  band-structure 
calculation.  The  model  contains  only  two  parameters,  an  intraband  Coulomb  interaction  U,  and  an 
interband  exchange  J.  With  t/=1.8  eV  and  J=0.2  eV  the  self-consistent  model  solution  yields  a 
7’=0  moment  of  about  2.04  /.cg  and  an  exact  Curie  temperature  of  1044  K.  Details  of  the  magnetic 
behavior  of  Fe  can  be  traced  back  to  a  striking  temperature  variation  of  the  quasiparticle  density  of 
states.  Topical  differences  in  the  magnetic  behavior  of  Fc  and  Ni  are  worked  out. 


I.  INTRODUCTION 

Decisive  features  of  band  ferromagnets  like  Fe,  Co,  and 
Nl  can  be  traced  back  to  electron-correlation  effects  in  the 
relatively  narrow  2d  subbands,  which  only  weakly  hybridize 
with  the  4a'  and  4p  bands.  The  Fe  valence  band  contains 
eight  electrons,  about  seven  of  them  have  predominantly  d 
character.  Current  state-of-the-art  band  .structure  calculations 
within  the  “local  spin  density  approach”  (LSDA)  are  able  to 
account  f^r  ground  state  properties  of  Fe  quite  reasonably. 
However,  up  to  now  a  convincing  theory  does  not  exist  for 
the  temperature-dependent  electronic  structure,  from  which 
magnetic  key  quantities,  such  as  the  Curie  tempera'.ure,  the 
magnetization  curve,  and  the  exchange  splittings  can  be  de¬ 
rived. 


II.  THEORETICAL  MODEL 

Although  prototypical  magnetic  materials  like  Fe,  Co, 
Ni,  Gd,  EuO,  NiO,...,  belong  to  rather  different  classes  of 
magnetism,  they  should  be  describable  by  one  and  the  same 
theoretical  model  and  by  use  of  very  similar  approaches  to 
the  sophisticated  many-body  problem.  Our  model  Hamil¬ 
tonian 

has  already  been  applied  in  preliminary  works  to  some  of  the 
above-mentioned  materials, The  single-particle  part  reads 

ijm(T  kma 

The  indices  i,j  mark  the  lattice  sites  and  rr  marks  the  spin 
projection.  In  the  case  of  Fe  the  band  index  m  runs  over  the 
2d  subbands.  It  is  commonly  accepted  that  the  important 
aspects  of  band  ferromagnetism  are  sufficiently  well  ac¬ 
counted  for  by  intraatomic  direct  and  exchange 

terms  only.  These  terms  can  be  rearranged  in  the 
following  illustrative  way:^ 

+  +  (3) 


Hu  is  an  intraband  Coulomb  interaction  of  Hubbard-type 

Vm) 

1 

^0  =  :^  y 2j  ni„^ni„_„.  (4) 

iftitr 

The  second  term  is  an  interband  exchange  interaction 

{J mm'^J  which  has  exactly  the  same  structure  as 

the  interaction  part  of  the  sf{sd)  model 

ar^n,-S,„.  (5) 

l,m 

O’,,,,  is  the  electron  spin  operator  [o’,>,  =  C|V„jC|„|j , 
(^i'm  =  ctm\Cim\>  |  - S,„,  Ls  a  fictitious 

spin,  “seen”  by  an  electron  from  subband  m  and  built  up  by 
electron  spins  from  all  the  other  subbands 

S,m=2  (f*) 

m’ 

The  third  term  in  Eq.  (3)  is  a  spin-independent  direct  Cou¬ 
lomb  interaction  between  electrons  from  different  subbands 
(l7  =  0,5((/,„„.-(),5y„„,-) 

j  m  ^  m ' 

if 

Since  there  is  no  direct  spin  dependence  in  Hy,  this  partial 
Hamiltonian  will  not  execute  a  direct  influence  on  typical 
magnetic  phenomena.  We  therefore  neglect  it  in  the  treat¬ 
ment  of  Fe, 

We  believe  that  H ,  contains  all  the  interactions  which 
are  vital  for  the  magnetic  correlations  and  the  temperature 
dependence  of  the  electronic  structure.  For  a  realistic  com¬ 
parison  to  experimental  data,  however,  we  have  to  reintro¬ 
duce  the  influence  of  all  the  other  interactions  by  a  proper 
renormalization  of  the  single-particle  energies.  This  is  done 
by  an  LSDA-band-structure  calculation. 
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III.  RESULTS 


We  perform  this  LSDA  calculation  along  the  line  given  in 
Ref.  4,  for  paramagnetic  Fe  in  order  to  avoid  a  double  count¬ 
ing  of  the  magnetic  interactions  which  are  already  covered 
by  the  model-Hamiltonian  part  //).  A  more  detailed  justifi¬ 
cation  is  given  in  Ref.  7,  Starting  from  an  s,p,d  basis  we 
pick  out  the  five  eigenstat with  highest  d  character  and 
number  them  according  •>  in.reasing  single-particle  energy 
by  /H  =  1,2,„,,5  [e|(k)=^.---^e<i(k)].  The  energies  e„,(k)  for  all 
k  from  the  first  Brillouin  zone  form  the  mth  subband.  In  this 
way  the  3d  band  is  decomposed  into  five  nondegenerate  sub¬ 
bands, 

The  many-body  problem  posed  by  our  model  Hamil¬ 
tonian  is  not  exactly  solvable,  However,  the  decomposition 
(3)  of  the  interaction  part  can  conveniently  be  exploited, 
since  the  partial  operators  H y  and  Hj  are  well  known  from 
simpler  models  of  magnetism.  The  .starting  point  is  the  re¬ 
tarded  one-electron  Green  function 

T  LI)  A,  V  , 

the  formal  solution  of  which  can  be  written  in  terms  of  the 
fundamental  self-energy  Siu„,r(£). 

Via  the  definition 

* (/-)(( C Ion ,r  t C 

(10) 

the  seif-energy  parts  of  the  full  self-energy 

=  +  (11) 

may  be  introduced.  In  the  next  step  we  define  “effective” 
single-particle  energies 

J7;;:■’(k.£)  =  e;f^k)  +  W'^;i,,(£)  (x,y  =  UJ;  x-Ay)  (12) 
for  an  '‘effective  medium”  Hamiltonian 

^l,:,l(k;£)t':,„Ckn,o+W..  (13) 

k/n  IT 

In  general  will  be  energy  dependent  and  non-Hermitian, 
but  the  resulting  Green  function  is  the  same  as  in  Eq.  (9). 
The  advantage  lies  in  the  fact  that  the  “effective-medium" 
Hamiltonian  poses  a  formally  simpler  many-body  problem 
than  the  “original”  model  Hamiltonian  (1).  For  each  .v(.v 
=  U,J)  we  try  to  find  a  reasonable  approach  to  the  corre¬ 
sponding  “effective”  Green  function.  This  means  that  for 
Ar=(y  we  solve  the  “Hubbard  problem,”  for  which  we  use 
the  self-consistent  moment  method  from  Ref.  5.  For  x=J 
one  meets  the  “.v/  problem,”  which  we  approximate  by  use 
of  the  moment-conserving  decoupling  procedure,  developed 
in  Ref.  4,  The  resulting  self-energy  parts 

MZiM)  =  FI  )■{■■■}]  (14) 

depend  via  77  on  the  respective  other  self-energy  part.  Fur¬ 
thermore  they  will  contain  several  thermodynamic  expecta¬ 
tion  values,  indicated  in  Eq.  (13)  by  (■••)•  It  is  the  main 
requirement  of  our  procedure  that  all  these  averages  can  be 
represented  in  terms  of  the  full  self-energy,  so  that  a  closed 
set  of  equations  is  guaranteed,  which  can  lie  solved  self- 
consistently  for  the  quantities  of  interest. 


The  two  model  parameters  U  and ./  have  been  fitted  to 
get  a  self-consistent  ferromagnetic  solution  with  a  phase 
transition  of  second  order  at  Ty,  and  a  'r=0  magnetic  mo¬ 
ment  as  realistic  as  possible  ((7=1.8  eV:  7=0.2  tV),  In  the 
same  spirit  we  determined  in  Ref.  1  U  and  J  for  Ni. 

It  turns  out  that  the  possibility  of  a  ferromagnetic  ground 
state  is  mainly  due  to  the  intraband  Coulomb  interaction  U, 
while  the  exchange ./  influences  the  actual  values  of  the  mag¬ 
netic  quantities.  To  realize  ferromagnetism  the  coupling  pa¬ 
rameter  L//W„,  (lf,„;  width  of  the  mth  3d  subband),  the 
electron  density  n„,  as  well  as  the  hole  density, 

2-m,„  ,  have  to  exceed  certain  critical  values,  which  depend 
on  the  given  lattice  structure.  Furthermore,  an  upper  limit  for 
U/W,„  appears,  above  which  the  magnetic  phase  transition  is 
of  first  order.^ 

The  /«=  1,2  subbands  are  completely  filled  and  therefore 
magnetically  inactive.  The  m~3  and  5  subbands 
[«j(7‘=0)=  1.34b,  /i|^{r=())=l).7()4]  have  convenient  occu¬ 
pations  fur  a  ferromagnetic  ground  state  (Fig.  1).  The  m-4 
subband,  however,  is  for  all  temperatures  exactly  half  filled 
(/i4=l.  Fig.  1)  and  has  therefore  a  strong  tendency  to  anti¬ 
ferromagnetism,  which  competes  with  the  ferromagnetic  ten¬ 
dency  of  the  //i=3  and  5  subbands.  According  to  our  model 
solution  for  bcc  iron  the  ferromagnetism  of  the  m~3  and  5 
subbands  dominates  and  forces  the  in  principle  antiferromag- 
netic  »i=4  band  by  interband  exchange  (J)  into  a  ferromag¬ 
netic  order.  So,  the  situation  is  very  much  more  complicated 
than  in  Ni,  where  only  the  uppermost  m=5  subband  is  mag¬ 
netically  active,'  because  the  m  =  1,2,3  bands  are  fully  occu¬ 
pied  and  the  nt  =4  band  contains  only  very  few  holes. 

All  magnetic  properties  of  the  band  ferromagnei  i-c  can 
be  understood  as  direct  consequences  of  the  tempcL.ture- 
dependent  quasiparticle  density  of  states  (QDOS) 

^  ~  ^  ,  (15) 

^  k 

which  is  plotted  in  Fig.  1  for  four  different  temperatures,  and 
separately  for  the  live  3d  subbands.  The  total  QDO.S  is  of 
course  nothing  else  than  the  sum  of  the  five  partial  densities. 
The  T  dependence  of  the  two  lowest  subbands  (m  =  l,2)  is 
exclusively  due  to  imerband  exchange  with  the  magnetically 
active  /;)  =3,4,5  subbands.  In  the  latter  two  different  correla¬ 
tion  effects  are  produced  by  the  intraband  interaction  Li. 
There  is  a  splitting  into  two  quasiparticle  subbands,  which 
persists  for  all  temperatures,  and  an  additional  spin  splitting 
of  each  of  thc.se  bands,  which  disappears  for  r— >7,. .  The 
latter  is  still  enhanced  by  the  interband  exchange  The  weight 
(“area")  of  the  lower  tr-quasiparticle  band  seal’.s  with  the 
probability  for  the  propagating  electron  to  find  a  mttice  site, 
which  is  not  preoccupied  by  a  (~  <t)  electron  of  the  same 
subband.  This  probability  is  zero  for  fully  occupied  bands. 
Therefore  the  m  =  l,2  subbands  do  not  split.  The  v,  eight  of 
the  upper  quasiparticle  subband  is  proportional  to  the  prob¬ 
ability  that  the  rr  electron  does  meet  a  (-rr)  electron  of  the 
same  subband.  A  special  ease  is  the  mi  =4  subband,  which  is 
half  filled  and  at  7  =0  fully  spin  polarized.  80  a  |  electron 
has  no  chance  to  meet  a  1  elcct.on,  and  a  1  electron,  brought 
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FIG.  1.  Quasiparliclc  density  of  stales  of  the  five  ?'/  subbands  as  a 
function  of  energy  for  four  different  temperatures  [7'=0  K:  solid  line; 
r=900  K:  dotted  line;  r=102.‘i  K;  broken  line  (large  burs);  7'=  1044 
K=rt;  broken  line  (small  bars)].  Upper  halves  for  o-=t,  lower  halves  for 
(r-|.  Bars  on  the  energy  axis  mark  the  chemical  potential  p.. 


into  the  system,  cannot  avoid  a  double  occupancy.  Conse¬ 
quently  the  ujiper  t-  and  the  lower  J -quasiparticle  subbands 
disappear  at  T =0.  For  finite  temperature  collective  spin  ex¬ 
citations  become  dominant  for  this  subband,  introducing  a 
spin  disorder.  An  electron,  picked  out  of  the  sample  by  a 
photoemission  experiment,  is  then  with  finite  probability  a  i 
electron.  This  causes  the  appearance  of  a  lower 
i-quasiparticle  band.  For  analogous  reasons  there  grows  out 
an  upper  |  band  for  7’>0.  Above  T^.  the  spin  asymmetry 
disappears,  but  the  splitting  into  a  lower  and  an  upper  sub¬ 
band  persists.  This  explains  the  “noncollapsing  exchange 
splitting”  in  the  Fe  band  structure,  observed  in  spin-resolved 
photoemission.'’  It  is  interesting  to  compare  these  features  to 
the  Ni  spectrum.*  In  Ni  only  the  uppermost  m=5  subband  is 
partially  filled,  and  therefore  magnetically  active.  The  first 


FIG.  2.  Magnetic  moment  of  ferromagnetic  iron  as  a  function  of  tempera¬ 
ture  (circles).  Partial  contributions  from  the  subbands  arc  also  indicated 
(m-3:  stars;  /m=4;  triangies;  m=5:  crosses). 


four  subbands  behave  like  the  m  =  1  and  2  bands  or  he.  They 
do  not  split,  because  the  spectral  weight  of  the  lower  quasi¬ 
particle  subband  is  zero.  Only  the  m=5  band  shows  the  qua¬ 
siparticle  splitting  whieh  persists  for  all  temperatures  and  is 
of  order  U.  Because  t/=6  cV  in  Ni,  the  lower  quasiparticle 
subband  of  the  m  =5  band  lies  some  6  eV  below  the  chemi¬ 
cal  potential  fi  and  is  nothing  else  than  the  famous  “Ni  6  eV 
satellite.”  In  principle,  the  m=3,  4,  and  5  subbands  in  Fe 
exhibit  the  same  behavior  as  the  Ni  m=5  band.  Because  of 
the  smaller  U,  however,  all  the  quasiparticle  subbands  are 
melting  together  avoiding  therewith  a  feature  which  could  be 
denoted  as  “satellite.”  On  the  other  hand,  the  “quasiparticie 
splitting”  gives  rise  to  a  “noncollapsing”  exchange  splitting 
above  . 

The  T  dependence  of  the  magnetic  moment,  plotted  in 
Fig.  2,  follows  directlv  from  the  respective  T  dependence  of 
the  QDOS.  The  moc...i  .olution  reproduces  exactly  the  ex¬ 
perimental  value  for  the  Curie  temperature  7’r  =  1044  K.  The 
7’=0  moment  amounts  to  2.035  being  therewith  only 
slightly  smaller  than  the  experimental  value  (^2.2  /jlh).  The 
actual  value  of  the  moment  depends  sensitively  on  the  total 
number  of  d  electrons,  which  is  not  uniquely  established.  We 
took  n3j  =  7.05  from  Ref.  4.  Another  choice  can  slightly  alter 
the  calculated  T=0  moment. 
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Theory  for  itinerant  eiectrons  in  noncollinear  and  incommensurate 
structured  magnets  (invited) 

J,  Kubler,  L,  M.  Sanciratskii,  and  M.  Uhl 

Institui  fur  Festkorperphysik,  Technische  Hochschule,  D-64289  Darmstadt,  Germany 

Itinerant-electron  systems  are  described  that  can  form  a  variety  of  magnetic-moment  arrangements. 
These  are  dealt  with  quantitatively  by  using  energy-band  theory  and  the  local  density-functional 
approximation;  the  theoretical  and  computational  basis  is  briefly  reviewed  and  results  are  presented 
for  quite  general  collinear  and  noncollinear  moment  arrangements  and  states  having 
incommensurate  helical  order  characterized  by  a  wave  vector  q.  Some  examples  presented  here  are 
Fe3Pt-lnvar,  fcc-iron  precipitates,  and  tetragonal  iron.  Furthermore,  finite-temperature  effects 
become  tractable;  the  magnetovolume  effect  in  FciPt-Invar  serves  as  an  example.  Finally,  the 
problem  of  biquadratic  exchange  in  Fe-Cr  multilayers  will  be  discussed  briefly. 


1.  INTRODUCTION 

This  overview  is  intended  to  demonstrate  how  we  use 
the  local  density-functional  approximation''^  to  do  ab  initio 
calculations  f  r  magnetic  properties  of  materials  possessing  a 
variety  of  magnetic-moment  arrangements  like  ferromagnets, 
collinear  and  noncollinear  antiferromagnets,  and  incommen¬ 
surate  spiral  or  helical  magnets.  Our  treatment  of  the  elec¬ 
tronic  and  magnetic  properties  of  these  itinerant-electron  sys¬ 
tems  has  grown  out  of  a  long  development  connected  with 
the  work  of  Korenman  and  Prange,  Heme,  Moriya,  and  many 
others.’’’"'  This  is  not  the  place  to  discuss  the  similarities  and 
differences  in  our  work  compared  with  the  many  previous 
theories.  Let  it  be  said  that  Korenman"  treated  the  vector 
nature  of  the  magnetic  moments  formed  by  the  itinerant  elec¬ 
trons  like  we  do.  But  unlike  Korenman ’s,  our  calculations  are 
self-consistent  concerning  the  charge  and  spin  densities 
and — if  desired — the  interatomic  magnetic  moment  arrange¬ 
ments. 

Our  theory  was  applied  previously  to  a  number  of  cases 
some  of  which  are  the  noncollinear  magnetic  states  of  Mn^Sn 
(Ref.  12),  the  problem  of  fcc-Fe  (y-Fe)  (Ref.  13),  the  case  of 
FcjPt-Invar  (Ref.  14),  and  the  problem  of  ThMn2  (Ref.  15) 
which  is  an  antiferromagnet  on  a  frustrated  lattice. 

After  a  brief  description  of  the  theoretical  background  in 
Sec.  11  we  will  highlight  the  problem  of  FciPt-lnvar  in  Sec. 


Ill  where  we  point  out  that  transverse  spin  fluctuations  con¬ 
tribute  in  an  essential  way  to  the  formation  of  the  Invar 
anomaly;  this  leads  to  an  understanding  of  the  Invar  effect 
that,  though  it  relies  on  the  existence  of  high-spin  and  iow- 
spin  states,  does  not  require  them  to  be  near  degenerate.  Thus 
our  results  yield  a  magnetovolume  anomaly  without  the 
somewhat  artificial  near  degeneracy  that  was  thought  to  be 
so  essential  in  previous  theories  (for  a  review  concerning  the 
latter  see,  e.g..  Refs.  16,  17).  In  connection  with  the  problem 
of  y-Fe  we  will  then  discuss  some  new  estimates  com  erning 
tetragonal  Fe  that  is  produced  today  by  epitaxial  giowth.  Wc 
will  close  our  overview  with  a  discussion  of  some  new  but 
preliminary  results  concerning  the  observed'”"®  magnetiza¬ 
tion  step.s  and  biquadratic  coupling  in  Fe-Cr  multilayers. 


The  Euler-Lagrange  equations  that  minimize  the  total 
energy  as  a  functional  of  the  density  matrix  define  an  effec¬ 
tive  single-particle  Hamiltonian''^  which  for  spin-polarized 
electrons  forming  a  noncollinear  magnetic  order  may  be 
written  in  bispinor  form  as^' 


H(r)=-V2l  +  2  U"(^j>.0;>)V„(r;,)U(fl2„,0;„).  (1) 


If 


Here  U(0y„,</'y„)  is  the  standard  spin-j-rotation  matrix 


II.  THEORETICAL  BACKGROUND 


U(^y„,(/>j„)- 


cos(6/y„/2)exp(i</>^,,/2) 
-  sin(  6>y  „  /  2 )  exp(  /'  „  /  2 ) 


_ I 

sin(  61y„/2)exp(  -  i<f)jjl)\ 
cos(  fly„/2)exp(-(^y,./2)/ ’ 


(2) 


which  describes  the  transformation  between  a  global  and  a 
local  spin  coordinate  system  to  be  defined  subsequently.  We 
use  the  label  j  to  designate  the  unit  cell  and  the  label  v  the 
basis  atom.  The  polar  angles  give  the  direction  of 

the  local  magnetization,  in  Cartesian  coordinates 

my„=m„  (cos  4>j„  sin  dj„,  sin  sin  0j„,  cos  Oj,.),  (3) 

with  respect  to  a  global  coordinate  system  and 


0 


(4) 


is  the  spin-polarized  potential  of  the  atom  at  site  (;  n)  in  the 
local  frame  of  reference.  The  potential  is  unambiguously 
given  by  functional  derivatives  of  the  total  energy  in  the 
local  density  approximation  it  is  centered  at 
iy„=r— T„-Ry  and  is  assumed  to  vanish  outside  its  atomic 
sphere,  fly,,.  The  local  frame  of  reference  is  defined  as  fol¬ 
lows;  designating  by  py^  the  density  matrix  integrated  over 
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the  atomic  sphere  ilj,,,  i.e.,  pj,, 
=  lilj,,  ^is»<T  (r)r/V,  where  the  i^,(r)  are  solutions 

of  the  Schrodinger  equation  with  the  Hamiltonian  given  by 
Eq.  (1),  we  define  the  local  frame  of  reference  by  those  polar 
angles  for  which  U(£fy,,,(/iy,,)py^U^ is  diagonal. 
Strictly  speaking,  one  should  make  this  transformation  at  ev¬ 
ery  point  in  space  and  Korenman  et  al?  show  what  this  en¬ 
tails.  But  we  believe  the  essential  physics  is  obtained  by 
making  an  atomic-sphere  approximation,  thus  averaging  over 
the  local  directions  in  each  sphere  this  way  replacing  a  fine¬ 
grained  mesh  by  a  coarse-grained  mesh  given  by  the  atomic 
spheres.  When  the  polar  angles  arc  chosen  to  render  the  in¬ 
tegrated  density  matrix  diagonal  we  call  the  angles  self- 
consistent. 

The  polar  angles  Oj^,  and  can  now  be  chosen  to 
model  any  desired  collinear  or  noncollinear  moment  arrange¬ 
ment.  However,  to  guarantee  translational  invariance  most 
general  types  of  order  require  larger  magnetic  unit  cells  (su¬ 
percells)  than  the  crystallographic  tchemical)  unit  cell.  This 
can  quickly  lead  to  an  insurmountable  numerical  problem. 
Fortunately  there  exists  a  type  of  magnetic  order  that  does 
not  require  such  large  supercells.  It  is  a  helical  or  spiral  order 
that  was,  to  our  knowledge,  first  described  by  Herring.^'^ 
Here  the  direction  of  the  magnetic  moment  of  each  atom  in 
the  unit  cell  rotates  around  the  z  axis  with  a  particular  wave 
vector  q  which  is  defined  by  specifying  the  polar  angles  as 
0jl,=O^,,  .  Herring  introduced  a  generalized 

translation  operator  which  combines  a  spin  rotation  with  a 
space  translation:  it  is  constructed  such  that  it  commutes  with 
the  Hamiltonian  forming  an  Abelian  group,  isomorphic  with 
the  group  of  ordinary  .space  translations.  Therefore  a  gener- 
alii-ed  Bloch  theorem  for  the  eigenfunctions  exists  which 
may  be  labeled  by  a  k  vector  as  usual.  This  means  that  for 
any  choice  of  the  vector  q  it  is  the  chemical  Brillouin  zone 
that  constitutes  the  domain  for  the  k  vectors  to  be  used  for 
sampling  the  elements  of  the  density  matrix.  Details  can  be 
found  in  Refs.  23,  24,  13,  and  14. 

Using  the  generali?  d  Bloch  theorem  we  expand  the 
wave  functions  0|.(r)  in  terms  of  the  atomic  bispinor  func¬ 
tions  in  the  following  form; 


26-28,  where  the  total  energy,  E{m),  of  the  state  having  a 
magnetic  moment  m  per  unit  cell  is  obtained  from  a  con¬ 
strained  variation. 

For  a  general  noncollinear  spin  structure  the  constrained 
variation  must  be  formulated  as 

£({m^})  =  min|£;[m(r)] 

ni{r)d^r-  m 

where  on  the  left-hand  side  {m^J  is  the  set  of  desired  mo¬ 
ments  at  the  sites  (yu).  On  the  right-hand  side  the  vector 
parameters  b„  can  be  treated  as  magnetic  fields  acting  on  the 
.spin  densities  of  the  corresponding  atoms.  The  component  of 
b,,  parallel  to  m,,  stabilizes  the  magnitude  of  the  moment  and 
the  perpendicular  component  counteracts  the  torque  that  is 
produced  by  the  nondiagonal  density  matrix.  In  self- 
consistent  spin  arrangements  the  density  matrix  by  definition 
is  diagonal  in  the  local  frame  of  reference;  thus  in  Eq.  (6)  the 
vectors  m(r),m,„b„  are  parallel  and  we  may  drop  the  vector 
symbols.  These  conditions  apply  to  our  calculations  when  we 
use  planar  spin  spirals  which  are  defined  by  ^f,  =  90°  for  all 
sites  (i^). 

The  variation  of  Eq.  (6)  yields  the  Hamiltonian 

H(r)=-V2l-I-S 

x[V;,(ry„)  +  o^fe„(ry^)]U(fiy;,,(;i!iy,,).  (7) 

Here  the  constraining  fields  [h,,(ry„)=ft„  inside  the  sphere  \i>) 
and  zero  outside]  must  be  adjusted  such  that  the  resulting 
moments  coincide  with  the  tho.se  wanted: 

=  We  emphasize  that  the  Hamiltonian,  Eq.  (7),  is  not 
diagonal  in  the  spin  quantum  numbers,  a  fact  that  leads  to 
.spin-hybridized  energy  bands. Therefore  t’^j  concept  of 
two  Fermi  energies  for  bands  with  different  spin  indices  can¬ 
not  be  applied  here.  Instead,  to  do  the  actual  constrained 
calculations  for  noncollinear  configurations  one  proceeds  it¬ 
eratively  as  described  in  detail  in  Ref.  14. 


+  2  b,, 


•/'*(r)  =  S  C„,,dk)U>K^/..r(r).  (5) 

vL(r 

Here  the  coefficients  C,,i„(k)  are  obtained  by  minimizing  the 
expectation  value  of  the  Hamiltonian  using  the  variational 
method  and  for  the  basis  functions,  d'k,./,,r(r)'  we  employ 
augmented  spherical  waves  (ASW)‘”’  defined  in  the  local 
frame  of  reference;  details  may  again  be  found  in  Refs.  13 
and  14. 

At  this  stage  we  can  calculate  the  total  energy  as  a  func¬ 
tion  of  the  volume  and  a  given  type  of  magnetic  order,  most 
notably  of  the  wave  vector  q,  whereas  the  value  of  the  local 
magnetic  moment  normally  is  the  result  of  a  self-consistent 
calculation.  However  it  is  advantageous  to  know  the  total 
energy,  as  a  function  of  the  volume,  the  q  vector,  and  the 
magnetic  moment  (comparable  to  a  thermodynamic  poten¬ 
tial).  For  a  ferromagnet  this  was  achieved  in  the  past  by  the 
.so-called  fixed-spin-moment  method,  see,  for  instance.  Refs, 


III.  RESULTS  AND  DISCUSSION 

We  will  begin  with  the  case  of  FejFt-Invar  stating  some 
very  basic  facts  first.  It  crystallizes  in  the  CujAu  structure 
and  is  ordered  such  that  Pt  occupies  the  cube  corners  and  Fe 
the  face  centers.  The  atomic-sphere  approximation  used  in 
our  calculations  requires  the  choice  of  sphere  radii  for  the 
constituents  which  were  such  that  the  atomic  spheres  were 
neutral  to  within  about  (1.2  electrons  per  sphere.  To  a  good 
approximation  this  leads  to  a  minimum  in  the  total  energy  at 
a  given  volume  and  is  found  to  require  equal  sphere  radii  for 
all  volumes  and  states  of  magnetic  order  considered. 

The  ground  state  of  Fe^Pt  is  calculated  to  be  ferromag¬ 
netic  for  a  sphere  radius,  S,  of  S-2.7^  a.u.  possessing  mag¬ 
netic  moments  of  =  pi,  and  m|.|  =  ().27  /u,, .  The  cor¬ 
responding  lattice  constant  is  a=2>.ll  A  which  is  somewhat 
larger  than  the  experimental  lattice  constant  of  A,’" 

The  calculated  magnetic  noment  corresponds  to  m  =2.07  /u./j 
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FIG.  1.  Total  energy  per  unit  cell  of  Fe,Pt  as  a  function  ol  the  Wigner-Seitz 
radius,  5.  NM:  nonmagnetic,  FM;  ferromagnetic,  and  SM:  spiral  magnetic. 


FIG.  2.  Contours  for  FejPt  of  the  collir-  "''■'•''ibution  to  the  lota)  energy, 
Ec ,  see  Eq.  (8).  in  mRy  per  unit  cell.  S\  \  _  citz  radius  in  atomic  units 
and  m :  magnitude  of  the  magnetic  moment  in  /X;, . 


per  atom  which  is  slightly  smaller  than  the  experimental 
value  of  im=2.16  /ttg  per  atom  quoted  by  Shimizu.'^*  Our 
results  differ  somewhat  from  the  results  of  previous 
calculations^^  (see  also  Ref.  17)  in  particular  in  the  numerical 
values  of  the  total  energy  difference  between  the  ferromag¬ 
netic  and  nonmagnetic  states,  the  values  of  the  'quilibrium 
lattice  constant,  and  the  equilib  I'.m  magnetic  moment.  This 
is  so  because  our  calculations  i.re  not  relativistic  in  contrast 
to  the  older  calculations  whei  v  the  scalar-relativistic  wave 
equation  (SRWE)^^  was  used.  In  the  earlier  stages  of  these 
calculations  we  noticed  that  results  for  Fc3Pt  obtained  with¬ 
out  relativistic  corrections  were  closer  to  experimental 
ground-state  properties  than  those  obtained  with  the  SRWE. 
We  thus  purposely  dropped  the  relativistic  corrections.  This 
is  our  only  justification  for  the  approach  used  here. 

Continuing  with  the  discussion  of  our  results  we  find 
that  spin-spiral  states  having  ^^=90”  for  all  sites  (v)  possess 
the  lowest  total  energy  for  a  wide  range  of  volumes  smaller 
than  the  calculated  equilibrium  volume.  Furthermore,  the 
collinear  antiferromagnetic  state  is  higher  in  energy  than  the 
ferromagnetic  state.  The  total  energy  as  a  function  of  the 
atomic-sphere  radius  is  shown  in  Fig.  1  for  the  nonmagnetic, 
fenomagnetic,  and  spin-spiral  states.  The  lowest  energy  for  a 
wide  range  of  volumes  is  obtained  approximately  for 
9=0.25.  This  can  be  translated  into  the  angle  between  the 
moments  of  two  neighboring  ferromagnetic  planes  obtaining 
about  90°. 

Numerical  experiments  showed  that  the  total  energy  can 
be  written  as 

E(v,m,({)  =  E^{v,m)  +  a{v)E^(m,(\).  (8) 

Here  a(u)  is  a  slowly  varying  scaling  factor  which  for  the 
volume  range  investigated  is  Q'(u)  =  (Uo/t’)^>  where  Uq  is  the 
equilibrium  volume.  The  first  term  (  i  the  right-hand  side, 
E^ ,  we  may  call  the  collinear  and  the  second,  ,  the  non- 
collinear  contribution  to  the  total  energy.  This  empirical  re¬ 
lationship  greatly  facilitates  the  discussion,  so  we  show  in 


Fig.  2  the  collinear  and  in  Fig.  3  the  noncollinear  contribu¬ 
tion  to  the  total  energy.  Here,  from  Fig.  3  we  find  for  a  given 
local  moment,  m,  the  value  of  q  corresponding  to  the  state 
with  the  lowest  total  energy  and  from  Fig.  2  the  relevant 
value  c/  the  volume,  u .  Figure  3  shows  that  for  m  >2.6  fxg 
the  energy  is  lowest  in  ferromagnetic  order  and  for  m<2.6 
/jLg  the  energy  is  minimized  by  a  spin-spiral  structure  with 
values  of  q  lying  in  the  interval  from  0.2  to  0.3.  Note  that  the 


Eq{m,q) 


FIG.  3.  Contours  and  surface  for  FejPt  of  the  noncollinear  contribution  to 
the  total  energy,  E^ ,  see  Eq.  (8),  in  mRy  per  unit  cell,  m :  magnitude  of  ilie 
magnetic  moment  in  Hn  and  q:  magnitude  of  the  spiral  vector  in  units  of 
Zrr/u  along  the  (1,1,1)  axis. 
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FIG.  4.  Expansion  coefficient  a  as  a  function  of  temperature  T  calculated 
for  y-Fe  and  Fe3Pt;  (1)  using  only  collincar  states  (c)  and  (II)  including 
collinear  and  noncollincar  states  (c  +  q). 


noncollinear  portion  of  the  total  energy  E^{m,q)  has  a  clear 
tendency  to  increase  for  large  m,  see  Fig.  3.  In  particular  the 
noncollinear  contribution,  E^{m,q),  is  negative  for  states 
with  small  moments,  (wi<2.6  /Xg),  and  positive  for  states 
with  large  moments,  (/«>2.6  /Xg).  If  we  assume  that  the 
calculated  energy  surfaces  are  also  realized  at  finite  tempera¬ 
tures,  this  contribution  upon  heating  leads  to  a  preferable 
occupation  of  noncollinear  states  having  local  magnetic  mo¬ 
ments  smaller  than  the  ground-state  value  of  nig=2.61  /Xg . 

In  Ref.  14  we  described  a  rather  simple-minded  scheme 
for  statistical  averages  showing  that  the  excited  states  mod¬ 
eled  above  give  indeed  important  contributions  to  thermody¬ 
namic  properties.  We  do  not,  however,  claim  to  have  a  con¬ 
sistent  scheme  that  enable  s  us  at  the  present  stage  to  compute 
thermodynamic  potentials  and  the  magnetic  phase  transition. 
Still,  using  the  computed  energy  surfaces  we  calculate  the 
temperature  dependence  of  the  magnetic  contribution  to  the 
expansion  coefficient,  cit{T),  from  the  derivative  with  respect 
to  the  temperature  of  the  average  value  of  the  .specific  vol¬ 
ume  (o(f)).  The  calculations  were  done  with  and  without 
taking  into  account  noncollinear  states  and  the  result  is 
shown  in  Fig.  4  which  also  contains  results  for  y-Fe  to  be 
discussed  shortly.  It  is  seen  that  with  the  use  of  only  collinear 
magnetic  states  the  coefficient  a(T)  is  positive  at  very  low 
temperatures  and  nearly  zero  for  higher  temperatures.  Inclu¬ 
sion  of  noncollinear  configurations  leads  to  a  negative  sign 
of  ui^T)  over  a  wide  temperature  range;  this  is  one  of  the 
most  prominent  effects  associated  with  Invar.  The  thermal 
expansion  coefficient  due  to  magnetic  effects  has  been  ob¬ 
tained  experimentally.^"*  Its  sign  and  order  of  magnitude  are 
in  agreement  with  our  results,  although  the  functional  form, 
especially  an  experimental  peak  slightly  below  Tc,  is  not 
biought  out  by  our  calculations. 

The  information  on  the  total  energy  of  spiral  structures 
can  also  be  used  for  a  rough  estimate  of  both  the  Curie  tem¬ 
perature,  T(^,  and  the  spin-wave  stiffness  constant,  D.  The 
Curie  temperature  Tq  can  be  estimated  within  the  mean  field 
approximation  to  the  Heisenberg  Hamiltonian.  Neglecting 


the  magnetic  contribution  of  platinum,  the  Curie  temperature 
is  given  by  rc=7(0)(mo  +  2)/3mo.  Here  the  exchange  pa¬ 
rameter  J(0)  is  calculated  by 

y(0)  =  fiB2'  f  rfW(q), 

where  A£(q)  =  [£(i;(,,m|),q)-£(i;o,/n(,,0)]/3  is  the  total  en¬ 
ergy  per  Fe  atom  counted  from  the  ground  state  and  ilg^  is 
the  volume  of  the  Brillouin  zone.  Our  calculations  give 
7’c=435  K,  which  is  in  good  (probably  fortuitous)  agree¬ 
ment  with  the  experimental  value  of  ordered  Fe3Pt,  7’<;  =430 
K.*’  We  hasten  to  point  out  that  we  do  not  imply  here  that  the 
localized-electron  picture  is  appropriate  for  a  description  of 
the  magnetovolume  effects. 

To  estimate  the  spin-wave  stiffness  constant  D  we  use 
the  following  expression  (Ref.  35):  D  =  {Alm^^) 
xlim,j_^(]  A£(q)/|qp,  with  A£(q)  defined  above,  we  .obtain 
the  value  of  D  =  135  meV  which  should  be  compared 
with  the  value  of  D=80  meV  for  Fe72Pt2g.'’’^*’ 

Let  us  now  briefly  turn  to  the  case  of  y-Fc  which  was 
discussed  in  great  detail  in  Ref.  13  and  14.  Here  it  suffices  to 
point  out  that  the  magnetic  structures  that  can  occur  with  low 
total  energy  depend  sensitively  on  the  volume.  In  agreement 
with  older  work^’”^^  we  find  that  there  exist  ferromagnetic 
states  having  high  magnetic  moments  at  volumes  larger  than 
the  bcc-equilibrium  volume.  New  in  our  calculations  is  the 
occurrence  of  spiral  magnetic  states  at  volumes  larger  than 
the  equilibrium  volumes  but  having  lower  total  energies  than 
the  ferromagnetic  states.  We  could  show  that  these  states  are 
being  measured  by  neutron  diffraction  experiments  on  y-Fe 
precipitates  in  copper.^”  Since  these  states  occur  at  large  vol  ¬ 
umes  (in  contrast  to  Fe^Pt  where  they  occur  at  small  vol¬ 
umes,  see  Fig.  1)  they  are  responsible  for  the  large  positive 
thermal  expansion  coefficient  that  is  shown  in  Fig.  4. 

The  object  of  these  previous  calculations  was  either  iron 
in  the  bcc  structure  (a-Fe)  or  in  the  fee  structure  (7'-Fe), 
Since  at  constant  atomic  volume  the  bcc  structure  can  be 
continuously  deformed  to  the  fee  structure,  the  latter  appear¬ 
ing  as  a  body  centered  tetragonal  with  a  value  of  cla—\/2, 
we  now  describe  results  of  new  calculations  in  which  we 
focus  our  attention  on  the  possibi  '•  magnetic  states  of  tetrag¬ 
onal  iron  with  l«c/a«V2.  These  states  may  occur  in  epi¬ 
taxially  grown  iron,  but  we  remind  the  reader  that  our  calcu¬ 
lations  are  for  bulk  materials  and  not  for  surfaces.  Thus,  in 
view  of  possible  effects  due  to  lowered  dimensionality,  our 
results  should  be  understood  to  de.scribe  real  cases  perhaps 
only  semiquantitatively.  In  Fig.  5  we  show  the  total  energy 
counted  from  some  suitable  but  arbitrary  origin  and  the  local 
magnetic  moment  for  three  different  volumes  labeled  by  the 
Wigner-Seitz  radius  function  of  the  spiral  q  vector. 

The  value  of  /?^/s~2.646  corresponds  to  the  equilibrium  vol¬ 
ume  of  bcc  iron  and  it  is  seen  that  bcc  Fe  {da  =  1)  is  stable 
for  (7=0  which  is  the  ferromagnetic  state;  up  to  about  da 
=  1.2  iron  is  ferromagnetic,  but  fee  Fe  at  this  volume  is  non¬ 
magnetic  at  (7=0  having  a  metastable  spiral  magnetic  state 
with  a  reduced  magnetic  moment  at  about  9= 0.6.  At  a  some¬ 
what  larger  volume  {R\/^^=2.67)  the  range  of  stable  ferro¬ 
magnetic  states  is  increased,  lsec/a<1.3,  but  fee  Fe  still 
appears  to  have  a  spiral  magnetic  state.  For  a  large  volume 
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FIG.  5.  Total  energy  and  local  magnetic  moment  of  iron  as  a  function  of  q. 
the  magnitude  of  the  spiral  vector  in  units  of  2iT/a,  fur  three  different  vol¬ 
umes  labeled  by  the  Wigner-Scitz  radius,  /fws  i  Ihe  parameters  labeling  the 
different  curves  give  the  values  of  c/a,  c/a  =  l:  bee  Fc,  c/n=vl:  fee  Fe, 
values  in  between:  tetragonal  iron. 


corresponding  to  Wvt's~2.76  fee  Fe  is  now  barely  stable  in  a 
ferromagnetic  state,  but  we  may  speculate  that  its  Curie  tem¬ 
perature  could  be  rather  low  because  the  flatness  of  the  total 
energy  as  a  function  of  q  signals  small  interatomic  exchange 
constants. 

We  will  close  this  section  by  discussing  new  but  prelimi¬ 
nary  results  for  Fe-Cr  multilayers.  This  modern  topic  has 
received  considerable  attention  recently  by  many  research 
groups  whose  work,  unfortunately,  we  have  no  space  to  cite 
here  properly.  Concentrating  instead  on  the  work  of  only  the 
Jiilich  group'**"^**  and  only  on  a  few  salient  facts  we  may 
state  that  depending  on  the  spacer  (chromium)  thickness, 
iron  layers  experimentally  appear  to  be  coupled  ferromag- 
netically,  antiferromagnetically,  or  in  a  90°  configuration. 
One  therefore  postulates  that  the  exchange  coupling  between 
Fe  layers  can  be  written  as  -A^  cos  0-B^^coli20 
where  the  second  term  on  the  right-hand  side  is  the  biqua¬ 
dratic  coupling  term.  This  type  of  coupling  among  other 
things  shows  up  in  hysteresis  loops  as  steps  in  the  magneti¬ 
zation.  To  our  knowledge  it  is  still  not  clear  whether  this 
coupling  is  intrinsic  or  extrinsic.'*' 

A  simple  multilayer  wa.s  simulated"*^  by  continuing  peri¬ 
odically  two  closed  packed  (CP)  layers  of  Fe,  two  CP  layers 
of  Cr,  and  two  CP  layers  of  Fe.  The  two  Fe  layers  were  found 
to  be  coupled  antiferromagnetically  by  the  chromium  spacer. 
Next  a  magnetic  field  in  the  global  frame  of  reference  is 
turned  on  and  increased  slowly  iterating  the  system  to  self- 
consistency  at  each  chosen  value  of  the  magnetic  field  until 
eventually  the  field  has  aligned  the  Fe  moments  ferromag- 
netically.  We  find  that  the  reorientation  of  the  magnetic  mo¬ 
ments  happens  in  steps  first  at  about  120°  then  at  about  30° 
between  the  Fe  moments.  The  steps,  however,  are  not  as 
pronounced  as  in  the  experimental  hysteresis  curves.  The 
total  energy  calculated  was  fitted  to  H,  above  by  separately 
taking  care  of  the  Zeeman  energy.  The  result  was 
B,M,=0.16  which  is  in  fair  agreement  with  the  value 
AjM  1=0.13  quoted  in  Ref.  18.  We  add,  however,  that  the 
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separate  values  of  /r,  and  /?,  are  obtained  to  be  about  one 
order  of  magnitude  larger  than  the  experimental  estimates. 
Furthermore  we  emphasize  that  in  our  calculations  the  spin- 
orbit  coupling,  i.e.,  the  magnetocrystalline  anisotropy,  and 
any  roughness  between  the  layers  were  neglec*  'd.  Therefore, 
even  though  our  results  are  tentative  at  best  a, id  our  simu¬ 
lated  multilayer  may  not  really  represent  reality,  we  conclude 
that  the  biquadratic  coupling  is  an  intrinsic  property  that  is 
due  to  certain  features  in  the  electronic  structure  of  the  Fe-Cr 
layers  that  still  need  to  be  clarified. 

IV.  CONCLUSION 

For  itinerant-electron  magnets  we  succeeded  in  describ¬ 
ing  the  vector  nature  of  the  magnetic  moments  whose  mag¬ 
nitude  and  direction  are  treated  in  noncollinear  constrained 
moment  calculation  as  independent  variables  for  an  ah  initio 
calculation  of  the  total  energy.  This  supplies  the  energetics  of 
spin  fluctuations  and  enabled  us  to  make  a  step — although 
crude — in  the  direction  of  determining  finite-temperature 
properties.  Our  calculations  describe  the  magnetovolume 
properties  of  Fe^Pt  and  the  results  agree  with  experimental 
facts  in  a  .semiquantitative  way,  notably  with  the  Invar  be¬ 
havior.  On  first  sight  it  does  not  appear  .surprising  that  in 
FcjPt  with  increasing  temperature  the  magnetic  moment  and 
thus  the  specific  volume  decrease.  One  should  bear  in  mind, 
however,  that  the  decreasing  magnetic  moment  is  not  the 
usual  decreasing  thermal  average  but  is  brought  about  by 
longitudinal  spin  fluctuations  that  are  triggered  by  transverse 
fluctuations. 

Furthermore,  we  discussed  the  possible  states  of  tetrag¬ 
onal  iron  and  estimated  the  volume  at  which  fee  Fe  is  ferro¬ 
magnetic  by  studying  the  total  energy  as  a  function  of  the 
spiral  q  vector.  Finally  we  calculated  the  energetics  of  reori¬ 
enting  antiferromagnetically  coupled  Fe  layers  in  Fe-Cr  and 
estimated  the  ratio  of  the  bilinear  and  biquadratic  exchange 
constants  concluding  that  the  biquadratic  coupling  might  be 
of  intrinsic  origin. 
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Verwey  transition  in  magnetite:  Mean-fieid  soiution  of  the  three-band  modei 
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The  nature  of  the  Verwey  transition  in  magnetite  (Fe304)  within  a  three-band  spinless  model 
Hamiltonian  is  examined.  These  bands,  which  arise  from  the  minority-spin  t2g  orbitals  on  the  Fe(B) 
sublattice,  are  occupied  by  half  an  electron  per  Fe(B)  atom.  The  Verwey  order-disorder  transition 
is  studied  as  a  function  of  the  ratio  of  the  intersite  Coulomb  repulsion  U  |  and  the  bandwidth  W.  It 
is  found  that  the  electrons  are  ordered  beyond  the  critical  value  of  U\IW ’^0.25  in  essential 
agreement  with  the  results  of  the  one-band  Cullen-Callen  model.  For  larger  values  of  a 

Verwey-like  order  is  exhibited  where  the  electrons  occupy  aiternate  (001)  planes.  The  model 
predicts  a  transition  from  the  metallic  to  the  semiconducting  state  with  the  band  gap  increasing 
linearly  with  U  i  beyond  the  transition  point. 


I.  INTRODUCTION 

The  Verwey  transition  in  magnetite'”’  is  a  well-known 
metal-insulator  transition  characterized  by  a  decrease  of  two 
orders  of  magnitude  in  conductivity  as  temperature  is  de¬ 
creased  below  the  Verwey  temperature  of  7’u~120  K.  The 
transition  is  accompanied  by  an  order-disorder  transition, 
where  in  the  simplest  ionic  picture,  Fe’^  and  Fe’^  ions  order 
on  the  B  sublattice  of  the  spinel  structure,  interacting  via 
Coulomb  forces.  Examining  this  picture  quite  early  on, 
Anderson^  pointed  out  the  remarkable  property  of  the  spinel 
B  sublattice  that  the  short-range  part  of  the  Coulomb  inter¬ 
action  is  minimized  by  ~{3/2'r‘^  different  configurations  of 
the  ions  where  N  is  the  number  of  sites  on  the  B  sublattice. 
The  long-range  part  of  the  Coulomb  interaction,  on  the  other 
hand,  is  minimized  only  by  a  few  of  these  configurations. 
The  Verwey  transition  may  therefore  be  interpreted  as  a  loss 
of  long-range  order  (LRO)  above  with  no  abrupt  change 
in  the  short-range  order  (SRO).  This  interpretation  is  consis¬ 
tent  with  the  entropy  change  at  the  Verwey  transition  ob¬ 
tained  from  specific  heat  measurements. 

This  ionic  picture,  while  providing  a  reasonable  descrip¬ 
tion  of  the  order-disorder  transition,  does  not  provide  any 
quantitative  description  of  the  transition  from  metal  to  insu¬ 
lator.  Issues  unaddressed  include  questions  such  as;  What  are 
the  charge  carriers  in  magnetite?  Is  the  conductivity  via  mo¬ 
tion  of  ions  or  does  one  has  to  think  of  itinerant  electrons?  In 
fact,  subsequent  to  Anderson’s  work,  a  number  of  models 
have  been  proposed  to  describe  ihe  mechanism  of  electrical 
conduction  and  simultaneously  the  order-disorder  transition. 
These  include  the  itinerant  one-band  electron  model  of 
Cullen  and  Callen,’  and  the  molecular  polaron  or  bipolaron 
pictures  of  Yamada  and  t  lhakraverty,*  etc. 

The  itinerant  electron  model  of  Cullen  and  Callen  de¬ 
scribes  the  Verwey  transition  in  terms  of  motion  of  electrons 
on  the  B  sublattice.  The  Hamiltonian  consists  of  a  nearest- 
neighbor  hopping  integral  t  and  the  intersite  Coulomb  inter¬ 
action  t/i  between  nearest  neighbors.  In  a  seminal  work,’ 
Cullen  and  Callen  studied  this  model  and  in  fact  found  an 
order-disorder  transition  below  a  critical  value  of  U \lt~22. 
However,  there  was  no  justification  for  the  origin  of  such  a 
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model  and,  since  there  was  no  reliable  estimate  for  U \lt  until 
our  recent  work,’  the  applicability  of  the  Cullen-Callen 
model  to  magnetite  remained  unclear. 

Recently  we  have  examined  the  electronic  structure  of 
magnetite  using  density-functional  methods  with  the  local 
spin-density  approximation  (LSDA).’  Ba.sed  on  this  work, 
we  have  obtained  a  three-band  electronic  Hamiltonian  for  the 
motion  of  electrons  on  the  B  sublattice  of  magnetite.  In  this 
article,  we  discuss  the  results  of  a  mean-field  solution  of  the 
three-band  model.  We  find  that  both  (a)  the  ordcr-di.sorder 
transition  and  (b)  the  metal-insulator  transition  can  be  de- 
.scribed  within  the  three-band  model. 

II.  THE  MODEL  HAMILTONIAN 

The  crystal  structure  of  magnetite  consists  of  three  sub¬ 
lattices,  viz.,  the  oxygen  sublattice  and  the  Fe(A)  and  the 
Fe(/?)  sublatticcs.  The  magnetic  moments  within  each  Fe 
sublattice  are  aligned  in  the  same  direction,  while  the  two 
sublattices  are  aligned  antifcrromagneticully.  Since  there  are 
twice  as  many  atoms  on  the  B  sublattice  as  on  A ,  there  is  a 
net  magnetic  moment  with  a  magnitude  of  4.1  per  Fei04 
formula  unit. 

In  our  earlier  work,’  we  have  calculated  the  density- 
functional  spin-polarized  electronic  structure  of  magnetite, 
which  is  schematically  shown  in  Fig.  1.  As  seen  from  the 
figure,  the  majority-spin  bands  are  semiconducting,  while  the 
minority-spin  bands  are  metallic,  a  picture  also  obtained  by 
Yanase  and  Siratori  from  independent  calculations."  The 
pre.sence  of  only  the  minority-spin  electrons  at  the  Fermi 
energy  is  consistent  with  the  spin-polarized  photoemission 
experiments  of  Alvarado  et  a/.'’ 

The  tig  orbitals  of  the  Fe(B)  atoms  form  the  electron 
bands  at  the  Fermi  energy  E j-  with  the  tig  bands  occupied  by 
half  an  electron  per  Fe(B)  atom.  The  electron  count  is  such 
that  the  presence  of  these  “extra”  electrons  makes  the  va¬ 
lency  of  half  the  B  site  atoms  Fe^  ’  and  the  other  half  B  site 
atoms  have  the  valency  of  Fe  *  ’.  The  picture  that  emerges 
then  is  that  the  “extra”  electrons  move  on  the  background  of 
Fe '  ’  atoms  on  the  B  sublattice  in  agreement  with  the  tradi¬ 
tional  view  of  charge  transport  in  magnetite,"* 

The  electronic  structure  provides  justification  for  the 
conventional  picture  of  conduction  via  Fe(B)  electrons  mov¬ 
ing  on  the  B  sublattice.  However,  unlike  the  one-band  pic- 
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Density  of  states 


FIG.  1.  Schematic  picture  cif  the  elcclrunic  .structure  in  magnetite  as  ob¬ 
tained  from  the  density-functional  bund  calculation  (Kef.  7).  The  minority 
spin  (2«  electrons  on  the  Fe(A)  suhlnttice  play  the  key  role  in  charge  trans¬ 
port. 

turc  of  Cullen  and  Callen,  we  now  have  the  three  t^g  bands 
(jcy,  yz,  and  za),  which  leads  to  a  three-band  electron  model 
on  the  B  sublatticc 

3  3 

W  —  2  2  2  ^ I ^  •  (^) 

iU)  1  IJ  II, 1 

Here  are  the  creation  (annihilation)  operators  of  the 

electron  on  the  B  sublatticc  with  i,  /x  being  the  site  and 
orbital  indices  (xy,yz,zx),  respectively,  is  the  corre¬ 
sponding  number  operator,  and  (ij)  denotes  summation  over 
nearest  neighbors  (NN).  The  Hamiltonian  (1)  consists  of  a 
tight-binding  NN  hopping  term  (the  band-structure  term) 
plus  the  Coulomb  interaction  term. 

The  values  of  the  electronic  parameters  in  the  Hamil¬ 
tonian  (1),  calculated  from  “constrained”  density-functional 
methods,^  have  the  following  values  for  magnetite;  (a)  the 
hopping  integrals  -0.41  eV,  f,,,,„=().05  cV,  and 

/(/rfp-=0.12  eV,  resulting  in  an  average  /««-().  13  eV  and  a 
bandwidth  of  M^=1.55  eV  and  (b)  the  Coulomb  parameters 
t/„=4.1±0.5  eV,  (;,=0.3-0.4  eV,  and  t/^-O.OS-O.l  cV. 
Here  the  on-site  Coulomb  repulsion  is  denoted  by  U„  and  the 
first  and  the  second  NN  Coulomb  terms  are  denoted  by  t/j 
and  Ui,  respectively.  Since  U,,  is  much  larger  than  L/|  and 
double  site  occupancy  is  prevented  in  view  of  the  fact 
that  there  are  half  as  many  electrons  as  the  B  sites.  Although 
a  small  value  of  f/2  necessary  to  stabilize'"  the  experimen¬ 
tally  observed  “Mizoguchi  structure”  at  low  temperatures," 
a  structure  where  the  unit  cell  is  doubled,  t/^  is  an  unimpor¬ 
tant  parameter  for  our  purpose  here.  In  our  study  below,  we 
choose  the  values  of  U^)-4  eV  and  U2=0,  leaving  thereby 
the  only  relevant  parameter  Ui/W  in  the  Hamiltonian. 

III.  MEAN-FIELD  SOLUTION 

We  study  the  Verwey  transition  by  solving  the  Hamil¬ 
tonian  (1)  in  the  mean-field  approximation.  We  retain  the 
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FIG.  2.  Ground-.stutc  energy  us  a  function  of  t/, .  The  dashed  curvc.s  corre- 
.spund  to  energies  in  the  limit  of  zero  hopping  (no  kinetic  energy  term)  for 
various  configurations.  The  configurations  arc  chnractcri/ed  by  the  mean 
occupation  of  the  x\/,iiz,zx  orbitals  on  the  four  Fc(fl)  atoms,  viz.,  (I) 
{l/2.0,0;  l/2,0,0;  1/2, 0,0;  l/2,0,0),  (2)  (1,0,0;  1,0,0;  6*0},  (.3)  (1,1,0;  P*0}, 
and  (4)  {12*1/6}.  The  Coulomb  energy  of  the  four  configurations  arc  (1) 
£■  =  31/,.  (2)  £  =  2(/,,  (3)  £  =  £„,  and  (4)  E~U„/3  +  3Ut.  Even  though 
the  Coulomb  energy  of  configuration  (1)  is  relatively  high,  the  large  kinetic 
energy  gain  for  this  configuration  makes  it  the  ground  slate  for  lower  values 
of  L/|.  Configuration  (2)  wins  beyond  the  transition  point  of  £,—0.38  eV 
because  of  its  lower  Coulomb  energy. 


periodicity  of  the  spinel  structure,  which  means  the  electrons 
can  occupy  any  of  the  twelve  orbitals  [four  Fe(fl)  atoms  X 
three  orbitals/atom]  in  the  unit  cell.  In  the  standard  mean- 
field  approximation,  we  have 

ni„nj,s{n,^)nj,+  -  (/»,>)(«/.)•  (2) 

Incorporating  the  first  two  terms  in  the  band-structure  part  of 
Eq.  (1),  the  total  energy  may  then  be  written  as  a  sum  over 
the  occupied  one-electron  eigenvalues  e,  minus  the  Coulomb 
energy 

^'■"2  *•/”' ^Coulomb  • 

( 

The  mean  electron  occupations  (n,^)  are  calculated  from  the 
eigenfunctions  of  the  Hamiltonian  (1),  which  in  turn  depends 
on  These  are  then  determined  self-consistently.  The 

procedure  is  thus  to  diagonalize  the  12X 12  Hamiltonian  ma¬ 
trix  for  each  k  point  in  the  Brillouin  zone  and  find  the 
from  the  eigenvectors  of  the  occupied  states.  We  then  go 
back  and  find  the  eigenvalues  and  eigenveciors  taking  these 
new  values  of  in  the  Hamiltonian.  The  process  is  re¬ 
peated  until  (Hig)  values  have  converged,  which  then  corre¬ 
sponds  to  the  minimum  energy  configuration.  We  performed 
the  eigenvalue  summation  in  the  expression  (3)  with  216  k 
points  in  the  full  Brillouin  zone. 

The  calculated  ground-state  energy  is  shown  in  Fig,  2  as 
a  function  of  the  parameter  U , .  I'he  dashed  curves  refer  to 
the  energies  of  selected  configurations  without  tlic  band- 
structure  term,  i.e.,  in  the  limit  of  zero  bandwidth.  Without 
the  band-structure  term,  the  ordered  phase,  denoted  by  con¬ 
figuration  (2)  in  Fig,  2,  has  the  lowest  energy  for  all  values  of 
Ui^2  eV,  This  phase  has  the  electron  configuration  v  here 
two  of  the  four  sites  in  the  unit  cell  have  an  electron  each  and 
the  other  two  sites  are  empty.  However,  with  the  inclusion  of 
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FIG.  3.  The  calculated  Cullcn-Callcn  order  parameter  m,  as  a  function  of 
the  nearest-neighbor  Coulomb  energy  U  j , 


the  band-structure  term,  the  disordered  phase,  viz.,  configu¬ 
ration  (1),  with  half  an  electron  on  each  site,  has  the  lowest 
energy  for  the  smaller  values  of  f/i .  For  higher  values  of  U\, 
the  Coulomb  energy  of  configuration  (1)  becomes  progres¬ 
sively  larger  and  the  ordered  phase,  configuration  (2),  wins 
over  thereby  resulting  in  a  structural  phase  transition  as  in¬ 
dicated  in  the  figure.  Thus  the  transition  is  a  result  of  the 
competition  between  the  kinetic  energy  (band-structure  en¬ 
ergy)  and  the  Coulomb  energy. 

The  ordered  phase  is  similar  to  the  Verwey  order  with 
electrons  occupying  alternate  (100)  planes  in  the  cubic  struc¬ 
ture.  The  so-called  “Mizoguchi”  structure,''  inferred  to  be 
the  structure  of  magnetite  at  low  temperatures,  where  the 
unit  cell  has  doubled  compared  to  the  cubic  celt,  is  nut  re¬ 
produced  in  our  calculation  because  we  have  restricted  our¬ 
selves  to  the  cubic  unit  cell  of  the  spinel  structure.  To  .study 
the  nature  of  the  transition,  we  define  the  order  parameters 
following  earlier  authors:* 

Wi  =  (/ii4-n2-n3-«4)/2, 

m2  =  («i-/i2+«3~«4)/2,  (4) 

W3  =  («l-rt2-«3  +  «4)/2, 


=  («l-f  «2-l-«3  +  «4) 


Here  =  For  perfect  order  mi  =  1,  while  for  per¬ 

fect  disorder  wii=0. 

The  calculated  order  parameter  m  i  as  a  function  of  the 
Coulomb  parameter  Ui  is  shown  in  Fig.  3,  where  we  also 
reproduce  the  results  of  the  one-band  Cullen-Callen  model. 
There  is  a  rather  sharp  transition  around  the  value  of 
t/i'««0.38  eV  in  both  the  Cullen-Callen  model  and  the 
present  three-band  model.  The  order  parameters  wi2  and  m, 
are  zero  everywhere  except  the  transition  region  correspond¬ 
ing  to  “multiple  order,”*  an  issue  we  have  not  examined  yet 
in  any  detail. 

We  have  also  calculated  the  mean-field  electronic  eigen¬ 
values  (band  structure).  The  bands  are  metallic  until  the  tran¬ 
sition  point  beyond  which  a  band  gap  develops  with  the  gap 
value  increasing  linearly  with  U  ^  as  shown  in  Fig,  4. 


- 1 ,  while  for  per- 
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FIG.  4.  Band  gap  as  a  function  of  the  nearest-neighbor  Coulomb  energy  IJ^ 
A  metal-insulator  transition  is  seen  at  the  value  of  U ,  =0.38  eV, 


IV.  CONCLUSION 

In  conclusion,  we  have  studied  the  three-band  model  for 
the  Verwey  transition  in  magnetite  in  the  mean-field  approxi¬ 
mation.  The  Verwey  transition  is  described  in  terms  of  the 
order-disorder  transition  of  the  “extra”  electrons  on  the 
B  sublatticc.  Whether  these  electrons  are  ordered  or  not  de¬ 
pends  on  the  relative  strengths  of  the  Coulomb  energy  and 
the  kinetic  energy,  characterized  by  the  Coulomb  parameter 
U I  and  bandwidth  VF,  respectively.  For  lower  values  of  the 
Coulomb  parameter,  a  disordered  state  is  favored,  while  a 
larger  value  results  in  an  ordered  state  with  the  crossover 
taking  place  at  the  ratio  U i/W’^0.25.  The  ordered  state  in 
our  calculation  has  a  Verwey-like  order,  where  alternate 
(001)  planes  on  the  B  sublatticc  are  occupied  by  the  “extra” 
electrons.  We  have  shown  earlier"’  that  given  the  degree  of 
freedom  (larger  unit  cell)  the  kinetic  energy  term  destabilizes 
the  Verwey  order  into  the  experimentally  observed  Mizogu¬ 
chi  order.  Finally,  even  though  the  Verwey  transition  occurs 
as  temperature  is  changed,  our  present  results  pertain  to  zero 
temperature  with  the  Verwey  transition  taking  place  as  elec¬ 
tronic  parameters  are  varied.  We  are  currently  studying  the 
Verwey  transition  within  a  finite-temperature  mean-field 
theory.  Preliminary  results  indicate  that  our  model  can  ex¬ 
plain  the  experimentally  observed  Verwey  transition  as  a 
function  of  temperature.'^ 
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Magnetite  exhibits  the  well-known  metal-insulator  transition  at  the  Verwey  temperature  [Ty)  near 
123  K.  Neither  the  physical  origin  nor  the  conduction  process  above  Ty  is  well  understood.  Using 
the  Cullen  and  Callen  tight-binding  Hamiltonian,  the  “extra”  fully  spin-polarized  7>d  conduction 
electrons  in  the  B  sublattice  are  described.  By  introducing  a  covalency  parameter  P,  the  Wannier 
states  for  these  conduetion  electrons  can  be  characterized.  Only  for  the  lower  singlet  subband,  does 
the  r  value  point  toward  delocalization.  The  results  reveal  that  the  Wannier  states  in  magnetite  are 
a  mixture  of  localized  and  delocalized  electron  states. 


I.  INTRODUCTION 

The  debate  on  the  origin  of  the  Verwey  phase  transition 
in  magnetite  (1x^04)  and  its  unusual  physical  properties  ob¬ 
served  above  this  transition  still  continue.'  Fej04  is  a  mixed- 
valence  oxide  material  that  undergoes  a  metal-to-insulator 
transition  at  the  Verwey  temperature  (Ty)  near  123  K.  Sev¬ 
eral  models,  ranging  from  elcctrop  hopping  to  broadband 
conduction,  have  been  proposed  for  the  conduction  mecha¬ 
nism  above  Ty.  The  local-magm  ic-field  anomaly^  in  Fe304 
observed  at  twice  Ty  (7’n  )  has  provided  new  stimulus  in 
magnetite  studies,  and  clearly  marked  the  temperature  inter¬ 
val  which  precursor  effects  related  to  the  Ver¬ 

wey  transition  occur. 

Fifteen  years  ago,  Mott  and  othcrs‘“  sugge.sted  that 
above  fy  Fc-,04  behaves  like  a  Wigner  glass,  in  which  the 
“extra”  3d  electrons  (3d*)  randomly  occupy  one-half  of  the 
B  sites.  According  to  Mott,’  the  electric  properties  of  such  a 
glass  are  best  described  by  a  narrow  (poluron)  band.  Further¬ 
more,  combined  experimental  evidence  involving  muon-spin 
research  (/xSR),  Moessbauer  effect  spectroscopy,  and  neu¬ 
tron  scattering  studies  strongly  support  this  picture  of 
phonon-a.‘.5isted  electron  hopping  above  Ty Direct  experi¬ 
mental  proof  of  the  Mott-Wigner  glass  state  in  Fe304  has 
been  provided  by  the  observation  of  tlie  /rSR  cro.ss- 
relaxation  effect  at  7’iy  } 

Despite  the  progress  made  in  recent  years,  additional 
study  is  needed.  Some  questions  still  remain;  Are  these  3d* 
electrons  localized  and,  is  the  Hubbard  approach  as  per¬ 
formed  by  Ihle  and  Lorentz*  justified?  A  study  of  the  Wan¬ 
nier  states  of  the.se  "hopping”  3d*  electrons  could  provide 
answers  to  these  questions  and  shed  light  on  the  origin  of  the 
Verwey  phase  transition.  We  have  used  the  established 
Cullen  and  Callen  (CC)  Hamiltonian’  as  a  starting  point  of 
our  Wannier  study  of  magnetite. 


II.  TIGHT-BINDING  METHOD 

Magnetite,  which  can  be  well  described  by 
(Fe''^)4[Fe2‘e  ‘]/)04,  is  a  ferrimagnet  and  has  an  inverse 
spinel  structure.  The  Fe  ions  at  the  A  sites  do  not  play  a  role 
in  the  conduction  mechanism.  The  Fe  ions  in  the  B  sites  are 
surrounded  by  six  oxygens  in  an  octahedral  environment. 


The  unit  cell  has  two  molecules  and  thus  four  B  sites.  These 
four  B  sites  share  two  3d*  conduction  electrons  and  are  half 
occupied.  The  ferrimagnctic  Neel  temperature  of  858  K  and 
Hunds’s  rules  impose  that  these  3d*  electrons  are  fully  spin 
polarized  below  RT.  In  the  trigonally  distorted  octahedron, 
the  d^^t)2-.^2  electron  state  is  the  lowest  in  energy;  z'  being 
parallel  to  the  (111)  axis.  At  the  corners  of  a  cube,  the  four  B 
sites  form  a  tetrahedron,  the  u.nit  of  the  B  sublattice.  For  this 
atomic  unit,  the  quadruplet  (available  for  the  two  3d*  elec¬ 
trons)  will  split  into  a  singlet  and  a  higher  triplet  electron 
state,  when  considering  an  attractive  potential  at  the  B  sites. 

Cullen  and  Callen  (CC)  introduced  the  following  one- 
band  Hamiltonian  for  these  3d*  electrons  in  the  B 
sublatticc:’ 

/7„^=7/(H-exp(2(kT„/4)},  a,^=(i,l,2,  or  3  (1) 

and 

/7„„=(J,  a  =  (),l,2,  and  3,  (2) 

where  a  and  /3  are  B  sites  in  the  atomic  unit,  H  is  a  negative 
constant  transfer  integral  and  is  of  the  order  of  -0.05  eV,^“'^‘’ 
and  T„ij  is  a  vector  between  sites  a  and  p.  In  case  the  ob¬ 
tained  Wannier  states  show  substantial  r/clocalization,  we 
may  need  to  use  the  three-band  Hamiltonian  as  proposed  by 
Zhang  and  Satpathy."’ The  total  Bloch  function  «I>(r)  for  the 
3d*  electrons  reads 
a 

<!»=  S  f<,(k)'F„,  (3) 

<t  =  0 


where 

N 

=  {exp(/kRplV/(r-R;-t„),  (4) 

1 

Ry  is  the  B  sublattice  vector  and  is  lie  B  site  vector  within 
the  atomic  unit. 

The  Wannier  function  W  is  defined  as 


W(r-R,)  =  V"'2  X  2 

k  j  it 


exp{(k(Ry-R,)}f„(k)i//„,,. 


(5) 


The  Wannier  states  are  then  evaluated  to  be 
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W*W='2  2  2  C*{k)c^(k)^:i/Jp.  (6) 

k  a  p 

The  c„(k)  are  de  termined  from  solving 
3 

2  {H„p-EV(k)S„p}cp=0,  a=0,l,2,  and  3,  (7) 

^•-=0 

where  the  eigenvalues  ^^(k)  are  obtained  from  the  determi¬ 
nant  equation 

|//„^-£(k)5„^|  =  0,  (8) 

In  nearest  neighbor  (nn)  approximation,  we  then  have 

w*iv=2  2  k„(k)|2it//„p 

k  a 

nn 

+2  22  c:(k)c„,(k)0:^ie,.,  (9) 

k  aa' 

In  order  to  describe  electron  overlap  and  transfer,  we 
introduce  the  mixing  parameter  F  for  each  subband 

nn  ! 

r={2  22  c:(k)c„,(k)}  /{2  2  lc„(k)k}.  (lo) 

k  aa*  !  k  at 

When  th  covalency  parameter  F  is  negative  or  zero,  anti¬ 
bonding  and/or  localization  are  indicated;  when  positive, 
more  covalency  and  delocalization  are  present  in  the  Wan- 
nier  states. 

III.  CALCULATIONS  AND  RESULTS 

Solving  for  the  eigenvalues  £V(k)’s  of  the  CC  Hermit- 
ian  matrix  is  straightforward,  and  can  be  performed  ana¬ 
lytically.  An  important  feature  is  that  for  all  k  directions  a 
degene,  ate  doublet  exLsts  independent  of  k;  this  doublet  was 
part  of  the  triplet  (sec  above)  at  k=0.  The  obtained  eigen¬ 
values  fully  agree  with  the  literature  values.'^  The  broadening 
of  the  upper  singlet  (departing  from  the  k=0  triplet)  and  the 
lower  singlet  is  in  the  order  of  \3H\  (an  estimate  could  be 
between  0.1 -0.2  eV).  To  solve  for  the  eigenvectors  c„(k), 
we  have  transformed  the  4X4  Hermitian  into  a  real  symmet¬ 
ric  8X8  matrix  following  a  standard  recipe.  In  this  way, 
Mathcmatica  provides  the  eigenvectors  in  a  convenient  and 
correct  way. 

In  Table  1,  the  results  on  F  and  other  relevant  informa¬ 
tion  are  given. 


TABLE  I.  Results  on  P. 


id* 

bands 

T 

parameter 

W*W 

state 

Occupancy 

0  K 

Broadening 

Doublet 

-1.4., 

very  localized 

0 

0 

Upper 

singlet 

-0,0 

localized 

1 

<|2W| 

Lower 

singlet 

+  2.9 

delocalized 

1 

<|2/fl 

The  estimated  values  for  F  have  been  obtained  by  summing 
over  150  k  points;  these  are  estimates  because  complete  con¬ 
vergence  for  the  k  sums  has  not  been  obtained.  As  one  can 
see  from  the  table,  only  one  state  has  become  delocalized, 
When  the  temperature  increases  from  0  K,  this  state  is  being 
emptied.  However,  the  available  (excited)  empty  states,  es¬ 
pecially  the  doublet  state,  are  localized  in  this  CC  descrip¬ 
tion.  Therefore,  we  see  no  need  to  use  a  three-band  Hamil¬ 
tonian  (see  above);  for  now,  the  CC  appears  to  be 
sufficient,  and  approximately  correct. 


IV.  DISCUSSION  AND  CONCLUSIVE  REMARKS 

As  T— *0  K,  only  the  lower  and  upper  singlet  bands  will 
be  occupied.  Only  at  X  (1,0,0)  in  the  Brillouin  zone,  the.se 
singlets  touch;  otherwise,  a  gap  exists  having  an  effective 
width  of  the  order  of  1//|.  Thus,  at  sufficiently  high  tempera¬ 
tures  of  about  Tv  or  T^  (when  thermal  energies  are  in  the 
order  of  0.01-0.02  eV),  a  localized  behavior  of  the  3d* 
states  is  predicted.  The  upper  singlet  and  doublet  (narrow) 
bands  are  primarily  responsible  for  the  conduction  process; 
this  is  consistent  with  the  Mott-Wigner  glass  description. 
Above  T^^/,  our  Wannier  picture  supports  the  idea  of 
(phonon-assisted)  electron  hopping.  However,  this  depiction 
is  incomplete:  the  strong  localization  indicates  the  necessity 
to  take  into  account  Hubbard-like  terms,  as  has  been  done  (in 
the  extreme  limit)  by  Ihle  and  Lorentz''  to  describe  the  Cou- 
lombic  Sri* -electron  interactions.  Also,  Mishra  and 
Satpathy’'  have  used  Hubbard-like  terms  (together  with  the 
CC  H„p)  to  study  the  atomic  charge  ordering  below  Tv . 

Our  present  results  reveal  that  the  Wannier  states  in  mag¬ 
netite  are  a  mixture  of  localized  and  delocalized  electron 
states.  Evidence  for  such  a  mixture  is  also  exhibited  in  the 
electronic  properties  of  the  high-T,.  cuprates.  Similarities  be¬ 
tween  the  electronic  and  geometrical  structures  of  Fe^Oj  and 
LiTi204  and  CuO-based  superconductors  sugge,st  Wannier 
studies  may  provide  substantial  clues  on  the  conduction 
mechanisms  of  these  transition-metal  oxides.  Further  work  is 
in  progress. 
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The  influence  of  on-site  Hubbard  correlations  on  electronic  structure  and  magneto-optical  spectra  of 
CeSb  have  been  studied.  As  the  new  key  mechanism  to  produce  the  large  magneto-optical  signal  is 
linked  to  the  interaction  between  the  anisotropy  of  the  Coulomb  matrix  and  m -dependent  p-f 
hybridization,  this  effect  suggests  a  systematic  search  for  materials  with  large  magneto-optical 
effects. 


Cerium  monopnictidcs  with  the  NaCl-type  of  structure 
are  prototypical  materials  belonging  to  strongly  correlated 
low-carrier-dcnsity  systems  which  have  attracted  attention 
for  their  unusual  spectral  and  magnetic  properties  and  the 
difficulties  in  explaining  them.  There  are  controversial  inter¬ 
pretations  of  the  double  peak  structure  of  valence-band  pho¬ 
toemission  spectra,’  different  explanations  for  the  de  Haas- 
van  Alphen  (dHvA)  data,^  and  limited  understanding  of  the 
nature  of  the  structural  phase  transitions  for  these  .systems.-^ 
Among  the  pnictides  CeSb  has  a  special  position.  In  addition 
to  the  anomalies  inherent  to  all  monopnictidcs,  CeSb  has  a 
large  magnetic  anisotropy  together  with  a  small  crystal  field 
splitting,'*  an  extremely  complicated  magnetic  phuse  dia¬ 
gram,  including  a  type  of  Devil’s  staircase  at  low 
temperature,®  and  the  largest  known  Kerr  anglc.'^'  It  turns  out 
that  the  widely  used  local  spin  density  approximation 
(LSDA)  fails  to  predict  many  of  the  ground  and  excited  state 
properties;  the  value  of  the  equilibrium  magnetic  moment, 
the  additional  orbits  found  in  de  Haas-van  Alphen  experi¬ 
ments,  the  small  density  of  states  at  the  Fermi  level,  and  the 
magneto-optics.^'^ 

In  this  communication  we  have  used  the  so-called 
LDA+U  method  in  rotation-invariant  form”  to  describe  the 
ground  state  electronic  structure  and  the  anomalies  of  the 
magneto-optical  spectra  of  CeSb.  Some  details  of  the  method 
were  published  in  Ref.  9.  It  turns  out  that  the  results  of  the 
self-consistent  band  structure  of  CeSb  are  similar  to  those  of 
the  empirical  p-f  mixing  model’”'”  and  leads  to  improve¬ 
ment  in  the  description  of  the  magneto-optical  (MO)  spectra. 

We  used  the  full-potential  scalar-relativistic  linear 
muffin-tin  orbital  (LMTO)  method’^  to  calculate  the  self- 
consistent  band  structure  of  ferromagnetically  ordered  CcSb 
(this  corresponds  to  the  high  field  state  obtained  in  MO  ex¬ 
periments)  with  the  l.DA+U  functional  (1)  and  the  atomic 
sphere  approximation  (ASA)  LMTO’”  method  with  spin- 
orbital  coupling  in  the  .second-order  variational  step  to  inves¬ 
tigate  the  magneto-optical  spectra.  The  integration  over  the 
Brillouin  zone  has  been  done  by  the  tetrahedron  method  with 
69  k  points  for  the  self-consistent  field  (SCF)  calculation  and 
about  1000  k  points  in  the  BZ  for  optical  matrix  elements. 
The  low  temperature  experimental  crystal  structure  for  CcSb 
with  a  0.2%  tetragonal  distortion  was  used.* 

Without  spin-orbital  coupling  it  was  found  that  the 
Hartree-Fock-like  one-electron  4/  .spin  “up”  states  with 
predominantly  m=3  and  m==-'3  character  have  the  lowest 


total  energy.  This  is  in  agreement  with  the  first  and  second  of 
Hund’s  rule.s,  with  energy  differences  among  the  4/  conOgj- 
rations  arising  from  anisotropic  Coulomb  and  crystal  field 
effects.  One  should  note  that  the  symmetry  of  such  orbitals  is 
not  cubic  anymore,  and  that  Jahn-Tcller  tetragonal  distor¬ 
tions  give  a  lower  energy.  The  spin-orbital  coupling  (-0.5 
cV)  lifts  the  degeneracy  of  the  m  —  ±2  states  according  to 
Hund’s  third  rule  and  the  lowest  energy  corresponds  to  the 
|-3|)  one-electron  state.  The  spin  and  orbital  moments  are 
equal  to  —0.92  p.^  and  2.86  pn ,  respectively,  yielding  a  total 
magnetic  moment  of  1.94  p^,  which  is  close  to  tlie  experi 
mental  value  obtained  for  the  antiferromagnetic  (AFM) 
ground  state  (2.10±0.04  pg).^ 

In  this  article  we  consider  only  the  one-determinant 
LDA+U  singlet  ground  state.  The  ground  state  band  strac- 
ture  of  CeSb  (with  spin-orbital  coupling)  is  shown  in  Fig.  1. 
The  f  bands  are  split  by  approximately  6  eV,  and  the  singly 
occupied  /  band  is  located  at  2.3  eV  tjelow  the  Fermi  level. 
All  unoccupied  /  bunds  are  at  approximately  3.7  cV  above 

and  the  broadbands  which  cross  the  Fermi  level  are 
formed  by  Sb  p  states.  This  picture  of  the  CeSb  electronic 
structure  is  in  agreement  with  the  phenomenological  p-f 
mixing  model.'”’" 

The  density  of  states  (DOS)  is  shown  in  Fig.  2(a)  and  is 
quite  different  from  the  LSDA  DOS  [Fig.  2(b)].  There  is  a 
large  reduction  of  the  density  of  states  at  the  Fermi  level  with 
our  LDA  +  U  value  of  (V(£,.)=6.5  st/Ry  '  compared  to  the 
LDA  value  of  about  150  st/Ry”'.  The  occupied  /  band  with 
mostly  /n  =  -3  character  interacts  in  a  very  anisotropic  way 
with  the  Sb  p  bands  (see  Fig.  3)  and  even  pushes  one  of  the 
p  .states  (mostly  m  =  1  character)  above  the  Fermi  level  along 
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F'ICi.  1.  liiuid  stmeluri;  of  fcrromagneliciilly  (irdtrcd  C'cSb.  lioth  rydberg  and 
clcctroiivoll  scales  arc  shown. 
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FIO.  2.  (a)  Total  density  of  states  of  ground  state  for  the  ferromagnetically 
ordered  CeSb  in  LDAi-U.  The  narrow  peak  at  0.38  Ry  is  predominantly 
/=3,  m  =  -3,  and  a=  +  l  in  character.  The  Fermi  levci  is  shown  by  the 
arrow,  (b)  Total  density  of  states  of  ground  slate  for  the  ferromagneticaliy 
ordered  CcSb  in  usual  LSDA.  The  two  large  peaks  correspond  to  4/  “up" 
and  “down”  states. 

the  T-Z  direction,  but  not  in  the  F-A’  direction.  The  aniso¬ 
tropic  p‘f  interaction  helps  explain  the  anomalous  magnetic 
properties  of  CeSb  (Ref.  13)  with  strong  magnetic  anisotropy 
in  the  ferromagnetically  ordered  phase  {our  calcu;...ed  value 
of  magnetic  anisotropy  as  the  total  energy  diiforen-.  with  the 
magnetic  field  along  [001]  and  [110]  direction;  is  2.4  meV 
(standard  LSDA  caiculatlons  give  0.54  meV)}.  Such  aniso¬ 
tropic  p-f  mixing  for  different  m  subbands  near  the  Fermi 


FIG.  3.  Schematic  picture  of  Hubbard-induced  anisotropy  formation  in 
frame  of  LDA-i-U  for  CeSb.  (a)  Normal  LDA  structure  of  p  and  f  bands  in 
CeSb.  (b)  A  shift  of  one  /  state  of  Cc  (predominantly  with  m  =  -3  charac¬ 
ter).  (c)  The  results  of  strong  p-f  hybridization  and  the  creation  of  a  highly 
polarized  structure  of  p  states  of  Sb. 
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FIG.  4.  Intcrband  off-diagonal  optical  conductivities  of  CcSb  (in  lO'*  s' ') 
The  theoretical  curve  docs  not  include  broadening  from  quasiparticle  life¬ 
time  effects  or  experimental  resolution. 


level,  together  with  the  large  spin-orbital  coupling  of  Sh  p 
states  (—0.6  eV)  leads  to  particularly  strong  MO  eifects. 

The  nondiagonal  part  of  the  conductivity  tensor  (Fig.  4) 
is  in  better  agreement  with  experimental  MO  spectra*''"*  than 
the  LDA  result^  which  qualitatively  disagrees  with  experi¬ 
ment.  A  serious  problem  however  is  the  small  magnitude  of 
the  negative  peak  at  0.3  eV  in  comparison  with  the  experi¬ 
mentally  predicted  MO  spectra.  This  particular  peak  is  of 
interest  because  the  small  value  of  the  diagonal  conductivity 
near  this  energy  helps  produce  the  largest  measured  Kerr 
angle  of  any  material.  The  theoretical  of  5*  (at  0.3  eV)  is 
large,  but  still  smaller  than  the  predicted  value  (>15°)  or 
measured  value  (of  about  14°  at  0.5  eV). 

Analysis  of  MO  matrix  elements  shows  that  the  main 
contribution  to  the  peaks  in  cr,y{a>)  at  0.3  and  0.9  eV  comes 
from  the  transitions  from  p  to  d  bands  near  the  Fermi  level. 
Among  those  states  the  radial  functions  consist  of  an  atomic- 
like  p  orbital  around  the  Sb  site  and  tails  of  states  from 
surrounding  sites  which  have  some  r/-Iike  symmetry  within 
the  Sb  sphere.  These  are  exactly  the  p  bands  which  interact 
strongly  with  the  occupied  Ce  /  band  and  are  pushed  above 
Ep  along  the  F-Z  direction  and  stay  below  Ep  along  F-A. 
One  of  the  interesting  consequences  of  such  anisotropy 
[which  comes  from  the  symmetry  breaking  nature  of  the 
LDA+U  approach  (see  Fig.  3)]  is  that  the  orbital  angular 
character  {m  quantum  numbers)  is  further  separated  than 
would  occur  from  just  the  spin-orbit  coupling  alone.  Espe¬ 
cially  large  contributions  to  tr^yitu)  may  be  predicted  for  sys¬ 
tems  with  such  a  big  anisotropy  of  the  f  electron  angular 
momentum  density.  For  CeSb  there  is  strong  hybridization  of 
one  particular  f  orbital  and  one  p  orbital  with  significant 
energy  shifts  near  the  Fermi  level  where  spin-orbital  splitting 
of  p  states  is  also  large.  With  the  same  mechanism  it  may  be 
possible  to  produce  strong  MO  effects  using  f-d  anisotropic 
hybridization  (with  materials  like  CePt,  CePtSb,  and  so  on). 
In  any  case  anisotropy  induced  contributions  to  MO  may 
affect  significantly  the  off-diagonal  conductivity  (but  not  the 
diagonal  part),  and  may  be  another  consideration  for  increas¬ 
ing  the  MO  effect  in  searching  for  new  MO  materials. 

Antropov,  Harmon,  and  Liechtenstein 


ACKNOWLEDGMENTS 

This  work  was  carried  out  at  the  Ames  Laboratory, 
which  is  operated  for  the  U.S.  Department  of  Energy  by 
Iowa  State  University  under  Contract  No.  W-7405-82.  This 
work  was  suppc  ted  by  the  Director  for  Energy  Research, 
Office  of  Basic  Energy  Sciences  of  the  U.S.  Department  of 
Energy. 

'a.  Franciosi,  J.  Weaver,  N.  Martensson,  and  M.  Goft,  Phys.  Rev.  B  24, 
,•5658  (1981). 

Kitazawa,  T.  Suzuki,  M.  Sera,  Z.  Oguro,  A.  Yanasc,  A.  Hasegawa,  and 
T.  Kasuya,  J.  Magn  Magn.  Mater.  31-34,  421  (1983). 

^F.  Hillinger,  M.  Landolt,  H.  R.  Ott,  and  R.  Schmelczer,  J.  Low  Temp. 
Phys.  20,  269  (1975). 

■•H.  Heer,  A.  Furrer,  W.  Haig  and  O.  Vogt,  J.  Phys.  C  12,  5207  (1979);  H. 
Bartholin,  D.  Florence,  W.  Tcheng-Si,  and  O.  Vogt,  Phys.  Status  Solidi  A 
24,  631  (1974). 

•’P.  Fisher,  B.  Lebech,  G.  Meier,  B.  D.  Rainford,  and  O.  Vogt,  J.  Phys.  C  11, 
345  (1978):  G.  Meier,  P.  Fisher,  W,  Haly,  B.  Lebech,  B.  D.  Rainford,  and 
O.  Vogt,  ibid.  11,  1173  (1978);  J.  Rossat-Mignod,  J.  M.  Effantin,  P.  Burlet. 
T.  Chattopadhyay,  L.  P.  Rcgnault,  H.  Baltholin,  O.  Vogt,  and  D.  Ravot,  J. 
Magn.  Magn.  Mater.  52,  111  (1985). 


‘J.  Schoencs,  in  High  Density  Digitai  Recording,  edited  by  K.  H.  J.  Bu.s- 
cliow  ei  al.  (Kluwer,  Amsterdam,  1993),  p.  377;  W.  Reim  and  J.  Schoencs, 
in  Ferromagnetic  materials,  cd.  by  K.  H,  J.  Buschow  and  E.  P,  Wohlfanh 
(Elsevier,  New  York,  1990),  Vol.  5,  p.  165. 

’S,  P,  Lim,  D.  L.  Price,  and  B.  R.  Cooper,  IEEE  Trans.  Magn.  27,  3648 
(1991). 

“V.  1.  Anisimov,  J,  Zaanen,  and  O.  K.  Andersen,  Phys.  Rev.  B  44,  943 
(1991):  V.  1.  Anisimov,  and  O.  Gunnarsson,  ibid.  B  43,  7570  (1991);  V.  I. 
Anisimov,  I.  V.  Solovyev,  M.  A.  Korotin,  M.  T.  Czyzyk,  and  G.  A.  Sa- 
watzky,  ibid.  B  48.  16929  (1993). 

’a..  I.  Liechtenstein,  V.  P.  Antropov,  and  B.  N,  Harmon,  Phys.  Rev.  B  49, 
2556  (1994). 

r.  Kasuya,  0.  Sakai,  J.  Tanaka,  H.  Kitazawa,  and  T.  Suzuki,  J.  Mitgii. 
Magn,  Mater.  63-64,  9  (1987). 

"T.  Kasuya,  0.  Sakai,  II.  Harima,  and  M.  ikeda,  J.  Magn.  Magn.  Mater. 
76-77,  46  (1988). 

'^S.  Savrasov  and  D.  Savrasov,  Phys.  Rev.  B  46,  12181  (1992). 

‘^O.  Sakai,  H.  Takahashi,  M.  Takeshige,  and  T.  Kasuya,  Solid  State  Com- 
mun.  52,  997  (1984);  K.  Takegahara,  H.  Takahashi,  A.  Yanasc,  and  T. 
Kasuya,  ibid.  39,  857  (1981), 

‘■*1.  Schoencs  and  W.  Reim,  J.  Less  Common  Metals  112,  19  (1985);  J. 
Schoencs  (unpublished). 


J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Antropov,  Harmon,  and  Liechtenstein 


6707 


Hard  Magnets  I 


C.  D.  Fuerst 
and  G.  Meisner,  Chairmen 


Magnetic  properties  of  Sm2(Fe,V)i7Ny  coarse  powder 
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Magnetic  properties  and  crystal  structures  of  Sm2(Fe,V),7Nj,  alloys  were  studied.  Crystal  structures 
of  Sm2Fei7_^V^  alloys  varied  from  Th2Zni7  (a:=0-1)  to  TbCu7  (.»:  =  1.5),  and  ThMni2-type  {x=2) 
as  a  function  of  vanadium  content  (jc).  The  alloys  were  nitrogcnatcd  at  823  K  for  4  h,  and  in  all 
cases  resulted  in  the  expansion  of  the  crystal  lattice.  The  nitrogenated  and  annealed  Sm2Fei5  5V( 
coarse  powders  with  20-74  pm  particles  showed  H^j  of  342  kA/m  (4.3  kOe)  without  fine  grinding. 
It  is  supposed  that  one  of  the  reasons  of  the  high  coercivity  is  due  to  the  microstructures  of  the 
particles. 


the  main  phase  for  the  alloys  varied  from  Th2Zni7  (j:=0-1) 
to  TbCu7  (j:  =  1.5),  and  ThMni2  type  ix=2),  with  the  increase 
of  vanadium  content.  A  negligible  amount  of  cr-iron  is  ob¬ 
served  in  all  alloys  of  x=0-2,  and  the  SmFe2  phase  is  ob¬ 
served  for  alloys  of  x  =  1.5  and  2.  This  is  explained  by  the 
fact  that  iron-rich  TbCu7  and  ThMni2  phases  compared  to  the 
Th2Zn,7  phase  appear  with  accompanying  samarium-rich 
SmFc2  phase  in  highly  vanadium  substituted  alloys.  The 
composition  of  the  TbCu7-type  phase  for  the  Sm2Fei5  jVi  ^ 
alloy  is  estimated  to  be  Smio  i(Fe,V)g9  9  from  the  analysis  by 
EPMA,  and  is  found  to  be  nearly  the  same  as  that  reported 
elsewhere.'’  Sm2Fei7_^V^  alloys  were  all  nitrogenated  at  823 
K  for  4  h,  resulting  in  the  expansion  of  the  crystal  lattice 
without  a  change  in  structure. 

Figure  2  shows  the  coercivity  of  nitrogenated 
Sm2Fe)7_,V^Nj,  alloy  powders  as  a  fi’action  of  a:  value.  It  is 
found  that  H,.j  is  strongly  dependent  on  the  value  of  x  for 
these  alloys.  The  value  of  1 20  kA/m  is  obtained  for  the  pow¬ 
der  of  x  =  1.5  which  is  not  finely  ground.  In  particular,  the 
nitrogenation  conditions  for  Sm2Fei5  jV]  5  alloys  were  varied 
in  order  to  study  their  magnetic  properties. 

Figure  3  shows  x-ray  diffraction  patterns  of 
Sm2Fei5  5Vi  5Nj,  alloys  nitrogenated  at  773-848  K  for  4  h. 
Nitrogen  contents  of  these  alloys  are  also  shown  in  the  fig- 


INTRODUCTION 

Since  the  discovery  of  Sm2Fei7N3_^  compounds,'  a 
number  of  studies  concerning  their  application  for  permanent 
magnets  have  been  reported.^'^  It  is  well  known  that  fine 
grinding,  nanostructures,  and  zinc  bonding  methods  for  those 
alloys  improve  the  coercivity.  High  energy  products  around 
160  MJ/m^  (20  MGOe)  for  bonded  magnets  have  been  ob¬ 
tained  by  compacting  an  anisotropic  fine  powder  with  a 
resin.'*’^  However,  very  high  compaction  pressures  arc  re¬ 
quired  to  achieve  the  above  value.  Because  of  that  reason, 
coarse  powders  are  more  iidvantageous  for  preparing  high 
performance  magnets. 

In  this  study,  the  nitrogenation  of  Sm2Fei7_^V_t  alloys 
were  performed  and  their  magnetic  properties  were  investi¬ 
gated  in  detail.  It  was  found  that  Sm2Fei55V]  5N^  coarse 
powder  showed  the  highest  coercivity  among  those  alloys 
and  was  suitable  for  bonded  magnet  materials. 

EXPERIMENT 

Sm2Fei7_,V^.  (x=0, 0.5, 1,1.5, 2)  alloys  were  prepared  by 
induction  melting  and  homogenizing  at  1373  K  for  12  h,  and 
ground  to  20-150  pm  in  particle  size.  These  powders  were 
nitrogenated  at  773-873  K  for  4  h  under  0.8  MPa  of  N2 
atmosphere,  and  some  were  subsequently  annealed  at  823  K 
for  2-16  h.  Nitrogenated  Sm2Fei5  5Vi  5  alloy  powders  were 
studied  in  detail  as  these  showed  the  highest  coercivity  com¬ 
pared  to  other  alloy  powders.  Crystal  structures  and  magnetic 
properties  of  these  powders  were  measured  by  x-ray  diffrac¬ 
tion  with  Cu  Kg  radiation  and  vibrating  sample  magnetom- 
etry  (VSM),  respectively.  The  nitrogen  content  of  alloy  pow¬ 
ders  after  a  nitrogenation  was  calculated  by  the  mass  change 
and  calibrated  from  a  LECO  analyzer  (TC-436).  A  scanning 
electron  microscope  (SEM)  and  an  electron  probe  microana¬ 
lyzer  (EPMA)  were  also  used  for  the  analysis  of  microstruc¬ 
tures  of  alloy  powders. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  x-ray  diffraction  patterns  of 
Sm2Fei7-^V^  (a:=0,0.5,1, 1.5,2)  alloys.  Crystal  structures  of 


FIG.  1.  X-ray  diffraction  patterns  of  SmiFcp  (jr  =0,0.5, 1,1. 5, 2)  alloys. 
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FIG.  2.  Cocrcivity  of  StnjFciT-iV^Ny  alloy  powders  nitrogenated  at  823  K 
for  4  h  as  a  function  of  x  value. 


ure.  Reflection  peaks  of  the  TbCuy-type  phase  are  shifted 
toward  the  lower  angle  and  arc  broadened  with  increasing 
temperatures  and  the  peaks  of  the  SmFe2  phase  are  sup¬ 
pressed  by  the  nitrogenation.  Nitrogen  contents  of  these  al¬ 
loys  are  considerably  higher  than  those  of  Sm2Fei7N3_^  al¬ 
loys  nitrogenated  by  N2  gas.  In  addition,  it  was  found  that 
nitrogen  cr  ■  •'ts  of  an  ingot  of  7X7X7  mm  in  dimension 
were  as  hig.  hose  of  powders  prepared  by  similar  nitro- 
genation  conui,.jns.  Nitrogen  atoms  are  thought  to  be  dif¬ 
fused  into  the  lattice  and  crystal  boundaries.  Heat  treatment 
is  performed  in  order  to  help  diffusions  of  nitrogen  atoms, 
because  the  distribution  of  nitrogen  atoms  in  coarse  powders 
compared  to  fine  powders  is  thought  to  be  heterogeneous.^ 
Figure  4  shows  the  coercivity  of  Sm2Fci5,5Vi,5Nj,  pow¬ 
ders  annealed  at  823  K  for  2-16  h  after  nitrogenation  at 
773-848  K  for  4  li.  It  is  found  that  annealing  after  nitroge¬ 
nation  remarkably  enhances  the  coercivity.  of  nitroge¬ 
nated  powders  before  annealing  increases  with  increasing  ni¬ 
trogenation  temperatures  and  has  a  value  of  116  kA/m  for 
848  K,  where  the  x-ray  diffraction  peaks  are  fairly  broadened 
and  the  crystal  perfection  is  lowered  as  shown  in  Fig.  3.  The 
annealing  time  also  affects  the  coercivity  which  increases 
with  time.  The  highest  value  in  of  330  kA/m  is  obtained 
for  the  powder  annealed  at  823  K  for  16  h  after  nitrogenation 
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FIG.  4.  Coercivity  of  Sm2Fi!|5  jV,  ,N,.  powders  annealed  at  823  K  for  2-16 
h  after  nitrogenation  at  773-848  K  for  4  h. 


at  823  K  for  4  h.  High  H^j  is  also  obtained  for  the  7X7X7 
mm  ingot  as  denoted  by  V  in  the  figure.  The  reason  for  the 
decrease  in  H^.j  after  the  annealing  of  the  powder  nitroge¬ 
nated  at  848  K  is  due  to  an  acceleration  of  a  decomposition 
of  the  principal  TbCuv  phase.  The  distribution  of  nitrogen 
atoms  in  particles  by  EPMA  observation  showed  little 
change  during  annealing.  The  effect  of  annealing  on  the  co¬ 
ercivity  is  now  under  study. 

Figure  5  shows  the  hysteresis  loop  and  magnetization 
curve  of  anisotropic  Sm2Feis,5Vi,5Nj,  powder  wilii  20-74 
yum  particles  nitrogenated  at  823  K  for  4  h  and  annealed  at 
823  K  for  16  h.  As  shown  in  the  figure,  H,.j  of  342  kA/m 
(4.3  kOe)  and  a  remanence  of  1 .08  T  are  obtained  from  the 
coarse  powder.  Little  change  in  particle  size  of  the  powder 
after  the  nitrogenation  was  observed,  however,  a  few  cracks 
on  the  surface  of  the  particles  were  observed  by  SEM.  A 
feature  characteristic  of  pinning  is  observed  in  the  magneti¬ 
zation  curve  of  the  present  compound.  This  is  distinct  from 
the  behavior  of  Sm2Fei7N3  although  the  reason  for  this  dis¬ 
tinction  is  not  yet  clear. 

Figure  6  shows  the  dependence  of  H,j  for 
Sm2Fei3  5Vi5Nj,  and  Sm2Fe]7N3  powders  on  particle  size. 
Sm2Feij5Vi  5N^  particles  were  prepared  by  sieving  the  nitro¬ 
genated  and  annealed  powders  with  20-150  /xm  particles, 
while  1-3  yum  particles  were  prepared  by  grinding  using  a 
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FIG.  3,  X-ray  diffraction  patterns  of  Sm2FC|,  jV,  alloys  nitrogenated  at 
773-848  K  for  4  h. 
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FIG.  5.  Hysteresis  loop  and  magiiclization  curve  of  anisotropic 
SnijFcisjV,  ,N^.  powder  nitrogenated  at  823  K  for  4  h  and  annealed  at  823 
K  for  16  li. 
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FIG.  6,  Dependence  of  H^j  of  SmjFcissVi  jNj  and  Stn2Fci7Nj  powdcr.s  on 
particle  size. 

jet  mill  after  annealing.  The  data  of  SmjFeivN,  particles  pre¬ 
pared  by  the  authors  were  reproduced  from  Ref.  8.  Both 
powders  sho\  high  coercivity  for  particles  of  1-3  /xm.  An 
increase  in  for  the  fine  particles  can  be  explained  by  the 
behavior  of  single  magnetic  domain  particles.*^  On  the  other 
hand,  the  values  of for  Sm2Fei5  5Vi  are  several  times 
higher  than  those  for  Sm2Fei7N3  for  the  particles  of  20-150 
/xm,  and  are  not  affected  by  particle  size. 

Figure  7  shows  the  microstructure  of  nitrogenated  and 
annealed  Sm2Fei5,5Vi  jNy  powder  as  observed  by  SEM.  The 
particles  have  polycrystalline  structure  with  10-30  /xm 
grains,  and  sjiow  laminated  structures  with  submicron  spaces 
which  are  tiot  observed  before  nitrogenation.  These  micro¬ 
structures  are  one  possible  reason  of  the  high  coercivity. 

CONCLUSION 

Crystal  structures  of  Sm2Fei7_;fVj.  alloys  changed  as  a 
function  of  vanadium  content  (x).  Among  nitrogenated 
Sm2Fei7_j(V^Ny  alloys,  Sm2Fei5,5Vi  sNy  alloy  powder  with 
TbCu7-type  structure  absorbed  more  than  4  wt  %  of  nitrogen, 
and  showed  H^j  of  342  kA/m  (4.3  kOe)  without  fine  grind¬ 


FIG.  7.  SEM  picliire  of  nitrogenalcd  and  annealed  SmjFcu  jV,  ,Nj.  powder. 

ing.  A  feature  characteristic  of  pinning  was  observed  in  the 
magnetization  curve  of  the  coarse  powder,  although  this  kind 
of  pinning  could  not  be  observed  in  the  behavior  of 
Sm2Fe,7N3. 
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Intermetallics  compounds  Dy2Fe,7C,  (Ar=  l.5,2.(),2.5,2.8)  and  TbjFcnC,  (.v=  1.5, 2.0,2. 5)  have  been 
successfully  prepared  by  the  melt-spinning  method.  The  x-ray-diffraction  patterns  and  the 
thermomagnetic  curves  show  that  they  are  single  phase  with  the  rhombohedral  ThiZn^-type 
structure,  except  for  Dy2Fei7C2.n  and  Tb2Fc,7C2,5  which  have  a  small  percentage  of  a-Fc,  ‘'^Fe 
Mossbauer  .spectra  were  measured  at  12  K  and  room  temperature  to  study  both  the  magnetic 
properties  of  R2Fei7C^.  on  a  local  scale  and  the  effect  of  the  interstitial  C  atom  on  the  Fe  atoms.  It 
is  found  that  the  effective  hyperhne  fields  of  the  various  Fe  sites  decrease  in  the  order 
6c>18  f>\8h>9d.  The  average  effective  hyperfine  fields //„,f  at  12  and  293  K  do  not  change  much 
with  C  concentration  x  in  agreement  with  the  moment  of  the  Fe  atoms  obtained  by  magnetic 
measurements  at  1.5  K.  It  can  be  concluded  that  the  effect  of  C  is  to  enhance  the  exchange 
interaction  between  Fc-Fe  atoms,  which  is  sensitive  to  the  distance  of  Fe-Fc  atoms.  The  C  has  little 
influence  on  the  moments  of  Fe  atoms. 


I.  INTRODUCTION 

Introduction  of  interstitial  nitrogen  or  carhon  atoms  into 
R2FC17  intermetallic  compounds  results  in  a  significant  im¬ 
provement  of  the  magnetic  properties  of  these  compounds. 
The  carbides  R2Fei7C;(  (je«<2.5),  prepared  by  a  gas-solid  re¬ 
action,  have  unit-cell  volumes  about  6.5%  larger,  Curie  tem¬ 
peratures  of  760  K,  and  room-temperature  anisotropy  fields 
of  15 ±0.5  T,'  These  carbides  are  promising  new  materials 
for  applications  as  permanent  magnets,  however,  their  draw¬ 
back  is  high-temperature  unstability.  In  our  previous  work 
we  have  discovered  that  the  carbides  R2Fci7C^.  with  high 
carbon  concentration  can  be  prepared  by  melt  spinning.  The 
melt-spun  RaFcnC^.  compounds  were  found  to  be  stable  at 
high  temperature  and  to  retain  the  Th2Zn  17-type  or 
Th2Nii7-type  structure  up  to  at  least  1273  K,  Wc  have  suc¬ 
cessfully  obtained  the  melt-spun  R2Fe|7C^.  (R  =  Y,  Gd,  Tl), 
Ho,  Er,  and  Tm;  ji-=0-3.0)  compounds  and  systematically 
studied  their  structure  and  magnetic  properties. In  this  ar¬ 
ticle,  wc  report  the  Mossbauer  effect  spectra  of  RiFciyC,. 
(R=Tb,  Dy,  a;=  1.5,2.0,2.5,2.8)  compounds  prepared  by  melt 
spinning. 


II.  EXPERIMENT 

lion  and  carbon  were  fir;it  arc  melted  into  Fe-C  alloys, 
and  then  R,  Fe,  and  Fe-C  alloy  were  melted,  by  arc  melting 
in  an  argon  atmosphere  of  high  purity,  into  homogeneous 
buttons  with  the  compositions  R2Fei7Cj.  (R=Tb,  Dy, 
1.5’£jr^2.8).  For  homogeneity  the  ingots  were  melted  sev¬ 
eral  times.  The  purities  of  the  elements  used  were  at  least 
99.9%.  After  arc-mclting,  the  ingots  were  melt  spun  under  a 
high-purity  argon  atmosphere  on  the  surface  of  a  rotating 
copper  wheel.  The  quenching  rate  was  varied  by  changing 


“’Atso  with;  Iron  unit  Sleet  Re.seiireli  tn.slilule  of  Wuhnn  Iron  nml  Steel  Co.. 
4.1()()8()  Wuhan,  People '.s  Republic  of  China. 


the  .surface  velocity  of  the  copper  wheel  between  0  and  47 
m/s.  The  ribbons  obtained  were  about  1  mm  wide  and  2()-.l() 
/iin  thick. 

X-ray-diffraction  measurements  were  performed  on  the 
melt-spun  ribbons  using  CoKa  radiation  to  identify  the 
phase  components  and  determine  the  crystallographic  struc¬ 
ture.  The  Curie  temperatures  were  determined  from  the  tem¬ 
perature  dependence  of  the  magnetization  measured  in  a  vi¬ 
brating  sample  magnetometer  in  a  magnetii.'  field  of  1  kOc. 

The  ^’Fc  Mb.ssbauer  spectra  were  recorded  using  a 
constant-acceleration  spectrometer  (Oxford  MS-5()n)  in 
transmission  geometry  with  a  ”Co  source.  Temperature  con¬ 
trol  to  better  than  ±0.1  K  was  achieved  by  the  use  of  a 
proportional  temperature  controller.  The  data  were  analyzed 
using  a  least-squares-fitting  program. 

III.  EXPERIMENTAL  RESULTS  AND  ANALYSIS 

X-ray-diffraction  experiments  show  that  the  cast  com¬ 
pounds  R2Fc,-,v4  (R=Tli,  Dy,  1.5^x-=s2.8)  are  single  phase 
with  the  rhombohedral  ThiZiii-^-typc  structure.  Table  I  lists 
the  lattice  parameters,  unit-cell  volumes.  Curie  temperatures, 
and  Af ,, .  The  addition  of  C  to  the  R2Fei7  leads  to  an  expan¬ 
sion  of  the  unit  cell,  The  Tb2Fe,7C2  5  compound  has  a  unit- 
cell  volume  about  5.6%  larger  than  that  of  Tl-)2Fe|7.  For 
Dy2FC|7C2,K  the  unit-eell  volume  expansion  is  about  6.3% 
compared  with  the  carbon-free  compound.  The  7',.  of  these 
compounds  is  found  to  increase  with  increasing  C  concentra¬ 
tion.  It  is  commonly  assumed  that  the  Curie  temperature  of 
rare-earth-iron  compounds  is  determined  by  the  Fc-Fe, 
R-Fc,  and  R-R  interactions.  In  general,  the  Fe-Fe  interaction 
is  dominant,  the  R-R  interaction  is  negligible,  and  the  influ¬ 
ence  of  R-Fe  interaction  yields  the  difference  in  among 
the  different  rarc-carth  compounds.  The  increase  in  Curie 
temperature  of  the  carbides  or  nitrides  is  mainly  due  to  the 
increase  in  the  Fe-Fe  ferromagnetic  interaction  which  results 
from  the  increased  interatomic  distance  produced  by  the  car¬ 
bon  or  nitrogen. 
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TABLE  I.  Structure  and  magnetic  data  for  Tb2Fc|7C^  and  Dy2FC|7Ci. 


Compounds 

a  (A) 

c  (A) 

V{k^) 

mVlV  (%) 

T,  (K) 

W,  (Ms) 

DyjFc,,* 

H.m 

8.312 

516.0 

367'’ 

t>y2pcnC|,5 

8.621 

12.454 

804.6 

4.0 

578 

15.4 

Dy2Fei7C2,(, 

8.64.S 

12,449 

814.6 

5.2 

626 

16.1 

Dy2Pc„Cj,s 

8.669 

12.585 

820.1 

6.0 

68(1 

15.0 

Dy2Kci7C2,B 

8.667 

12.613 

822.5 

6.3 

676 

17,0 

TbjFc,,* 

8.473 

8.323 

517.5 

404’’ 

Tb2Fe„C,,5 

8.643 

12.465 

806,4 

3.9 

610 

16,4 

Tb2Fei702.c 

8.664 

12.536 

814.9 

5.0 

656 

17,4 

Tl'2pC|702  5 

8.680 

12.559 

819.5 

5.6 

698 

23.6 

‘Reference  6, 
'’Reference  7. 


The  Mossbauer  spectra  of  DyjFcnCt  (a:  =  1.5,2.0, 
2.5, 2.8)  and  TbaFepC,  U  =  1.5, 2.0, 2.5)  at  12  and  293  K  are 
shown  by  dots  in  Figs.  1  and  2.  There  are  four  crystallo- 
graphically  noncquivalent  Fe  sites,  denoted  in  Wyckoff  no¬ 
tation  by  6c,  9d,  18/,  and  18A  for  the  Th2Zni7  structure  type. 
However,  when  the  easy  magnetization  direction  i.s  perpen¬ 
dicular  to  the  c  axis,  the  spectra  consist  of  more  than  four 
independent  subspectra.  Owing  to  differences  in  angle  be¬ 
tween  the  magnetization  direction  and  the  direction  of  the 
principal  axis  of  the  electric-deld  gradient  tensor,  the  crystal- 
lographically  equivalent  iron  atoms  of  a  given  subgroup  will 
become  magnetically  nonequivalent."  In  addition,  the  mag¬ 
netic  dipolar  fields  also  rimke  the  situation  complex.  Accord¬ 
ing  to  a  calculation  of  the  field  gradients  by  means  of  a  point 
charge  model  and  calculations  of  the  magnetic  dipole  field, 
the  2:17  compounds  with  magnetization  direction  perpen¬ 
dicular  to  the  c  axis  should  be  analyzed  in  terms  of  seven 
independent  subspcctra.  However,  for  Dy2Fe,7C2(j  and 
Tb2Fei7C2.5  we  use  eight  subspectra  to  count  in  the  a-Fe 
contribution. 


T»1HK  TnllK 


Vtloclly  (mm/.,) 


FIG.  1.  ”Fc  Miissbaucr  spectra  of  Dy2Fei7C,  at  12  and  2'J3  K.  The  solid 
curves  arc  Ills  to  the  spectra. 
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For  Dy2Fci7C^  and  Tb2Fei7Cj.  a  further  .subdivision  of 
the  18/,  18/i,  9d  sites  into  two  groups  with  a  relative  inten¬ 
sity  ratio  of  1:2  is  assumed.  The  relative  intensity  ratios  for 
each  of  the  spectral  components  were  constrained  to 
6:6:12:6:12:3:6,  corresponding  to  6c,  18/i,  I8/2,  I8/11, 
18/t2 , 9di ,  and  9d2  in  the  crystal  structure.  Relative  areas  of 
the  lines  in  each  sextet  were  constrained  in  the  ratio 
3:2:1:1:2:3,  as  is  required  for  a  randomly  oriented  power 
sample.  Different  lincv'idths  were  used  for  the  inner,  middle, 
and  outer  pairs  lines.  ’10  assign  the  subspectra  to  the  varioias 
sites,  we  refer  to  our  previous  ^Fe  Mossbauer  studies  of 
Er2Fei7C2.  Below  the  spin-reorientation  temperature  it 
was  found  that  acceptable  fits  can  be  obtained  by  assuming 
that  the  hyperfinc  fields  decrease  in  the  order  of  6c  >  18/ 
>lSh>9d.  Therefore,  we  analyzed  the  .spectra  of 
Dy2Fci7Q-  and  Tb2Fei7Cv  in  the  same  way. 

The  results  of  the  fitting  procedure  are  shown  by  the 
solid  curves  in  Figs.  1  and  2.  The  average  hyperfine  fields  arc 
weighted  by  the  contribution  of  the  various  sites.  The  aver¬ 
age  hyperfine  fields  of  Dy2Fei7C,.  and  Tb2Fe|7C,.  at  12  and 
293  K  arc  plotted  as  a  function  of  C  content  in  Fig.  3  which 
illustrates  that  the  hyperfine  fields  arc  almo.st  independent  of 
C  content.  For  Dy2Fei7C,.,  even  shows  a  small  decrease 
as  the  C  concentration  increases.  It  has  been  found  that  the 


T=293K  T»12K 


Vdiicily  (nim/x) 


FIG.  2.  ”Fc  Mdssbauur  spectra  of  lli2l'e|7C,  at  12  ami  29.3  K.  Tlic  solid 
curves  arc  fits  to  the  spectra. 
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PIG.  3.  Dependence  on  C  content  x  of  the  average  hypcrfinc  field  for 
DyjFcpC,  and  TbjFcnC^ , 

average  hyperfine  fields  are  nearly  proportional  to  the  aver¬ 
age  iron  moment.'"  This  indicates  that  the  interstitial  C  atom 
has  little  influence  on  the  iron  moment.  This  conclusion 
agrees  with  our  previous  magnetic  studies  on  the  R2Fe|7Q 
compounds,  which  showed  that  the  saturation  magnetization 
Af; ,  at  1.S  K  does  not  change  much  with  increasing  C  con¬ 
centration.  This  situation  is  different  for  R2Fe|7N^  obtained 
by  gas-soiid  interaction,  in  which  interband  electron  transfer 
is  believed  to  occur,"  the  iron  moments  increase  with  the 
nitrogen,  and  the  average  hyperfine  fields  are  approximately 
4  T  larger  in  the  parent  alloy.  This  indicates  that  the  influence 


of  interstitial  C  atoms  on  the  Fe  sublattice  is  different  from 
that  of  N  atoms  due  to  their  different  electronic  configura¬ 
tion.  Nitrogen  has  a  larger  electronegativity  than  that  of  car¬ 
bon. 
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Magnetic  properties  of  Tm2Fei7Cx  (0^x^2.8)  compounds  prepared 
by  melt  spinning 
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The  formation,  structure,  and  magnetic  properties  of  Tm^Fe, 70^  compounds  with  j:=(),  0,5,  1.0,  1.5, 
2,0,  2.5,  and  2.8  were  studied.  The  samples  with  JC^I.O  were  arc  melted  and  heat  treated  at  1370  K 
for  14  h.  The  carbides  were  prepared  by  melt  spinning  at  appropriate  quenching  rates  of  1;,.  =  10-20 
m/s  for  1.5^j:^2.5  and  by  the  crystallization  from  corresponding  amorphous  for  .v=2.8.  X-ray 
diffraction  and  thermomagnetic  measurements  show  that  all  samples  studied  are  single  phase  with 
the  hexagonal  Th2Nii7-type  structure  except  forTm2Fei7C2n,  which  contains  a  few  percent  of  a-Fe. 
The  lattice  parameters  a,c  and  the  unit-cell  volumes  v  increase  as  the  carbon  concentration  a- 
increases.  The  Curie  temperature  is  found  to  rise  with  x  from  260  K  for  a=0  to  669  K  for  a=2.8. 
The  saturation  magnetization  A/  ,,  at  1.5  K  is  found  to  be  92.2-97.1  emu/g  as  a  varies  from  O  to  2.8, 
and  the  carbon  concentration  dependence  of  the  Fe  moment  is  approximately  constant 
(2.12±0.04/i,j).  The  .spin-reorientation  transitions  are  observed.  The  spin-reorientation  temperature 


is  found  to  increase  with  the  carbon  concentration  for 
for  a>1.5. 


I.  INTRODUCTION 

In  previous  works'"^  we  have  shown  that  the  interstitial 
carbides  R2Fei7Cj(  with  higher  carbon  concentration  can  be 
prepared  by  the  melt-spinning  method.  These  carbides  are 
found  to  be  single  phase  up  to  carbon  concentration  a =2  for 
R=Y  and  Gd  and  a  =  2.8  for  R=Dy,  Ho,  and  Er.  As  com¬ 
pared  with  the  carbon-free  parent  compounds,  the  unit-cell 
volume  expansion  in  the  carbide  with  a =2.8  is  about 
6%-7%  and  the  Curie  temperature  increase  is  about  400  K, 
which  are  comparable  to  those  of  corresponding  nitrides  or 
carbides  produced  by  solid-gas  reaction.  It  is  notable  that  the 
R2Fci7C^  compounds  obtained  by  melt  spinning  are  stable  at 
high  temperatures  at  least  up  to  1000  ®C,'"'^  We  have  re¬ 
ported  the  formation,  structure,  and  magnetic  properties  of 
R2Fei7C^  (R= Y,  Gd,  Tb,  Dy,  Ho,  and  Er)  compounds.'”*’  For 
Tm2Fc]7C,.  with  a^1.4,  a  number  of  investigations  have 
been  made,  however,  when  the  carbon  concentration  a  is 
higher  than  1.5,  the  carbides  have  not  been  investigated  in 
detail  because  the  interstitial  carbon  concentration  is  limited 
to  about  A  =  1.5  by  arc  melting  and  is  not  well  controlled  by 
a  gas-solid-phase  interstitial  modification.  In  this  article,  the 
structure,  intrinsic  magnetic  properties  and  spin  reorientation 
are  reported  for  melt-spun  Tm2Fei7Cj  compounds  with  the 
higher  carbon  concentration  of  up  to  a =2.8. 

II.  EXPERIMENT 

Iron  (99.9%  in  purity),  thulium  (99.9%),  and  Fe-C  alloy 
(99.8%)  were  melted  by  arc  melting  in  an  argon  atmosphere 
of  high  purity  into  homogeneous  buttons  with  composition 
Tm2Fe,7C,  (a=(),  0.5,  1.0,  1.5,  2.0,  2.5,  and  2.8).  The  alloys 
were  melted  several  times  to  ensure  homogeneity.  After 
melting,  the  ingots  with  a  ^1.0  were  then  annealed  in  a  steel 
tube  in  a  highly  purified  argon  atmosphere  at  1370  K  for  14 
h,  resulting  in  the  formation  of  single-phase  compounds  of 
the  2;17-type  structure,  while  for  aS'I.S  the  ingots  of  about  3 


^1.5,  and  then  has  a  slight  decrease  with  a 


g  were  melt  spun  on  the  outside  of  a  copper  wheel  rotating 
with  the  surface  speeds  of  0-47  m/s.  Ribbons  about  1  mm 
wide  and  20-30  /U.m  thick  were  produced.  X-ray-diffraction 
measurements  were  made  to  determine  the  single-phase  and 
crystallographic  structure.  The  magnetizations  at  1.5  and  300 
K  were  measured  by  using  an  extracting  sample  magnetome¬ 
ter  with  a  field  up  to  65  kOe.  The  Curie  temperatures  were 
determined  from  the  temperature  dependence  of  the  magne¬ 
tization  measured  by  using  a  vibrating  sample  magnetometer 
under  a  field  of  1  kOe.  The  spin-reorientation  temperatures 
were  determined  from  the  ac  susceptibility  versus  tempera¬ 
ture  curves  measured  at  an  ac  magnetic  field  of  less  than 
1  Oe. 


III.  RESULTS  AND  DISCUSSION 

X-ray-diffraction  measurements  show  that  the  arc- 
melted  ingots  Tm2Fe|7C^.  with  a=s1  are  single  phase  with  a 
hexagonal  Th2Ni|7-type  .structure.  When  the  carbon  concen¬ 
tration  A  is  greater  than  1,5,  the  Tm2Fei7C^  ingots  show  a 
multiphase  structure  with  a-Fe  coexisting  with  the  rare-earth 
carbides  and  the  2:17  phases.  The  amounts  of  a-Fe  phase 
increase  with  increasing  carbon  concentration  and  become  a 
majority  for  a5‘2.();  however,  the  single  phase  ofTm2Fei7C^ 
with  1.5^a^2.5  can  be  obtained  by  melt  spinning.  The  as- 
quenched  samples  revealed  a  hexagonal  Th2Nii7  structure.  It 
is  found  that  the  formation  of  the  single-pha.se  Tm2Fci7C^  is 
sensitive  to  the  quenching  rates.  The  optimal  quenching  rates 
are  only  a  relatively  narrow  range  of  10-20  m/s.  For  a =2.8, 
the  preparation  of  single-phase  compound  is  difficult  by  di¬ 
rect  quenching;  however,  the  sample  of  almost  single  phase 
can  be  obtained  by  the  crystallization  from  a  corresponding 
amorphous  Tm2Fei7C2,K  alloy  prepared  at  a  speed  of  47  m/s. 
Figure  1  shows  the  example  of  the  x-ray-diffraction  patterns 
with  CoKa  radiation  for  the  Tm2Fe|7C\.  compounds  with 
A  =0.5,  1.5,  and  2.8, 
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FIG.  1.  X-ray-diffraction  patterns  of  TmjFcnC,  with  .v=0,5,  1.5,  and  2.8. 


The  lattice  constants  and  unit-cell  volumes  of 
Tm2Fei7C;(  compounds  are  listed  in  Table  I.  Both  lattice  pa¬ 
rameters  a  and  c,  and  the  volumes  v  dilate  upon  carbonation 
and  rise  monotonically  with  increasing  carbon  concentration, 
which  is  consistent  with  the  reported  results  for  the  melt- 
spun  R2Fei7Q  with  R=Dy,  Ho,  and  Er.'"*’  The  relative  cell 
volume  increase  Au/u  is  1.0%-6.8%  asjc  increases  from  0.5 
to  2.8,  also  shown  in  Table  I.  For  a:=2.8  the  value  of  Au/o  is 
comparable  to  that  of  the  corresponding  nitrides  or  carbides 
produced  by  gas-solid  reaction.'’ 

Curie  temperature  of  Tm2Fe,7C^  were  determined 
from  the  temperature  dependence  of  magnetization  measured 
at  a  field  of  1  kOe.  As  an  example,  the  magnetization  versus 
temper  ature  curve  for  a:=2.8  is  shown  in  Fig.  2.  Values  of  T^. 
are  listed  in  Table  1.  is  found  to  rise  remarkably  with 
increasing  carbon  concentrations.  When  a:=2.8,  is  about 
400  K  higher  than  that  of  the  parent  compound  Tm2Fei7.  In 
rare-earth  Fe-rich  compounds,  the  Curie  temperature  de¬ 
pends  mainly  on  the  exchange  interactions  between  Fe-Fc 
atoms,  which  is  sensitive  to  the  distance  between  Fc-Fe  at- 


FIG.  2.  Tcmpcriilurc  dependence  of  the  magnctizaliDii  measured  in  a  iieU  of 
I  kOc  for  Tm2ne|7C2.s. 


oms.  The  increa.se  of  Curie  temperature  with  x  demonstrates 
that  the  introduction  of  interstitial  carbon  atoms  results  in  the 
increase  of  Fe-Fe  interactions  in  Tm2Fei7C,. .  It  seems  rea¬ 
sonable  to  suggest  that  the  volume  expansion  has  an  essential 
effect  on  the  Curie  temperature.'* 

The  saturation  magnetizations  A/ 5  K)  andM^fAQO  K) 
measured  by  using  an  extracting  sample  magnetometer  in  a 
field  of  65  kOe  at  1.5  and  300  K,  respectively,  are  also  sum¬ 
marized  in  Table  1.  The  A/, (1.5  K)  of  Tm2Fe|7C^.  is  found  to 
be  92.2-97.1  emu/g,  as  x  varies  from  0  to  2.8.  A  small  effect 
of  the  interstitial  carbon  atoms  on  the  Af  j.(1.5  K)  is  observed. 
The  antiparallel  coupling  between  the  rare-earth  spin  mo¬ 
ment  and  the  Fe  moment  for  heavy-rare-earth  compounds 
leads  to  ferrimagnetism.  For  TmaFe^C^. ,  the  saturation  mo¬ 
ment  /Zj.  can  be  expressed  as 

/t,.=  17/ipe-2/ZTrn.  d) 

where  “"‘I  AHm  ^nd  Tm  magnetic  moments, 

respectively.  The  /Zr,„  can  be  assumed  to  be  l/xg ,  which  is 
the  moment  of  a  free  Tnv^*'.  According  to  Eq.  (1),  the  Fe 
magnetic  moment  is  obtained,  as  shown  in  Table  I.  The  /Zpe 
is  found  to  be  2.12±0.1)4/Zb  ,  being  almost  independent  of 
carbon  concentration. 

The  room-temperature  saturation  magnetization  A/ ,.(300 
K)  is  found  to  increase  with  increasing  carbon  concentration 
for  x=sl.5,  then  has  an  approximately  constant  value  of 
123.4  emu/g  for  Jt^l.5.  The  increase  of  the  A/ ,(300  K)  at 
lower  carbon  concentration  is  due  to  the  enhancement  of  the 
Curie  temperature  which  shifts  the  thermomagnetization 
curve  to  higher  temperature. 


lABLE  I.  Structure  and  magnetic  parameters  of  TmiFcnO,  with  ()«j:«2.8. 


Composition 

a 

(A) 

(A) 

V 

(A’) 

Ac/y 

(%) 

(K) 

/Vf  ,(3(K)  K1 
(emu/g) 

K) 

(emu/g) 

M, 

Ml-, 

(M/i) 

(K) 

Tni2Fei7 

8.422 

8.278 

510,9 

260 

80,7 

92.7 

21. .36 

2.0H 

Tm2FC|7C(),5 

8.469 

8.308 

.516.0 

1,0 

432 

108.0 

95.6 

22.13 

2.13 

144 

Tm2Fei7Ci.() 

8.499 

8,.341 

.521.8 

2.1 

517 

11 1.0 

97.1 

22.59 

2.15 

178 

Tm2Fc|7C,  5 

8.546 

8.351 

528.2 

3.4 

558 

124.0 

94.7 

22.13 

2.13 

216 

Tni2Fci7C2,() 

8,567 

8.348 

532.9 

4.3 

604 

123.1 

93.8 

22.02 

2.12 

221 

Tni^FcnC^  s 

8.617 

8.406 

540.5 

5.8 

624 

123.9 

92.2 

21.74 

2.10 

209 

Tm2Fc,7C2.B 

8.640 

.43 

.545.8 

6.8 

669 

122.7 

95.4 

22.55 

2.15 

208 
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FIG.  3.  Temperature  dependence  uf  the  ac  susceptibility  uf  Tm2FC|7C,  with 
*•=2.0  and  2.8. 


The  spin  reorientation  in  TmjFcjvC^.  is  observed  from 
the  measurements  on  ac  susceptibility  versus  temperature 
curves.  Examples  uf  these  measurements  are  shown  in  Fig. 
3.  The  spin-reorientation  temperatures  T^,  are  summarized  in 
Thble  1  and  Fig.  4.  Figure  4  also  presents  the  experimental 
data  reported  by  Zhao  et  alP  and  Gubbens  et  alP  for  com¬ 
parison.  It  is  known  that  the  spin  reorientation  in  the  rare- 
earth-iron  compounds  generally  results  from  the  competing 
anisotropies  with  different  temperature  dependence  for  the 
rare-earth  and  iron  sublattices.  The  introduction  of  carbon 
atoms  (a;si.5)  into  Tm2Fei7  leads  to  the  enhancement  of 
spin-reorientation  temperature.  Tliis  demonstrates  that  the 
Tm  sublattice  anisotropy  has  a  strong  enhancement  for 
When  the  carbon  concentration  x  is  richer  than  1.5, 
the  T„  is  found  to  decrease  slightly,  indicating  that  the  Tm 
sublattice  anisotropy  has  a  little  change  a^  higher  carbon  con¬ 
centration. 


FIG.  4.  The  spin-rcoricntiUion  temperature  of  TmjFcnC,  as  a  function  of 
carbon  concentration  *:  (•)  present  results;  other  data  arc  taken  from  (O) 
Zhao  Cl  al  (Ref.  7)  and  O)  Gubbens  ct  al.  (Ref.  8). 
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Kerr  microscopy  observation  of  carbon  diffusion  protiio^s  in  Sm2Fei7Cx 

J.  Zawadzki  P.  A.  P.  Wendhausen,  3.  Gebel,  A.  Handstein,  D.  Eckert,  and  X,-H.  Muller 

Institut  fiir  Festkbrper  und  Werkstojfarsrimrg  Dresden,  D-0JI71  Dresden,  Germany 

The  effect  of  carbon  diffusion  from  CH4  gas  into  coarse  Sm2Fei7  powder  on  the  magneiic  domain 
structure  (MDS)  was  studied  at  room  icmpciature  by  means  of  the  magneto-optical  polar  Kerr 
effect.  The  diffusion  occurs  initially  along  preferential  paths  and  then  through  the  bulk.  A  gradual 
variation  in  the  MDS  through  incompletely  carburized  grains  was  observed,  which  reflects  local 
changes  in  spontaneous  magnetization  and  magnetic  anisotropy.  This  suggests  the  existence  of 
smooth  “bathtublike”  carbon  concentration  profiles.  An  acceleration  of  the  carburization  process 
caused  by  cracking  of  grains  during  the  diffusion  was  observed.  The  diffusivity  R  of  carbon  in 
Sm2Fei7  at  450  °C  was  estimated  to  be  2.5X10“'^'  m^/s.  For  Sm2Fei7C2.2  the  domain-wall  energy 
density  is  7=3.1X10“^  J/m^  the  domain-wi.ll  thickness  5=3.3  nm,  the  single-domain  particle  size 
D(.=“0.3  /tim,  and  the  exchange  constant  A  -8.1  X 10“'^  J/m. 


I.  INTRODUCTION 

Recently  much  attention  has  been  focused  on  the  ternary 
interstitial  Sm2Fei7Z^  (Z=N,C)  phases  with  rhombohedral 
Th2Zni7-type  crystallographic  structure.  Sm2Fei7Zj  com¬ 
pounds  can  be  formed,  e.g.,  by  melting  processes  in  the  case 
of  carbon'  or  by  heating  Sm2Fe|7  powder  in  nitrogen-  or 
carbon-containing  gases  at  elevated  temperatures.  They  have 
excellent  intrinsic  magnetic  properties,  which  can  exceed 
those  of  Nd2Fei4B.^"^  For  instance,  by  absorbing  carbon  the 
Sm2Fei7  compound  changes  its  magnetic  anisotropy  from 
planar  to  uniaxial,  connected  with  an  anisotropy  field  up  to 
about  16  T.‘*  Simultaneously,  a  substantial  increase  of  the 
Curie  temperature  from  389  K  up  to  about  700  K  is  ob¬ 
served.  Nitrogen  has  a  similar  or  even  more  pronounced  ef¬ 
fect  on  the  magnetic  properties  of  Sm2Fei7,  Understanding 
of  the  coercivity  mechanism  in  Sm2Fei7C4  materials  requires 
the  knowledge  of  their  microstructure  as  well  as  their  mag¬ 
netic  domain  structure  (MDS).  Fundamental  parameters  con¬ 
trolling  the  nucleation  as  well  as  the  pinning  mechanism  arc 
the  domain-wall  width  S,  the  wall  energy  density  y,  and  the 
single-domain  particle  size  £>,. .  Until  now,  however,  no  in¬ 
formation  on  the  MDS  of  Sm2Fe[7C\.  has  been  available. 

This  article  focuses  on  the  MDS  in  the  Sm2FC|7C,  series 
and  its  evolution  during  the  carburization  proce.ss. 

II.  EXPERIMENTAL  DETAILS 

The  Sm2Fei7  alloy  was  prepared  by  melting  elemental 
Fe  with  Fe-50  wt  %  Sm  master  alloy  under  argon  in  an  in¬ 
duction  furnace.  The  cast  ingots  were  homogenized  at 
1000  °C  for  one  week  in  a  sealed  glass  ampoule  filled  with 
argon.  The  structure  and  phase  composition  were  examined 
by  x-ray  diffraction  (XRD)  using  Co  Ka  radiation  as  well  as 
by  metallographic  techniques.  The  homogenized  ingots  were 
coarsely  crushed.  Powder  fractions  with  particle  sizes  from 
1 60  to  500  /iin  and  30  to  60  pun  were  used.  The  powder  was 
then  exposed  to  CH4  gas  at  a  pressure  of  0.6  bar.  The  coarse 
powder  was  carburized  at  450  °C  for  40,  160,  and  200  h.  For 
compari.son  finer  powder  was  carburized  at  500  °C  for  96  h 
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to  get  a  high  carbon  content.  After  these  heat  treatments  the 
following  nominal  carbon  contents  were  obtained:  jr*“0.8, 
1.2, 1.3,  and  x’^2.2  (x  being  the  number  of  carbon  atoms  per 
formula  unit).  The  amount  of  absorbed  carbon  was  checked 
by  the  combustion  method  with  CO2  determination.  After 
carburization  the  powders  were  examined  by  XRD.  An  addi¬ 
tional  phase  analysis  of  the  carburized  powders  was  al.so  per¬ 
formed  by  thermomagnctic  measurements.  For  magneto¬ 
optic  investigations  powders  were  embedded  in  epoxy  resin. 
These  specimens  were  polished  using  emery  papers  and  dia¬ 
mond  pastes.  The  MDS  observations  were  performed  at 
room  temperature  with  polarized  light  in  a  Jenapol  micro- 
.scope  equipped  with  a  high-resolution  camera  and  an  image 
analyzer.  The  domain  contrast  was  provided  mainly  by  the 
magneto-optical  polar  Kerr  effect,  which  depends  on  the 
component  of  magnetization  normal  to  the  surface. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  typical  temperature  dependence  of 
magnetic  polarization  (measured  at  a  small  magnetic  field) 
for  Sm2FC]7C,  samples  with  different  carbon  contents  x.  For 
medium  value.s  of  x:  the  sharp  magnetic  transition  of  Sm2Fei7 
at  120  °C  is  diminished  and  a  small  step  appears  near 
400  °C.  For  Sm2Fe|7C2,2  only  one  sharp  transition  is  ob¬ 
served  at  415  °C.  Therefore,  it  can  be  assumed  that  in  par- 


Temperature  (  ®C  ) 


riCi,  1.  Thcrmumagnctic  imaly.sis  of  .Sm.l'CpC,  for  diffcuMil  values  of  x. 
(Applied  (iclii  =0.1  T,  tciiipuratiiro  sweep  ilT/di  =  2i)  K/niin.) 
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FIG.  2.  Diivulopmcnl  of  carbon  diffusion  layers  in  Sin^i'cp  after  carburiza¬ 
tion  for  4t)  h  (nominai  composition  of  the  sample  is  Sm2FC|7C„n).  The 
laminar  magnetic  domains  with  strotig  Kerr  contrast  show  the  distribution  of 
the  uniaxial  phase. 

tially  carburized  powder.s  thin  surface  layers  of  the  grains 
have  a  conipo.sition  near  to  that  of  Stn2Fe|7C2,2- 

The  photographs  show  typical  MDS  for  Sm2Fci7Q  with 
nominal  carbon  contotits  a'^O.S  (Fig.  2),  a<«1.2  (Figs.  3  and 
4),  A''*  1 ,3  (Fig.  5),  and  a‘«2.2  (Fig.  6).  Obviously  the  car¬ 
bon  ab.sorption  has  a  strong  influence  on  the  MDS.  In  car¬ 
burized  regions  the  MDS  is  that  of  a  magnetically  uniaxial 
compound  with  a  large  anisotropy  field.  Simple  wavy  or 
complex  starlike  MDS  with  spikelike  closure  domains  (sec, 
for  instance,  Figs.  3  and  5)  were  observed  in  some  grains. 
This  indicates  that  the  c  axis  (magnetically  easy  direction  in 
the  carburized  phase)  is  otiented  nearly  perpendicularly  to 
the  polished  surface  in  these  grains.  Laminar  or  wedge  do¬ 
mains  appear  in  the  carburized  regions  of  grains  with  the  c 
axis  parallel  or  nearly  parallel  to  their  surface  (upper-left- 
hand-side  part  of  Fig.  3).  The  pure  Sni2Fei7  phase  reveals 
sometimes  a  coarse  irregular  domain  pattern  typical  for  basal 
plane  anisotropy  magnets.  The  characteristic  feature  of  the 
MDS  in  Sm2Fei7C,.  scries  is  that  the  carburized  regions  show 


FIG.  4.  Gruduul  chungt:  of  tlic  domuiii  structure  in  <i  piirtiully  ciirbuiizcd 
grain  (nominal  composiliim  of  the  sample  is  SnijI'Ci^C,  j). 

a  very  .strong  Kerr  contrast  in  opposition  to  the  noncarbur- 
ized  ones,  where  only  a  relatively  weak  contrast  was  ob¬ 
served. 

The  distribution  of  domair.s  characteristic  for  the 
uniaxial  phase  suggests  that  the  carburization  process  is  ini¬ 
tially  controlled  by  grain-boundary  diffusion  and  then  by  dif¬ 
fusion  into  the  bulk  of  the  grains.  In  the  sample  of  nominal 
composition  Sm2Fei7C()«  carburized  regions  were  observed 
mainly  along  cracks  and  grain  boundaries  (see  Fig.  2).  At 
this  stage,  the  grains  con.sist  of  a  carburized  outer  shell  and  a 
noncarburized  core.  Because  of  the  higher  diffusion  rate 
clo.se  to  sharp  edges  of  the  grains  compared  to  round  ones, 
the  internal  rim  of  the  carburized  shell  became  oval  after 
some  time.  It  shrinks  then  to  the  center,  gradually  decreasing 
the  SitiiFciy  core  and  Anally  results  in  carburization  of  the 
whole  grain  (sec  Fig,  4),  The  inhomogeneous  carbon  diffu¬ 
sion  cun  induce  mechanical  stress  and  strain  resulting  in 
cracks  or  even  in  decrepitation  (see  Figs.  2  and  3).  This 
increases  the  surface  area  of  the  powder  and  makes  the  dif¬ 
fusion  process  more  elfective.  For  instance.  Fig.  5  shows 
often-observed  circular  mieroeracks  arising  from  inhomoge¬ 
neous  stress  profiles. 


FIG.  6.  Starlike  dnmain  structure  in  a  large  grain  with  the  magnetically  easy 
direction  perpendicular  tu  the  polished  surface  (nominal  composition  is 
SmjFC|,C2,2). 


Our  observations  of  the  MDS  in  Sm2Fc,7Q  series  sug¬ 
gest  also  that  the  carbide  is  rather  a  single  gas-solid  solution 
with  a  continuous  range  of  carbon  contents  than  a  two-phase 
mixture  of  carbon-poor  and  carbon-rich  phases.  A  gradual 
change  of  the  MDS  across  the  grains  was  observed  in  the 
Sm2Fei7  powders  heated  under  CH4  atmosphere  for  160  and 
200  h.  For  instance,  Fig.  4  shows  the  domain  pattern  in  a 
grain  with  the  c  axis  perpendicular  to  its  polished  surface.  As 
can  be  seen  the  MDS  becomes  finer  as  the  distance  from  the 
grain  boundary  increases.  According  to  models  of  the  MDS, 
developed  for  uniaxial  materials,'’  assuming  a  constant  crys¬ 
tallite  thickness,  the  main  domain  width  is  approximately 
proportional  to  where  J,.  is  the  saturation  polariza¬ 

tion.  The  domain-wall  energy  can  be  expressed  as 
y=4{AKi)''^,'’  where /I  and  /C)  are  exchange  and  anisotropy 
constants,  respectively.  Therefore,  the  decrease  of  the  main 
domain  width  can  be  attributed  to  a  diminution  of  A  or  Kj  in 
the  regions  with  smaller  carbon  content. 

By  determination  of  the  carburized  layer  thickness  >(  at 
initial  stages  of  carburization  the  estimation  of  the  diffusion 
rale  is  possible.  The  diffusivity  R  of  carbon  atoms  of  450  °C 
was  calculated  according  to  the  equation  for  the  average  dis¬ 
placement  X  of  diffusing  particles  with  the  Brownian  move¬ 
ment:  R=x^l2t,^  where  t  is  the  carburization  time.  In  our 


estimation  we  assumed  x=d.  In  order  to  avoid  the  influence 
of  geometrical  effects  of  the  grain  size  on  the  Sm2Fe,7Q 
layer  thickness,  we  considered  only  very  big  grains  with  Hat 
edges.  The  value  obtained  is  /?--(2.5±0.5)X  10“’'’  inVs, 
which  is  of  the  same  order  of  magnitude  as  that  reported  in 
Ref.  2  for  nitrogen. 

The  wall  energy  density  y  was  determined  for  a 
Sm2Fei7C2,2  sample,  in  which  all  the  grains  were  homoge¬ 
neously  carburized.  For  this  purpose  the  MDS  in  large  grains 
with  the  easy  axis  normal  (or  almost  normal)  to  the  polished 
grain  surface  was  analyzed.  The  Bodenberger- Hubert 
approach‘d  was  used  for  the  analysis  of  the  characteristic  star- 
like  surface  domain  patterns  like  those  in  Fig.  6.  It  can  be 
shown  that  the  average  surface  domain  width  w  in  the  basal 
plane  (perpendicular  to  the  easy  axis)  fur  large  grains  in 
polycrystalline  material  is  independent  of  the  grain  size  and 
is  given  by  w  =  /x^pyUl,  where  /8  is  a  geometrical  factor 
depending  on  the  type  of  surface  domain  structure.  We 
adopted  the  value  of  /3  as  determined  for  uniaxial  highly 
anisotropic  materials  in  Ref.  9.  We  obtained  an  average  sur¬ 
face  domain  width  vv  of  (0.93±().09)  /zm.  Using  a  value  of 
1.43  T  for  the  saturation  polarization  J^,  this  yields  a  wall 
energy  y  of  (3.1±0.3)X10"^  J/m^.  From  this,  the  single¬ 
domain  particle  size,  D^==5.6TTiXoy/J^,  '*>  D^'^0.3  /zm.  The 
standard  continuum  model  for  a  domain  wall^  gives  in  a  first 
approximation  the  relations  A  =  y/16K^  for  the  exchange 
constant  and  S—ny/^K\  for  the  domain-wall  thickness.  Us¬ 
ing  the  anisotropy  constant  K\=1A  MJ/m’  calculated  from 
demagnetization  curves'"  we  obtained  A  =  8.1X10“'^  J/m 
and  <5=3.3  nm. 
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The  preference  of  nitrogen  atoms  in  Nd(FeTi),2Nv  and  Nd(FeTiCo)|2N,,  alloys  have  been  studied  by 
neutron  diffraction.  The  results  show  that  Ti  atoms  are  preferentially  to  occupy  the  S/  sites,  but  Co 
atoms  enter  the  8/  rather  than  the  8/  site.  Nitrogen  atoms  occupy  the  2b  sites  in  Nd(FeTi)pNj  and 
Nd(FeTiCo),2Nj. . 


I.  INTRODUCTION 

A  ternary  Fe-rich  R(MFe)i2  (M=stabilizing  elements) 
alloy  with  tetragonal  ThMni2  structure  has  been  studied 
extensively. The  Curie  temperature  of  SmTiFcn  is  lower 
than  that  of  Nd2Fei4B  and  its  lower  saturation  magnetization 
leads  to  the  theoretical  (fl of  SmTiFcn  only  half  that  of 
Nd2Fei4B.'^  It  is  shown  that  Curie  temperature,  iron  moment, 
and  magnetocrystalline  anisotropy  increase  drastically  with 
the  addition  of  nitrogen  atoms."*'^  RTiFe^N^  compounds 
have  been  observed  to  possess  different  intrinsic  magnetic 
properties  from  their  original  counterparts  RTiFcn.^’  It  has 
been  shown  that  the  Curie  temperature  of  RTiFenN,  in¬ 
creases  by  about  150-170  K  and  the  Fe  moment  increases  by 
17%.  In  particular,  RTiFenN^  has  an  easy  axis  with  a  strong 
anisotropy  field  at  room  temperature  for  R=Nd,  Tb,  and  Dy. 
Owing  to  the  fact  that  the  easy  uniaxial  anisotropy  is  a  pre¬ 
requisite  for  a  magnetic  material  with  high  coercive  force,  to 
understand  the  effects  produced  by  nitriding  it  is  necessary  to 
investigate  the  crystallographic  structures  of  these  nitrides. 
The  determination  of  the  site  occupation  of  nitrogen  atoms  is 
a  key  prerequisite  to  the  calculation  of  the  electronic  struc¬ 
ture  or  crystal-field  interactions  in  the  nitrides.  For  this  rea¬ 
son,  we  have  carried  out  a  neutron-diffraction  and  Mbss- 
baucr  spectra  study  on  the  NdfFeTilpN^  and 
Nrl'^FeTiColpNj,  alloys. 

II.  EXPERIMENTAL  DETAILS 

The  samples  used  were  prepared  by  arc  melting  of  the 
high-purity  (99.9%)  primary  materials  under  purified  argon 
atmosphere.  The  buttons  were  melted  at  least  three  times  to 
achieve  homogeneity.  Then  the  alloy  buttons  were  smashed 
into  powders.  Nitrides  were  prepared  by  passing  puried  ni¬ 
trogen  gas  at  atmospheric  pressure  over  finely  ground  pow¬ 
der  samples  at  500  °C  for  3  h  and  at  sufficiently  high  rates  of 
How  to  ensure  enough  absorption  of  nitrogen,  followed  by 
rapidly  cooling  to  room  temperature.  X-ray  diffraction  analy¬ 
sis  was  used  to  detect  phase  structure.  Neutron-diffraction 
data  were  collected  at  room  temperature. 


III.  RESULTS  AND  DISCUSSION 

All  the  samples  are  of  single  phase  except  for  a  very 
little  amount  of  a-Fc  coexistence  found  by  x-ray  diffraction 
analy.sis.  The  nitrides  of  RTiFc,,  were  found  to  maintain 
their  original  tetragonal  structure,  space  group  lAlmmm,  but 
with  slight  increases  in  cell  volumes.  This  increase  in  lattice 
parameters  is  highly  anisotropic  (mainly  in  the  basal  plane). 

Neutron-diffraction  measurements  were  performed  on 
Nd(FeTi)|2Nv  and  Nd(FeTiCo),2N,,  alloys  to  determine  the 
site  occupation  of  nitrogen  atoms,  the  results  obtained  from 
neutron  diffraction  data  fit  are  listed  in  Tables  1  and  11.  It  can 
be  seen  from  Tables  1  and  11  that  Ti  atoms  still  prefer  to 
occupy  the  8/  sites  in  agreement  with  Ref.  6,  but  Co  atoms 
enter  the  8/  site  rather  than  the  8/  site.  The  occupation  of 
nitrogen  atoms  in  NdTi|  i2Co()y4N^.  is  the  same  as  that  in 
Y(TiFe),2Nv,  in  which  nitrogen  atoms  enter  the  2h  site.  The 
quantities  of  nitrogen  atoms  entering  interstitial  position  arc 
a  =0.43  and  y--=().395  for  Nd(FcTi)|2N,  and  Nd(FeTiCo),2N, 
alloys,  respectively.  The  position  of  the  N  atom  was  found  to 
correspond  to  the  2b  site  of  the  tetragonal  space  group, 
which  gives  rise  to  noticeable  displacements  of  the  87  metal 


TABLK  1.  The  slrui'turiil  piiramclcrs  of  Ndtl'Vl'Di.N,  from  neutron - 
diffraction  data.  The  atomic  coordinate  parameters  (in  units  of  the  cell  con¬ 
stants  a  and  <■)  are  x,  y,  z,n  is  the  number  of  atoms  on  different  sites;  K.  is 
the  moment  value  (/u„)  in  the  z  direction;  R  is  the  consistent  factor;  Rn  and 
R^i  arc  quality-of-fit  indices  for  the  nuclear  and  magnetic  :scattering,  respec¬ 
tively;  Jf’  is  the  residual  value. 


Atom  site 

X 

>’ 

n 

RAFii) 

Nd  (2a) 

().()()()() 

(l.(l()(K) 

(l.(l(HH) 

2.000 

0.07(1 

1^  (Hi) 

().3.‘i44 

().()( )()() 

il.tlOOd 

.3.7.44 

2.120 

Ti  (81) 

o.-i-saa 

(l.(KI()(l 

(1.(1(100 

2.24(1 

0.0(10 

Fc  (8/) 

().2fi(il 

O.SOOO 

O.OOOO 

8.000 

1 .020 

Fe  (8/) 

().2S(I(I 

().2.S()() 

0.2.MI() 

8.000 

1.720 

N  (2/1 1 

().(KK)(I 

O.OOOO 

0..S0()0 

0.8(i(l 

0.000 

R  (%) 

0.‘)8 

Rs  CM 

0.08 

Rm  (%) 

0.80 

Xz 

1.87 
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TABLE  II.  The  structural  parameters  of  Nd  l'i,  ,2Co,|Q4Fc^(,4N,,  from 
neutron-diffraction  data. 


Atom  site 

X 

z 

n 

Hz.  (Mb) 

Nd  (2o) 

0.0000 

0.0000 

0.(K)U() 

2.00 

1.20 

Fe  (8i) 

0.3582 

0.0000 

0.0000 

5.58 

1.70 

Ti  (8i) 

0.3582 

0.0000 

0.0000 

2.42 

0.00 

Fc  (8;) 

0.2837 

0.0000 

0.0000 

8.00 

1.50 

Fe  (8/) 

0.2500 

0.2.^i00 

0.2500 

6.12 

1.30 

Co  (8/) 

0.2500 

0.2500 

0.2500 

1.88 

0.00 

N  (26) 

0.0000 

0.0000 

0.5000 

0.79 

0.00 

R  (%) 

1.60 

Rn  (.%) 

1.59 

Km  (%) 

1.74 

1.08 

positions.  The  increase  in  and  cell  volume  are  in  good 
agreement  with  the  values  reported  in  Refs.  2  and  7-9.  The 
short  metal-metal  distances  (between  the  8/  sites)  remain 
almost  unchanged  after  N  insertion  and  can  be  derived  di¬ 
rectly  from  cell  parameters. 

IV.  CONCLUSION 

Neutron-diffraction  analysis  of  Nd-(Feri)-N  and  Nd- 
(FeTiCo)-N  alloys  has  been  performed.  It  was  found  that  Ti 


atoms  still  prefer  to  occupy  the  8/  site,  but  Co  atoms  enter 
the  8/  rather  than  the  8/  site.  The  nitrogen  atoms  prefer  to 
occupy  the  2b  site. 
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Synthesis  and  magnetic  properties  of  PrFei2-xMOx  and  PrFeia-xl^OxNy 
(0.5^x^1.0,  y'^l) 

0,  Kalogirou,  V.  Psycharis,  L.  Saettac,  and  D.  Niarchos 

National  Center  for  Scientific  Research  "Demokritos,”  Institute  of  Materials  Science,  153  10  Ag.  Paraskevi, 

Attiki,  Greece 

A  series  of  iron-rich  ternary  intermetallics  PrFeij_^.Mo^.  (a~0.5,  0.75,  1.0)  and  their  nitrides  have 
been  prepared  by  arc  melting,  annealing  at  1273-1393  K  and  water  quenching.  A  single-phase 
structure  of  the  ThMni2  type  has  been  obtained  for  a  =  1.0  when  annealed  at  1345  K  (with 
«-Fe<5%).  The  lattice  constants  are  a  =8.5978(2)  A,  c  =4.7795(3)  A.  The  alloys  exhibit  planar 
anisotropy,  a  Curie  temperature  of  498  K,  and  a  room-temperature  magnetization  of  1 20.4  A  m^/kg 
prior  to  the  nitrogenation.  After  nitrogenation  the  anisotropy  changes  to  uniaxial,  the  Curie 
temperature  increases  to  681  K,  and  the  room-temperature  magnetization  becomes  136  A  m"/kg.  A 
lattice  expansion  corresponding  to  2.4%  of  the  cell  volume  is  observed.  In  the  a  =0.5  and  a =0.75 
alloys,  a  secondary  2:17  phase  is  also  present,  besides  the  1;  12-type  structure.  The  peritectic 
decomposition  temperature  is  1393  K  for  all  samples. 


I.  INTRODUCTION 

The  ternary  Fe-rich  R-Fe-M  alloys  related  to  the  tetrag¬ 
onal  ThMni2-type  structure,  and  especially  their  nitrides, 
have  been  extensively  studied  during  the  past  few  years  as 
potential  candidates  for  permanent  magnet  applications  due 
to  their  relatively  high  Curie  temperature,  saturation  magne¬ 
tization,  and  favorable  magnetocrystalline  anisotropy.'  The 
tetragonal  phase  can  be  stabilized  only  by  replacing  iron  with 
a  small  amount  of  a  third  element  such  as  M=Ti,  Mo,  V,  Cr, 
etc.' 

One  significant  result  of  introducing  nitrogen  into  the 
1:12  phase  is  the  observed  change  in  the  magnetocrystalline 
anisotropy  from  planar  for  non-nitrided  compounds  to 
uniaxial  for  nitrided  oncs^  due  to  the  change  of  the  second- 
order  crystal-field  parameter  A  20  from  negative  to  positive  as 
in  the  case  of  Nd.'^  Among  the  light-rare-earth  elements  Pr 
has  a  negative  a j  like  Nd.  Thus  the  magnetic  properties  of 
Pr(Fe,Mo),2  and  Nd(Fc,Mo)i2  nitrides  are  expected  to  be 
similar;  however,  since  it  has  been  reported  that  Pr  docs  not 
form  the  1:12  phase''  no  attention  has  been  paid  to  the  syn¬ 
thesis  of  this  compound.  Recently  Yang  et  al.^  have  reported 
the  preparation  of  PrFcio  sMoi  5  and  its  nitride.  Sun  et  al.^' 
have  reported  that  the  solubility  range  in  the  YFei2 
system  is  0.5^a=s4.0.  On  the  other  liand,  it  has  been  shown 
that  the  intrinsic  magnetic  properties  of  RFei2^AMoANy  im¬ 
prove  with  decreasing  Mo  concentration.'’'^  Thus,  we  exam¬ 
ined  the  existence  range  of  PrFei2-AMo^  between 
0.5  ^A^  1.0  and  have  succeeded  in  synthesizing  at  least  the 
A  =  1.0  member  c*’  the  series  in  the  form  of  the  ThMni2'type 
structure.  The  structural  and  magnetic  properties  of  the  par¬ 
ent  PrFei|Mo  compound  and  the  related  nitride  have  also 
been  studied. 

II.  EXPERIMENT 

The  PrFei2-.A^OA  (a  =0.5,  0.75,  1.0)  samples  were  syn¬ 
thesized  by  arc  melting,  with  ^99.9%  pure  constituents,  in 
an  argon  atmosphere.  The  ingots  were  wrapped  in  tantalum 
foil,  annealed  in  vacuum  at  various  temperatures  between 
1273  and  1393  K  for  3  days  and  then  water  quenched.  Ni¬ 


trides  were  formed  by  heat  treating  fine  powders  (<37  fim) 
of  the  alloys  in  purified  N2  gas  at  723  K  for  12  h.  The 
samples  were  characterized  by  x-ray  powder  diffraction 
(XRD)  (Siemens  D500,  CuKa  radiation  with  a  diffracted- 
beam  monochromator),  Rietveld  analysis,  and  thermomag- 
netic  analysis  (TGM).  The  magnetocrystalline  anisotropy 
was  studied  by  means  of  x-ray  powder  diffraction  on  mag¬ 
netically  aligned  powder  samples.  Magnetization  curves 
were  mea.surcd  using  a  Quantum  Design  superconducting 
quantum  interference  device  (SQUID)  magnetometer  with  a 
maximum  field  of  5  T  at  room  temperature. 

III.  RESULTS  AND  DISCUSSION 

Alloys  with  the  composition  PrFenMo  (a  =  1.0)  can  be 
prepared  by  arc  melting  and  annealing  at  1273,  1348,  or 
1373  K.  All  annealed  alloys  present  the  ThMni2-type  struc¬ 
ture  with  some  a-Fe  impurity  (less  than  10%).  At  1393  K  the 
1:12  phase  almost  disappeared  due  to  «-Fe  precipitation  in¬ 
dicating  that  1393  K  exceeds  the  peritectic  decomposition 
temperature  of  PrFe|,Mo.  The  lowest  a-Fe  content  was  ob¬ 
tained  after  annealing  at  1348  K  for  3  days  and  was  calcu¬ 
lated  to  be  5%  by  the  Rietveld  analysis.  For  this  sample  a 
complete  crystallographic  analysis  was  performed.  The  crys¬ 
tal  structure  parameters  (unit-cell  dimensions,  atom  posi¬ 
tions)  for  the  sample  with  nominal  composition  PrFe,|Mo 
were  determined  by  applying  the  Rietveld  refinement 
method"  and  using  as  starting  structural  parameters  the  ones 
given  in  Refs.  9  and  10.  Following  the  procedure  described 
in  Ref.  9,  it  was  concluded  that  the  Mo  atoms  occupy  the  81 
site.  The  Mo  atoms  per  formula  unit  were  calculated  as 
0.92(7),  very  close  to  the  nominal  value  of  a  =  1.0.  The  iso¬ 
tropic  thermal  parameters  B  were  kept  constant  during  the 
refinement  and  equal  to  the  values  given  in  Ref.  10.  The 
calculated  a-Fe  content  is  5%  wt.  The  lattice  constants, 
atomic  positions,  and  bond  distances  are  listed  in  Table  I. 
The  Rietveld  diffraction  patterns  (observed,  calculated,  and 
difference  patterns)  are  shown  in  Fig.  1 . 

The  Curie  temperature  of  PrFei,Mo  as  determined  by 
TGM  was  498  K.  No  other  ordering  temperature  was  ob¬ 
served,  except  that  of  a-Fe.  The  room-temperature  magneti- 
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TABLE  I.  Cryslallographic  data  for  PrFe„Mo  compound  (space  group;  14/mmm).  Unit-cell  dimensions: 
0=8,5978(2)  A,  c=4.7795(3)  A,  and  ^=353.31  A^  Agreement  indexes  (/?  factors):  «,,=6,67,  fl»p=ll,65, 
fifl=8.46,  and  «„p,=3.91%, 


Atom 

Site 

X 

y 

z 

Occupancy 

Pr 

2a 

0.0 

0.0 

0.0 

1,0 

Fe,/MO| 

Si 

0.3618(3) 

0.0 

0.0 

(),77(1)/0.23(1) 

■fci 

8j 

0,2720(4) 

0.5 

0.0 

1,0 

PCf 

8/ 

0.25 

0.25 

0,25 

1.0 

Bond  distances 

Pr-Fc,x4 

3,111(.3) 

F;-F=yX2 

2,772(3) 

Pr-FC;X8 

3.091(2) 

-Fe^x4 

2,467(1) 

Fe,-Fe,  X  1 

2.376(4) 

Fez-Fe^x  2 

2,391(4) 

-Fc,x4 

2.921(1) 

-FeyX2, 

2,623(3) 

-Fe^X2 

2.652(2) 

-Fc^X  4 

2.640(1) 

nation  at  5  T  of  PrFenMo  is  120.4  A  m^/kg.  This  value  was 
deduced  taking  into  account  the  a-Fe  content,  5%,  as  calcu¬ 
lated  from  the  Rietveld  analysis.  After  nitrogenation  the  Cu¬ 
rie  temperature  increased  by  about  180  K  reaching  681  K. 
The  room-temperature  magnetization  of  the  nitride  at  5  T 
reached  a  value  of  136  A  m^/kg  (Fig.  2).  Nitrogenation  re¬ 
sulted  in  an  increase  of  a-Fe  content.  The  given  magnetiza¬ 
tion  value  was  calculated  considering  the  «-Fe  content,  15%, 
as  found  from  preliminary  Mdssbauer  spectroscopy.  The 
unit-cell  dimensions  for  the  nitrided  compound  are 
a  =8.649(2)  A,  c =4.835(3)  A,  and  V=361.70  A\  The  unit¬ 
cell  expansion  is  2.4%  comparable  to  the  other  1:12  nitrides 
leading  to  a  value  of  y  1 .  The  magnetiza.  values  confirm 
recent  experimental  observations  '  ,!'• 
tion  improves  the  magnetic  prop  ;r‘ '■ 
their  nitrides.*’’^  The  Curie  (t...peia  -.a 


PrFeiiMoN^  are  43  and 
PrFei(),Moi  5  and  PrFcio.jNi' 


resp 


0  concentra- 
_;(Mo_,  and 
’•FeiiMo  and 
■an  those  of 
'y.^  A  similar 


improvement  is  observed  in  the  saturation  magnetization, 
i.e.,  8.4  and  15.1  A  m^/kg  higher  than  those  of  PrFenj  ^Moi  j 
and  PrFei()  5Mo,  sNy ,  respectively.* 

In  Fig.  3  the  XRD  spectra  of  the  non-nitrided  and  ni¬ 
trided  PrFeiiMo  compounds  and  the  corresponding  spectra 
of  magnetically  aligned  powders,  bounded  on  double-side 
tape  with  a  magnetic  held  normal  to  the  plane  of  the  sample 
holder  are  shown.  As  shown  in  Fig.  3(b)  the  intensity  of  the 
(0  0  2)  reflection  of  the  aligned  non-nitrided  sample  de¬ 
creases  and  the  intensities  of  the  (2  4  0),  (0  3  1),  (2  3  1),  and 
(14  1)  increase  indicating  planar  anisotropy.  The  opposite 
behavior  of  the  corresponding  reflections  was  observed  in 
the  nitrided  sample  indicating  uniaxial  anisotropy  [Fig.  3(d)]. 
Such  a  change  from  planar  anisotropy  for  the  parent  com¬ 
pound  to  uniaxial  for  the  nitrided  one  has  been  observed  in 
the  case  of  the  a  =  1.5  compound  as  well.*  This  is  probably 
du.  to  the  sign  change  of  the  second-order  crystal-field  co¬ 
efficient  in  the  Pr  site  by  analogy  to  Nd.*'* 

The  PrFei2_^MOj  alloys  with  4:=0.5  and  a=().75  were 
annealed  at  1273,  1348,  1368,  and  1393  K.  As  found  by  both 
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FIG.  1.  Rietveld  refinement  patterns  for  the  Prl'(',,Mo  compound.  The  ob¬ 
served  intensities  are  shown  by  dots  and  the  cul<  .lated  ones  by  the  solid 
tine.  The  position  of  the  Bragg  reflections  are  shown  by  small  vertical  lines 
below  the  pattern.  The  line  at  the  bottom  indicates  the  intensity  difference 
between  the  experimental  and  the  refined  patterns. 
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FIG.  2.  Roiim-tcniperature  magnetization  curves  of  randomly  aligned  pow¬ 
ders  of  PrFciiMo  before  and  after  nitrogenation, 
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TiG.  3.  XRD  spectra  for  tu)  parent  non-nltrided  compound  (PrFctiMo),  (b) 
magnetically  aligned  compound  (field  normal  to  the  piune),  (c)  nitrided 
compound  (PrFcuMuNy),  and  (d)  magnetically  aligned  nitrided  compound 
(field  normal  to  the  plane). 

XRD  and  TOM  all  annealed  samples  presented  a  mixture  of 
the  1:12,  2:17,  and  a-Fe  phases.  Best  results,  i.e.,  minimum 
2:17  and  a-Fc  content,  were  observed  at  1,148  K  and  at  1368 
K  for  the  x-0.5  and  Jt:=0.75  samples,  respectively.  After 
nitrugenatlon  a  mixture  of  T.12  and  2:17  nitrides  and  a-Fe 


was  observed.  As  in  the  case  of  the  a:  =  1.0  samples,  anneal¬ 
ing  at  1393  K  of  the  x =0,5  and  x  =0.75  samples  resulted  in 
the  precipitation  of  a-Fe.  It  was  concluded  that  the  peritectic 
decomposition  temperature  of  PrFei2-jtMOj;  is  around 
1390  K. 

IV.  CONCLUSION 

This  work  has  demonstrated  that  useful  properties  of  the 
derivatives  of  the  ThMni^-type  structure  alloys  such  as 
PrFciiMo  studied  in  this  work  can  be  obtained  by  proper 
heat  treatment  and  second  transition-metal  concentration.  As 
in  other  ThMni2-type  alloys  nitrogenation  enhances  further 
the  magnetiziMion,  Curie  temperature,  and  anisotropy.  To  our 
knowledge  this  is  the  first  time  that  the  PrFejiMo  (x  =  1.0) 
and  the  related  nitride  have  been  synthesized  and  character¬ 
ized.  It  is  expected  that  further  improvement  can  be  obtained 
concerning  the  system  PrFe|2-^Mo^N^  (0.5s;x^l.0,  ^“O,!) 
by  proper  heat  treatment  and  is  part  of  our  current  work. 
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Study  of  permanent  magnetic  properties  of  the  1-12  nitrides  with  Nd  and  Pr 
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The  permanent  magnetic  properties  of  isotropic  and  anisotropic  powders  of  RiFe.MoiiiN^. 
compounds,  where  R=Pr  and  Nd,  were  investigated  by  using  mechanical  alloying  and  a 
conventional  milling  process.  For  the  isotropic  magnetic  powders,  a  coercive  force  of  up  to  9  kOc 
and  a  maximum  energy  product  of  Ci.Ci  MGOe  were  obtained  in  Nd  compounds,  while  with  the 
anisotropic  powders  a  maximum  energy  product  of  12  MGOe  was  achieved.  In  the  i.sotropic 
Pr(Fe,Mo)i2Nv  compounds  the  best  result  were  4.5  MGOe  for  and  6,0  kOe  for  .  The 

temperature  dependence  of  coercive  force  has  been  investigated  in  a  temperature  range  between  300 
and  500  K,  and  the  results  are  reported  in  a  comparison  with  that  of  Nd-Fc-B  magnets. 


I.  INTRODUCTION 

Findings  of  the  nitrogenation  effect  on  die  magnetic 
properties  of  rare-earth  intermelallic  compounds  liave  re¬ 
cently  made  a  great  progress  in  the  Held  of  hard  magnetic 
materials,  These  important  developments  in  magnetism  and 
magnetic  materials  have  shown  that  great  improvements  in 
the  magnetic  properties  can  be  achieved  by  introducing  in¬ 
terstitial  nitrogen  or/and  carbon  atoms.  This  is  particularly 
important  for  permanent  magnet  materials,  which  require 
large  values  of  magnetization,  uniaxial  anisotropy,  high  Cu¬ 
rie  temperature  7\, ,  and  coercivity  at  or  above  room  tempera¬ 
ture.  In  1990  the  nitrides  Sm2Fei7N,  and  Nd(Fe,M)i2Nv , 
where  jV/=Ti,  V,  Mo,  W,  etc.,  were  discovered,''^  and  the 
.studies  of  the  new  hard  magnetic  materials  bused  on  RE-Fe 
nitrides  spread  worldwide.  We  have  reported  that  for  the 
RE-Fc  nitrides  having  the  ThMni2-type  structure  the  intersti¬ 
tial  nitrogen  atoms  not  only  have  a  crucial  effect  of  increas¬ 
ing  Curie  temperature  and  saturation  magnetization,  but  also 
give  rise  to  a  [  rofound  change  in  magnetocrystulline  anisot¬ 
ropy.  Due  to  these  effects,  Nd(Fe,M)|2N,.  and  Fr(Fc,M)|2N,. 
became  well-known  candidates  for  permanent  magnet 
applications.''" Compared  to  the  case  of  2-17  nitrides,  be¬ 
cause  of  the  difficulty  in  stabilizing  the  1-12  phase  with  a 
light  rare  earth,  more  problems  have  been  encountered  in 
developing  high-performance  magnets  based  on  the  1-12  ni¬ 
trides.  However,  from  an  economic  point  of  view,  the  1-12 
compounds  present  special  interest  due  to  the  lower  price  of 
Nd  than  Sm,  In  addition,  the  1-12  nitrides  have  a  lower  ratio 
of  rare  earth  to  transition  metal  than  the  2-17  nitrides,  Ac¬ 
cordingly,  it  is  worth  studying  the  1-12  nitrides  concerning 
the  formation  conditions  of  good  single  phase,  improvement 
on  the  intrinsic  magnetic  properties,  and  cretition  of  high 
coercivity.  As  we  know,  a  strong  easy-axial  anisotropy  is  the 
origin  of  a  large  coercive  force,  liowever,  the  coercivity  is  a 
very  sensitive  property  and  depends  on  microstructure 
formed  by  the  processing  treatment.  In  this  work  we  have 
succeeded  in  preparing  the  single  phase  of  NdFeiosMo, ,  and 
PrFeiosMo,  s,  as  well  as  their  nitrides.  The  key  problems 
dealing  with  magnet  manufacture  and  tlie  prospect  of  the 
1-12  nitrides  in  the  permanent  magnet  development  are  dis¬ 
cussed. 


II.  EXPERIMENTS 

Alloys  were  prepared  by  arc  melting  of  99.9%  pure  ma¬ 
terials  in  an  argon  atmosphere,  followed  by  a  heat  treatment 
around  100(1  “C  for  1  week.  The  nitrogenation  was  carried 
out  at  4()0-60()  °C  for  2  -4  h  in  high-purity  Ni  gas  at  atmo¬ 
spheric  pressure.  The  nitrogenated  powder  was  then  further 
pulverized  into  tine  powder  by  a  ball  mill.  The  hysteresis 
loops  of  the  samples  were  measured  by  vibrating  .sample 
magnetometer  (VSM)  with  a  field  of  up  to  20  kOe  in  a  tem¬ 
perature  range  from  room  temperature  to  600  K.  Some 
samples  were  magnetized  with  a  piil.se  field  of  up  to  40  and 
100  kOe. 

Mechanicully  alloyed  powders  were  produced  in  a  high- 
energy  ball  mill,  starting  with  Pr-Mo-Fe  and  Nd-Fe-Mo  alloy 
powders.  Magnetic  amorphous  powders  were  made  by  mill¬ 
ing  process  for  1-10  h  under  argon  atmosphere.  The  pow¬ 
ders  were  then  heat-treated  in  the  temperature  750-950  °C 
for  40  min  to  form  the  crystallized  1-12  phase,  in  u  vacuum 
of  10  ■'  Pa,  Nitrides  were  prepared  by  passing  purified  nitro¬ 
gen  gas  over  the  crystallized  1-12  phase  at  atmospheric  pres¬ 
sure  at  500 ‘■C  for  1-4  h. 

Anisotropic  magnets  bused  on  Nd(Fe,Mo)|2N,.  nitrides 
were  prepared  by  a  conventional  milling  process.  Tlie  pow¬ 
der  samples  of  cylindrical  shape  (‘b3x4  mm)  were  aligned 
with  a  magnetic  field  of  10  kOe  and  fixed  in  epoxy  resin, 

III.  RESULTS  AND  DISCUSSIONS 

All  the  samples  were  found  to  crystallize  in  the 
ThMn|2-type  structure,  and,  no  second  phase  was  observed 
before  and  after  nitrogenation.  As  an  example,  the  x-ray- 
diffraction  patterns  of  PrFemsMoi  s  a.id  their  nitrides  are 
shown  in  Fig,  1. 

A.  Isotropic  powders 

Isotropic  magnetic  powders  based  on  PrfMo.FefiiN,  and 
Nd{Mo,Fc)|2N,.  were  prepared  by  using  a  mechanical  milling 
process.  In  both  cases  of  Nd(Mo,Fe)|2  and  Pr(Mo,Fe)|2,  the 
x-ray-diffraction  patterns  and  tiiermomagnetic  curves  show 
that  tliere  are  no  other  magnetic  phase.s  (such  as  a-Fe).  It  is 
important  to  mention  that  in  order  to  obtain  a  desirable  eo- 


J.  Appl.  Phys.  76  (10),  15  November  1994 


0021 -8979/94/76(1 0)/6725/3/$6. 00 


©  1994  American  Institute  of  Physics  6725 


26 


FIG,  1.  X-ruy-ilifftuotli)n  patterns  of  (a)  I’rFcnjjMois  and  (b) 
PrFC|o.5Mo|,,N, . 

crcivity,  no  a-Fe  second  phase  associated  with  the  starting 
alloys  is  required.  Figure  2  shows  the  variations  of  coercive 
force,  saturation  magnetization,  and  rcmanence  us  a  function 
of  crystallized  temperature  of  Pr(Mo(|,|-,Fe(),87)i()N^ .  From  the 
figure  it  can  be  seen  that  intrinsic  coercive  force  depends 
sensitively  on  crystallization  temperature  with  the  optimum 
crystallization  temperature  770  °C. 

A  coercive  force  of  6,0  kOe  is  obtained  for  the  Pr  ni¬ 
trides  with  a  crystallization  temperature  of  770  “C  for  40  min 
and  a  nitrogenation  treatment  at  500  °C  for  2  h.  Figure  3(a) 
indicates  the  magnetic  hysteresis  loop  which  was  obtained  at 
an  annealing  temperature  of  770  °C  for  40  min  and  followed 
by  a  heat  treatment  at  500  °C  under  Nj  atmosphere  for  2  h. 


FIG.  2.  The  variations  of  coercive  force  saturation  magnetization  A/,, 
and  remuncncc  M,  as  a  function  of  crystallized  temperature  for 
Pt(Mo,Fe)|2N,  samples. 
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FIG.  3.  The  magnetic  liystercsis  loops  of  different  composition  powders  (a) 
Fr(Mo„.i,Fc„.H,)|,|N, ,  (b)  Nd(l'‘c,Mo)|jN, ,  which  were  obtuined  at  an  an¬ 
nealing  temperature  of  770  “C  for  40  mitt,  measured  at  rnom  temperature, 

The  best  results  were  obtuined  in  Pr(Mo„  |;,Fe|),87)n)N^. , 
which  has  a  large  coercive  force  combined  with  a  high  rem¬ 
anent  magnetization.  A  higher  coercive  force,  c.g.,  (//,.  =  8.9 
kOe,  is  achieved  for  Nd(Fe,Mo)i2N».  with  the  same  process 
and  is  seen  in  Fig,  3(b).  As  in  the  case  of  the  mechanically 
allowed  powders,  no  sensitive  orientation  effect  is  observed. 
Thus,  the  mechanically  alloyed  powders  are  isotropic.  From 
the  virgin  magnetization  curves  an  obvious  jump  is  observed, 
which  is  characteristic  of  a  pinning  mechanism  for  the  coer¬ 
cive  force.  The  critical  field  at  whicli  tlie  jump  occurs  corre¬ 
sponds  to  the  value  of  the  coercive  force.  This  behavior  sug¬ 
gests  that  the  coercive  force  in  the  case  of  mechanical 
alloying  is  determined  by  a  domain-wall  pinning.  For  the 


FIG.  4.  The  variiuion  iil  coercive  force  as  a  function  of  milling  time  lot 
NdtFc,Mo)|,Nj  powder  samples, 

Yang  e(  a/. 


TABLE  1.  Cocrcivo  force  vs  magnetizing  field  //„  of  Nd(Fc,Mo)|2N, . 


Mill  time  (h) 

19 

49 

59 

64 

107 

iH,  (kOe)‘ 

2,5.S8 

3.880 

4,1.33 

4.326 

5,171 

iH,  (kOc)" 

3,894 

5.168 

5,209 

5..561 

6,305 

‘Samples  were  magnetized  and  measured  at  H=H)  kOe. 

^'Samples  were  magnetized  at  W^lOO  kOe  and  measured  at  W  =  40  kOc. 


isotropic  samples,  the  theoretical  values  of  square  ratio 
should  be  0.5;  our  results  are  larger  than  this  value  indicating 
that  the  samples  are  far  from  saturation  at  the  applied  field  of 
20  kOe, 

B.  Anisotropic  powders 

Figure  4  indicates  the  variation  of  coercive  force  as  a 
function  of  milling  time  for  Nd(Fe,Mo)i2Nv .  It  is  clear  that 
the  coercive  force  depends  sensitively  on  particle  size  of  the 
powders,  i.e.,  it  increases  with  grinding  time,  reaching  a 
maximum,  then  decreases  after  prolonged  milling.  The  in¬ 
trinsic  coercive  force  of  the  powders  prepared  by  the 
milling  process  exhibits  a  large  dependence  of  the  magnitude 
of  the  magnetic  field  H„,  applied  before  the  coercive  force 
measurements,  Table  1  shows  jH^.  for  the  same  sample  under 
different  magnetizing  field.  For  the  powders  with  the  opti¬ 
mum  milling  time,  a  coercive  force  of  5.2  and  6.3  kOe  was 
obtained  by  using  a  magnetizing  field  of  20  and  100  kOe, 
respectively.  The  magnetizing-field  dependence  of  is 
characteristic  of  domain  nucleation.  This  behavior  is  differ¬ 
ent  from  that  of  mechanical  alloying  powders  mentioned 
above.  Anisotropic  magnets  cun  be  made  by  using  the  pow¬ 
ders  prepared  by  milling  methods;  however,  the  saturation 
magnetization  and  remanence  were  found  to  degrade  with 
milling.  Thu.s,  the  optimum  values  of  coercive  force  and  re- 


FIG.  6,  Tempcriituro  dcpcitdiMicc  of  coercive  force:  (u)  jH,.  of 
NdFe,ii,5  MO|  sN,  nicchiiiiicai  alloy  powders:  (b) ,//,  of  Nd2FC|.iB;  (c) ,//,  of 
l’t(Mo,i  ijI'Cii  jjliiiN,  mcclumical  alloy  powders:  (d)  ,W,.  of  NdFC|||..,MO|  iN, 
uni.solropic  powders. 


manence  cannot  be  obtained  simultaneously.  Figure  5  is  re¬ 
lated  with  a  larger  remanence,  but  a  smaller  coercive  force 
for  Nd(Fe,Mo)i2N,. .  Their  permanent  magnetic  properties 
are  summarized  below,  respectively;  ,7/,,  =  2.6  kOe,  = 
KG,  (B//),„j„=12.()  MGOe.  All  these  measurements  were 
made  with  a  magnetizing  field  of  20  kOe.  The  coercive  force 
is  larger  when  using  a  higher  applied  field  as  indicated  In 
Table  I.  Figure  6  plots  the  temperature  dependence  of  coer¬ 
cive  force  for  three  kinds  of  samples:  One  was  prepared  by 
milling  process,  the  other  two  by  using  mechanical  alloying. 
In  a  temperature  range  from  room  temperature  to  100  ’’C  the 
temperature  coefficient  of  coercive  force  for  both  samples  is 
-0.5%/K.  For  a  comparison,  the  temperature  dependence  of 
coercive  force  of  Nd2Fei4B  magnets  is  presented  also  in  Fig. 
6.  The  temperature  coefficient  of  ,■/■/(,  for  the  latter  is 
-0.6%/K.  Among  the  1-12  nitrides  the  Curie  temperature  of 
Nd(Fe,Mo)|2N^.  and  Pr(Fe,Mo)|2Nv  is  lower.  Thus,  it  may  be 
expected  to  improve  the  temperature  stability  of  the  magnets 
based  on  the  1-12  nitrides  by  a  substitution  of  Mo  with  an¬ 
other  element,  such  as  Ti,  V,  etc. 
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Stabilizing  the  1-12  phase  with  cerium  was  possible  using  a  special  heat  treatment.  The  structural 
and  magnetic  properties  of  Ce(Fe,M)i2  and  their  nitrides,  for  M=Ti,  V,  Cr,  Mo,  etc.,  were 
inve.stigated  using  x-ray-diffraction  and  magnetic  measurements.  The  effects  of  interstitial  nitrogen 
atoms  on  lattice  parameters,  Curie  temperature,  saturation  magnetization,  and  magnetocrystalline 
anisotropy  are  reported.  A  profound  change  was  found  on  the  magnetocrystalline  anisotropy.  As  an 
example,  in  the  case  of  CeMo2Fei()Nv,  the  easy  magnetization  direction  changes  from  c  axis  to  the 
basal  plane  depending  on  the  nitrogen  content  x. 


I.  INTRODUCTION 

During  the  last  few  years,  a  lot  of  work  dealing  with  the 
rare-earth  (RE)-Fe  nitrides  having  the  ThMni2-type  struc¬ 
ture  has  been  conducted  for  the  purpose  of  permanent  mag¬ 
net  development. Because  of  the  difficulties  in  forming  the 
1-12  phase  with  cerium,  few  reports  were  concerned  with 
cerium  compounds.  The  cerium  ion  often  possesses  a  rela¬ 
tively  higher  valence  (Ce''  '^)  in  the  RE-iron  intermctallic.s.'’ 
Generally,  the  Ce-Fe  compounds  have  smaller  lattice  param¬ 
eter, s,  lower  Curie  temperatures  1\.  and  less  spontaneous 
magnetization  than  other  rare-earth  compounds;  thus,  it  is 
expected  that  the  interstitial  nitrogen  atoms  may  have  more 
significant  effects  on  magnetic  properties  of  the  Ce  com¬ 
pounds.  In  addition,  Ce'*  ''  is  nonmagnetic,  and  it  is  hoped  to 
obtain  useful  information  associated  with  the  iron  sublattice 
behavior.  A  study  on  the  Ce  nitrides  is  not  only  of  signilt- 
cance  for  basic  research,  but  there  is  also  a  potential  techni¬ 
cal  application.  Since  there  is  a  lot  of  cerium  in  inexpensive 
mischmetal,  an  investigation  on  the  formation  and  magnetic 
properties  of  Ce  nitrides  might  be  useful  for  developing  low- 
cost  magnetic  materials. 

In  this  work  we  succeeded  in  stabilizing  the  Ce(FeM)|2 
compounds  and  their  nitrides,  where  M=Ti,  V,  Cr,  and  Mo. 
The  effects  of  interstitial  nitrogen  atoms  on  lattice  param¬ 
eters,  Curie  temperature,  saturation  magnetization,  and  mag¬ 
netocrystalline  anisotropy  are  reported, 

II.  EXPERIMENT 

The  samples  were  prepared  by  arc  melting  99.5%  pure 
materials  in  a  purified  argon  atmosphere,  followed  by  a  heat 
treatment  at  6()0-l()00°C  for  1  week.  Nitrides  were  pre¬ 
pared  by  passing  purified  nitrogen  gas  at  atmospheric  pres¬ 
sure  over  finely  ground  powder  samples  at  4()()-6()0  °C  for 
1-.5  h,  followed  by  rapidly  cooling  to  room  temperature. 
X-ray  diffraction  and  chemical  analysis  were  made  to  deter¬ 
mine  the  structure  and  the  weight  percentage  of  nitrogen. 
The  powder  samples  of  cylindrical  shape  were  aligned  in  a 
It)  kOe  field  and  fixed  in  epoxy  resin.  Magnetization  curves 
were  measured  on  aligned  powder  samples  with  a  field  of  up 
to  70  kOe  K  by  using  an  extracting  sample  magnetometer. 
The  Curie  temperature  was  determined  from  tr-J'  curves 
which  were  measured  by  a  vibrating  sample  magnetometer 
in  the  temperature  range  from  3110  to  lOlM)  K. 


III.  RESULTS  AND  DISCUSSIONS 

A.  Crystallographic  structure 

The  samples  before  nitrogenation  were  found  to  be  crys¬ 
tallized  in  single  ThMni2-type  phase  for  M=Ti,  V,  Mo.  The 
only  exception  is  Cr,  which  contained  a  little  2-17  phase. 
After  nitrogenation,  the  Cc{M,Fe)i2N,.  maintains  the  same 
structure,  but  with  an  increase  in  the  lattice  parameters.  The 
lattice  parameters  a  and  c,  unit-cell  volume  V,  and  relative 
change  in  unit-cell  volume  upon  nitrogenation  AV/V  of 
Ce(M,Fe)i2Nv ,  in  comparison  with  Ce{M,Fe),2,  are  all  listcJ 
in  Table  1.  As  an  example,  x-ray-diffraction  patterns  of 
CcTiFe,!  arc  illustrated  in  Fig.  1(a).  The  unit-cell  volumes 
increase  from  2.7%  to  3.5%  compared  with  their  original 
counterparts. 

B.  Curie  temperature  and  aaturation  magnetization 

The  Curie  temperature  7',. ,  saturation  magnetization  rr,, 
anisotropy  field  77^,  and  easy  magnetization  direction 
(EMD)  of  Ce(M,Fe)i2  and  their  nitrides  are  summarized  in 
Table  11.  The  interstitial  nitrogen  atoms  have  an  effect  of 
increasing  the  Curie  temperature.  The  T,.  of  CeTiFenN,.  is 
raised  from  485  to  710  K.  by  introducing  the  nitrogen  atoms 
into  the  CcTiFe  n  compounds.  This  effect  may  be  due  to  the 
expansion  of  the  unit-cell  volume  after  nitrogenation. 

The  effect  of  the  interstitial  nitrogen  atoms  on  the  en¬ 
hancement  of  saturation  magnetization  is  significant.  I’he 
molecule  mom'.nt  is  increased  from  17.4  /U;,  to  21,88  fx,) 
with  M=Ti,  or  from  13.fi  p-n  to  18.fi  pn  with  M  =  V  in  the 
Ce(M,Fe)|2,  etc.  Since  Ce"  is  nonmagnetic,  the  increase  of 


TABI.i;  1.  Tlic  lattice  piiriiiiieters  «  and  c,  unit-cell  volume  V,  and  relative 
change  in  unit-cell  volume  upon  nitrogenation  4V/V  of  C'etM.I'eti^N, ,  in 
comparison  with  C’c(M,Fe||,. 


C'onrpounds 

ii  (A) 

e  (A) 

V  (A’) 

^V^V  (%) 

C’c'I'il'Cii 

S..S42 

4.777 

.148.7 

CcTil-eiiN, 

S..S74 

4.872 

.1.S8.2 

2.7 

CcV.Fc,,, 

K..SIO 

4.7.S8 

.144.0 

f:eV,l-e,„N, 

S.f)4fi 

4.7()1 

.i.s.s.y 

.1.4() 

CcMoj 

S..S.15 

4.7()() 

.147.2 

CcMoj 

S.f)17 

4.821 

.158. 1 

.1.2 

C'cMod'C,,, 

S.SK? 

4.7W 

.15.1.7 

C'eMo,Fc|„N„« 

8.074 

4.842 

.1f)4..1 

1.0 
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Flo.  1,  X-ray-cliffriiclioii  putlorns  of  CeTiFcn ;  (ii)  nonuligncil;  (b)  aligned. 


the  saturation  magnetization  represents  an  increase  in  the 
iron  atomic  moment,^  So  far,  the  increases  of  and  the 
magnetic  moments  have  been  regarded  as  being  attributed 
mainly  to  the  volume  expansion  (about  .■'%  in  average),  as  a 
magnetovolume  effect,  but,  that  is  nut  enough,  The  nitrogen 
atoms  enhance  the  Fe  moments  not  only  'hi-ough  lattice  ex¬ 
pansion  but  also  by  changing  the  electronic  bonding  nature, 
which  was  calculated  by  Sakuma.’ 

C.  Magnetocrystalllne  anisotropy 

In  the  most  rare-earth  compounds,  4  f  electrons  are  ex¬ 
pected  to  be  well  localized  compared  with  the  d  and  s  elec¬ 
trons  in  the  transition-metal  compounds.  So  the  single-ion 
model  is  used  effectively  dealing  with  the  magnetocrystallinc 
anisotropy  in  the  rare-earth-ion  sublattice.  In  the  case  of  iron 
sublattice,  owing  to  the  itinerant  properties  of  Ttd  electrons, 
the  situation  becomes  more  complicated.  It  is  not  easy  to 
calculate  the  changes  in  magnetocrystalline  anisotropy  tlieo- 


FIO.  2.  Mugnclizutiuii  curves  along  and  perpendicular  to  the  origination 
dircclioti  at  1.5  K  and  room  temperature  between  CcMU|,Fe|,i;  and 
CeMo]  5l'ei()_5N, . 

rctically  before  or  after  nltrogcnation.  So  the  experimental 
results  are  even  more  important  in  obtaining  information 
about  the  iron  sublattice  behavior. 

On  the  basis  of  the  x-ray-diffraction  patterns  on  aligned 
samples,  we  cun  obtain  the  magnetocrystallinc  anisotropy  of 
Ce(M,Pe)i2  and  their  nitrides.  The  x-ray-diffraction  patterns 
of  magnetically  aligned  powder  samples  of  CeTiFeti  are 
sliown  in  Fig.  1(b):  a  drastic  increase  in  (002)  rcllcctions  and 
diminution  of  (hkO)  lines  reveals  that  it  has  an  easy  axial. 
Figures  2  and  3  are  the  comparison  of  magnetization  curves 
along,  and  perpendicular  to,  the  origination  direction  at  1.5  K 
and  room  temperature  between  CcMoi.;FC|()5  and 
CeMoi  jFeio.sN^,  CeTiFcn,  and  CeTiFcnNv.  It  can  been 
seen  that  after  nitrogenation  the  anisotropy  is  decreased.  In 


TABLE  II,  The  Curie  tcmperulure  T,. ,  siiturallon  magnetization  tr, ,  anisotropy  field  ,  and  easy  iiiiignetiza- 
tion  direction  (EMD)  of  Ce(M,Fe)|j  compounds  and  their  nitriiles, 


Compounds 

r,  (K) 

rr,  (ernu/g) 

(kOe) 

EMD 

7  =.3(H)  K 

/'=1.5  K 

r=300  K 

/■=1,5  K 

7  -300  K 

CcTiFci, 

4H5 

129.586 

108.245 

35 

15 

axis 

CcTiFciiN, 

71(1 

151.006 

135.743 

CcVjFe,,, 

425 

99.209 

75,515 

20 

It) 

axis 

CcVjr'eiiiN, 

725 

1?,S,304 

116.292 

weak  axis 

CcCrjI'Cio 

4.13 

95.139 

59.999 

12 

8 

axis 

CeCr,r<!  N, 

f)85 

132,546 

111.514 

plane 

CcMO|,,Fe,o5 

386 

111.256 

76.044 

23 

10 

axis 

CcMo,  ,Feiii,N. 

612 

131,56 

108.758 

CcMojF'Cii, 

340 

64,697 

40.608 

axis 

CeMo2Fe|||N||B 

500 

97.427 

75.880 

plane 
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FIG.  Mugnctizution  curves  along  and  perpendicular  to  the  uriginulioii 
direction  at  1.5  K  and  room  tetnperature  between  Ce'l  iFen  and  CcTil'c,,N.. . 


the  compounds  with  Ce,  iron  is  the  only  magnetic  atom,  so 
the  behavior  of  CeMoi  jFeiosN^  anisotropy  represents 
changes  in  the  anisotropy  on  the  iron  sublatticc. 

In  order  to  determine  the  effect  of  interstitial  nitrogen 
atoms  on  the  niagnotocrystalline  anisotropy  of  the  iron  sub¬ 
latticc  we  made  samples  of  CeMo2Fei(|N^  where  x=0,  0.2, 
0.5,  0.8.  The  x-ray  diffraction  patterns  of  CeMo2Fe,()N_,.  are 
plotted  in  Fig.  4:  (a)  Jt=0  nonaligned  samples;  (b)  a:=0 
aligned  samples;  (c)  a: =0.2  aligned  samples;  (d)  a: =0.5 
aligned  samples;  (e)  a; =0.8  aligned  samples.  1’he  x-ray- 
diffraction  pattern  on  aligned  samples  of  CeMo^Fcn,  in  Fig, 
4(b)  shows  that  the  HMD  is  along  the  c  axis  due  to  the 
drastic  increase  in  (002)  reflection  and  diminution  of  (/lAO) 
lines.  After  the  absorption  of  a  certain  quantity  of  nitrogen, 
the  EMD  deviates  from  the  c  axis,  as  indicated  in  Fig.  4(c) 
for  CeMo2Fci()N()  2  because  the  relative  intensity  of  the  (202) 
line  is  larger  rather  than  the  (002)  line.  As  expected,  a  pro¬ 
found  change  was  found  on  the  magnetocrystalline  anisot¬ 
ropy  upon  nitrogenation.  With  the  increases  of  nitrogen  con¬ 
tent,  the  drastic  increases  in  {likO)  reflections  and  decreases 
in  (001)  lines  reveal  that  when  almo.st  all  the  2h  sites  are 
occupied  by  nitrogen  atoms,  the  EMD  changes  to  basal  plane 
for  CeMo2Fei()N„  n,  which  is  shown  in  x-ray-diffraction  pat¬ 
tern  Fig.  4(e).  It  is  clear  that  the  changes  in  the  magnetocrys¬ 
talline  anisotropy  of  the  iron  sublattice  is  observed  from  the 
c  axis  to  basal  plane  with  increasing  the  nitrogen  content  x. 


FIG.  4,  The  x-ray-diffructiim  putlcri;.(  of  CeMojl'CmN, ;  (ii)  a  =()  iionaligncil 
samples;  (b)  x  =n  aligned  samples;  (e)  .v=(),2  aligned  samples;  (d)  ,v=0,5 
aligned  samples;  (e)  A'~-^U.8  aligned  samples. 

iV.  CONCLUSION 

We  have  succeeded  in  forming  Ce(M,Fe)i2  compounds 
and  their  nitrides  with  ThMn^-type  structure.  The  nitrides 
increases  both  the  Curie  temperature  and  spontaneous  mag¬ 
netization,  and  makes  significant  changes  in  magnctocrystal- 
line  anisotropy  which  depends  on  the  nitrogen  content  x.  The 
experimental  results  indicate  that  at  room  temperature  the 
easy  magnetization  direction  for  CeMo2FcinN„n  is  in  th 
ba.sal  plane,  contrary  to  the  CeMo2Fei()  compounds. 
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The  magnetic  properties  of  u  series  of  Tli2Fe|7  .  solid  solutions,  with  nominal  .v  compositions 
of  0,  2,  3,  4,  5,  6,  7,  and  8,  have  been  studied  by  neutron  diffraction  and  Mossbauer  spectroscopy. 
Neutron-diffraction  data  indicate  tliat  the  compounds  all  crystallize  with  the  Th^Ziip  structure  and 
that  the  aluminum  atoms  are  excluded  from  the  9r/  site  and  .show  a  distinct  preference  for  the  6c  site 
only  for  an  aluminum  content  greater  than  6.  The  unit-cell  volume  increa.ses  by  approximately  1  % 
per  aluminum  atom  substituted  in  the  formula  unit.  The  magnetic  moment  per  formula  unit, 
measured  at  295  K,  shows  very  little  change  for  x  less  than  or  equal  to  4,  but  decreases  rapidly  with 
increasing  aluminum  comcnt  for  higher  values  of  x.  Mossbauer  spectral  results  indicate  that  all  the 
samples  are  ferromagnctically  ordered  at  85  K.  However,  at  295  K  Tb2Fei,Al«  is  paramagnetic  and 
Tlr2Fe|(,Al7  is  cither  paramagnetic  or  has  at  most  very  small  ferromagnetic  moments.  An  analysis  of 
the  magnetic  spectra  with  a  basal  magnetic  model  is  su-  .Hsful  for  x  values  of  5  or  less;  however, 
at  higher  x  values  an  axial  model  for  the  magnetization  is  required,  indicating  the  presence  of  a  spin 
reorientation  with  increasing  aluminum  content  and  decreasing  tempei  ‘ure.  The  weighted  average 
hyperfme  field  decreases  approximately  linearly  by  21  kOc  per  substituted  aluminum  atom  at  85  K 
and  more  rapidly  at  295  K.  As  expected,  the  isomer  shifts  increase  with  increasing  aluminum 
content  as  a  result  of  interatomic  charge  transfer  and  iinraatomic  iron  4.v-3f/  electronic 
redistribution. 


The  discovery'  tliat  the  addition  of  interstitial  nitrogen 
could  dramatically  increase  the  Curie  temperature  of  R2Fei7 
and,  in  some  cases,  cliange  the  magnetic  anisotropy  from 
basal  to  axial  lias  led  to  a  renewed  interest  in  thc.se  com¬ 
pounds.  Tlie  primary  reason  for  the  incrca.sed  'l\  is  the  ex¬ 
pansion  of  the  lattice  caused  by  the  interstitial  nitrogen."  I'he 
lattice  may  also  be  expanded  by  partially  sub.stituting  the 
iron  by  other  elements,'  and  an  investigation  of  such  par¬ 
tially  substituted  compounds  may  lead  to  a  better  under- 
.standing  of  the  magnetization  process  and  consequently  to 
solid  solutions  possessing  better  magnetic  properties.  In  the 
R^Fci.,  .,AI,B  solid  solutions,''"'’  aluminum  eau.ses  both  the 
coercive  and  the  anisotropic  fields  to  increase  with  only 
slight  decreases  in  the  magneti/.ation  and  1  (  ,  Partial  substi¬ 
tution  of  iron  atoms  by  aluminum  in  Ce2Fe|7,  Y2Fe|7, 
NdiFci;,  DyiFe^.  and  l-lo2Fe|7  causes  the  unit  cell  to  ex¬ 
pand  and  the  Tf  to  increase  with  aluminum  content  at  lower 
aluminum  concentrations.'*’  ”  In  Th2f'e,,,B  the  terbium  mag¬ 
netic  moments  are  aligned  antiparallel'*  with  the  iron  mo¬ 
ments  and  a  similar  antiparallel  magnetic  structure  is  ex¬ 
pected  in  Tb2Fe|7  ,Alj. .  It  has  been  reported'"'"  that 
nr2Fei7  -,vAl^.  crystallizes  in  the  hexagonal  TliiNii,  structure 
at  aluminum  concentrations  up  to  an  x  of  and  in  the 


“^Present  address:  Van  dor  Waals-ZcL’inan  I,ahuratt)i'y,  University  ol  Ainstcr- 
dain,  NI."1()18  XI*  Amstcrdani.  The  Netherlands. 


rhombohedral  Tli2Zni7  structure  at  liigher  concentrations. 
Furthermore,  its  '/’f  increases  with  increasing  aluminum  con¬ 
tent  at  low  aluminum  concentrations,"' 

The  TbiFciy  ,.^1.,  samples  were  prepared  from  99.9% 
pure  elements  by  arc  melting  followed  by  annealing  at 
9(H)  ‘’(1  for  more  than  .3  weeks.  The  phase  purity  of  the 
samples  was  checked  by  x-ray  diffraction  which  indicat. .d 
that  the  Tb2Fe|7  l  Al..  samples  with  nominal  x  values  of  2 
and  higher  crystallized  with  the  rhombohedral  ThiZiiiv  struc¬ 
ture.  This  limiting  composition  for  the  rhomhohedral  pha.se 
is  considerably  lower  than  that  reported  by  Oesterreichcr  and 
Boiler'"''"  and  may  be  due  to  the  higher  annealing  tempera¬ 
ture  u.scd  for  tlie  samples  in  our  study. 

The  neutron-diffraction  patterns  were  measured*’  and 
refined''''''  by  the  same  methods  as  reported  earlier.  The 
Mossbauer  spectra  were  measured*’  and  fit'''  "’  as  reportcil 
earlier.  The  spectra  that  indicated  ferromagnetic  ordering 
were  tit  with  four  or  seven  magnetic  sextets  corresponding  to 
the  four  or  seven  magnetically  inequivalent  iron  sites  ex¬ 
pected  for  an  axial  or  basal  orientation  of  the  magnetization 
and  the  site  point  symmetry. 

Tlie  Curie  temperature  ol'  tlie  Th^Fciy  ,  A1,  solid  .solu¬ 
tions  increa.ses  with  increasing  aluminum  content  at  lower 
aluminum  conceniratioiis  and  reaches  a  maximum  at  an  .v 
— .3.'"  The  results  of  the  refinement  of  .lie  295  K  neutron- 
diffraction  patterns  of  these  solid  solutions  tire  given  in  Table 
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TABLE  I.  The  lattice  and  positional  parameters,  site  occupancies,  and  moments  in  Tb2pc,7_^AI^  as  measured 
by  neutron  diffraction  at  295  K. 


Compound 

Tb2^^Cj^AI-^ 

•n>,Fc„Al, 

TljjFonjAly 

ITrjFci^AIn 

X  refined 

1,98 

3,14 

4.08 

5.10 

6,06 

7,16 

8,12 

a  (A) 

8.5768(2) 

8,6011(2) 

8.6212(1) 

8.6625(1) 

8.6942(1) 

8,7482(1) 

8,7874(1) 

c  (A) 

12.5191(4) 

12.5549(3) 

12.5872(2) 

12.6.307(3) 

12.6.501(2) 

12,6988(3) 

12,7270(3) 

da 

1.460 

1,460 

1,460 

1.458 

1.455 

1,452 

1,448 

V  (A-^) 

797,5 

804,4 

810.2 

821.3 

828.1 

841,6 

851,1 

Tb,  6c,  z 

0.3413(4) 

0,.34(18(3) 

0.3406(3) 

0.3433(2) 

0.3417(3) 

0.3458(2) 

0.3480(2) 

Fe/AI,  6c',  z 

0.0958(3) 

0,0957(2) 

0.0941(2) 

0.0962(2) 

0.0993(1) 

0.1002(3) 

0.1028(4) 

Fc/AI,  18/,x 

0,2964(2) 

0.2947(1) 

0.2896(1) 

0,2893(1) 

0.2920(1) 

0.2905(2) 

0,2928(2) 

Fe/AI,  \ih,x 

0.1676(1) 

0.1684(1) 

0.1690(1) 

0.1697(1) 

0.1681(1) 

0.1683(1) 

0,1677(1) 

Fc/Al,  18/i,z 

0.4921(2) 

0,4920(1) 

0.4895(1) 

0.4895(1) 

0.4882(1) 

0.4905(1) 

0,4904(1) 

%/Vl,  6  c 

14.4 

21,0 

24.6 

32.9 

41.3 

72.4 

94,0 

%AI,  9d 

0.0 

0,0 

0.0 

0.0 

0.0 

0.0 

0.0 

%AI,  18/ 

9.8 

18,8 

23.4 

31.4 

41.4 

57.6 

68.8 

%AI,  i8/l 

18.4 

26,6 

36.4 

42.6 

45.8 

37.6 

35.2 

R  factor 

5.88 

5,24 

5.26 

5.09 

4.46 

4,84 

4.97 

factor 

6.80 

6.10 

5.95 

6.17 

5.46 

5.73 

5.78 

R„  factor 

lU.l 

8.23 

5.07 

8.48 

9.67 

14,0 

... 

V 

2.57 

2.49 

2.56 

2.61 

2.62 

2.50 

2,54 

/i,  Tb,  6c  (/u„) 

-4.5(1) 

-4.3(1) 

-4.1(1) 

-4.1(1) 

-.3.5(1) 

-0,6(1) 

A,  r'c.  fie  (M/i) 

2,7(2) 

3.0(1) 

3.1(1) 

3.3(1) 

32.3(1) 

0.6(1) 

At,  Fc,  9</  (tit) 

1.9(1) 

1.9(1) 

2.0(1) 

1.8(1) 

1.7(1) 

0.6(1) 

At,  Fc,  18/  (Ain) 

1.9(1) 

2.0(1) 

2.1(1) 

2.0(1) 

1.1(1) 

0,6(1) 

At,  Fc,  1 8/i  (/tn) 

1.5(1) 

1.8(1) 

1.6(1) 

1.6(1) 

1.1(1) 

0.6(1) 

Ai/ectl  (Ain) 

56.7 

57,6 

55.5 

46.2 

34.5 

14.1 

At/furmula  (Atn) 

18,9 

19,2 

18.5 

15.4 

11.5 

4.7 

/x{z)lii{x) 

0.0 

0,0 

0.0 

0.0 

1.2 

Infinite 

I,  The  lattice  parameters  increase  approximately  linearly  with 
X  as  was  found*^  to  be  the  case  fur  the  related  Nd2Fet7..ji.Atj,. 
solid  solutions,  but  the  increase  dilYcrs  from  the  behavior 
found  for  the  c  lattice  parameter  in  Tb2l'Ci7.,;,.Oa^.,  which 
increases  up  to  an  x  of  6  and  then  remains  constant  at  higher 
values.  The  unit-cell  volume  of  Tb2F''ei7_2.Al,  increases  lin¬ 
early  by  8.9  A’  per  aluminum,  a  value  which  is  similar  to 
that  of  the  gallium  solid  solutions.^" 

As  is  shown  in  Fig.  1,  the  aluminum  completely  avoids 
the  9d  cry.stallugraphic  site,  the  site  expected  to  have  the 
smallest  Wigner-Seit/.  cell  volume.'*^  In  contrast,  at  least  up 
to  ana;  of  6,  the  aluminum  .somcwliat  favors  the  18/i  site  and 
occupies  the  6f  and  18/  sites  almost  randomly.  At  x  values 
above  6  these  trends  change  and  aluminum  highly  favors  the 
6  c  and  18/  sites.  A  rather  similar  occupation  has  been 
observed"*  in  the  Nd2Fei7-.^Al5  solid  solutions  and  ex¬ 
plained  on  the  basis  of  the  differing  near-neighbor  etiviron- 
ments  of  the  different  sites. 

The  compositional  dependence  of  the  magnetic  moments 
derived  from  the  neutron-diffraction'*  scattering  is  given  in 
Table  1,  and  shown  in  Fig.  2.  As  expected  on  the  basis  of  the 
terbium  crystal  fleid,^^  the  terbium  magnetic  moments  arc 
antiferromagnetically  exchange  coupled  to  the  iron  moments 
which  are  in  the  basal  plane  of  the  unit  cell  for  .r  values  of  5 
and  less.  At  larger  jt  values  a  spin  reorientation  occurs  such 
that,  in  Tb2FeioAl7,  the  magnetization  is  axial.  Unfortu¬ 
nately,  Tb2Fe()Al(j  is  paramagnetic,  at  least  at  295  K.  The  iron 
moment  on  the  6c  site  increases  gradually  for  x  values  up  to 
6,  whereas  the  other  iron  moments  remain  approximately 
constant  for  x  between  0  and  6. 
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The  Mossbauer  spectra  of  the  Th2Fe|7.-,.Al^  solid  solu¬ 
tions  have  been  measured  at  85  and  295  K.  Tlie  spectra  were 
initially  fit  with  either  four  or  seven  broadened  magnetic 
sextets  which  represent  the  expected  mimlrcr  of  magnetic 
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FIO.  2.  Thu  iron  und  terbium  magnetic  moments  ut  2')5  K  in  the 
I'bjFcp.iAl,  solid  solutions.  The  terbium  moments  are  aligned  untipurullci 
to  the  Iron  moments. 

sextets  in  the  uxially  or  basally  magnetized  R2FCJ7 
materials. In  agreement  with  the  neutron-diffraction  re¬ 
sults,  it  was  found  that  all  the  295  K  magnetic  Mossbauer 
spectra  could  only  be  ht  with  the  basal  magnetization  model, 
except  for  Tb2Fei|Al„,  for  which  a  better  tit  with  the  simpler 
axial  model  was  obtained.  The  low-tcmpcraturc  spectra  for 
the  samples  with  x  values  of  6,  7,  and  8  were  successfully  fit 
with  an  axial  model.  This  spin  reorientation  is  also  apparent 
in  the  quadrupolc  shift  changes  with  increasing  x  and  de¬ 
creasing  temperature.  The  fitting  model,  which  does  not  take 
into  account  the  near-neighbor  environment  of  each  iron  site, 
is  quite  successful  in  reproducing  the  observed  spectral  ab¬ 
sorption,  but  some  problems  with  intensity  do  occur.  A  more 
detailed  analysis  of  these  spectra  in  terms  of  a  binomial  dis¬ 
tribution  of  the  near-neighbor  aluminum  environments  will 
be  reported  elsewhere. Because  of  the  approximations  in¬ 
volved  in  the  spectral  fits,  only  the  weighted  average  hyper- 
fine  parameters  are  discussed  herein. 

The  weighted  average  isomer  shifts  increase  linearly 
with  increasing  aluminum  content  with  variations  of  0.0257 
and  0.0185  mm/s  per  aluminum  at  295  and  85  K,  respec¬ 
tively.  The.se  increases  are  typical  of  those  found  upon  the 
.substitution  of  either  aluminum"*  or  gallium^"  for  iron  to 
form  R2Fei7  solid  solutions.  The  increase  may  be  attributed 
to  an  Interatomic  charge  transfer  between  the  iron  and  alu¬ 
minum  and  a  subsequent  2d-4!i  intraatomic  iron  electronic 
redistribution.^-^"^*'  The  weighted  average  hyperttne  fields  at 
295  and  85  K,  as  a  function  of  aluminum  content,  are  shown 
in  Fig.  4.  As  expected  the  hyperfinc  field  at  85  K  decreases 
almost  linearly  by  21  kOc  per  aluminum  atom  with  the  in¬ 
creasing  replacement  of  magnetic  iron  with  diamagnetic  alu¬ 
minum  and  the  decrease  is  even  more  rapid  at  295  K;  how¬ 
ever,  the  observed  hyperfine  fields  are  higher  than  those 
observed  in  the  Nd2Fei7  .^Al^  solid  solutions,  even  though 
the  unit-cell  volumes  of  the  former  are  smaller. 
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FIG.  3.  The  area  weiglitetl  average  liyperline  lielils  in  lire  Tb.l'e,,  ,AI, 
solid  soliiliuns. 
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In  previous  work  it  was  discoveretl  that  the  2;17-typc  rarc-earth-iron  compounds  with  high  carbon 
concentration  could  be  formed  by  the  substitution  of  Ga,  Si,  or  Al,  etc.,  for  Fc  in  R2Fei7Ci. .  The 
effect  of  Al  substitution  for  Fe  on  the  structure  and  magnetic  anisotropy  of  SmiFciyC  has  been 
investigated.  Alloys  wilh  the  composition  of  SrajPen-jAl^C  (x=2,  3,  4,  5,  6,  7,  and  8)  were 
prepared  by  arc  melting.  The  carbides  are  single  phase  with  rhombohcdral  Th2Zn|7-type  structure 
except  for  Sm2Fe|  jC  which  con'ains  a  small  amount  of  or-Fe.  The  addition  of  Al  results  in  an 
approximately  linear  increase  in  the  lattice  constants  and  the  unit-cell  volumes.  The  Curie 
temperature  T,.  is  found  to  increase  slightly  when  then  decrease  rapidly  with  increasing  Al 
concentration,  while  the  room-temperature  saturation  magnetii  'on  decreases  moiiotonically  with 
the  addition  of  aluminum.  X-ray-diffraction  and  magnetization  measurement  studies  of 
magnctic-licld-oricnted  powders  demonstrate  that  the  samples  with  j:^6  exhibit  an  easy  c-axis 
anisotropy  at  room  temperature  and  the  rooin-tempcraturc  anisotropy  field  increases  from  5,3  T  for 
,v  =  tl  to  about  1 1  T  for  =2,  Further  substitution  decreases  the  anisotropy  field.  For  the  sample  with 
A' --2,  the  room-teniperature  anisotropy  field  is  higher  than  that  of  Nd2Fei4B,  and  the  saturation 
magnetization  is  about  1  If)  emu/g.  In  this  alloy,  the  substitution  of  a  small  amount  of  other  elements, 
sucli  as  Ca),  Ni,  etc.,  may  yield  a  further  improvement  in  its  magnetic  properties.  Thus,  it  is  possible 
that  thc.se  carbides  can  be  used  as  the  starting  materials  for  producing  high-performance  2:17-typc 
sintered  permanent  magnets. 


I.  INTRODUCTION 

The  interstitial  rarc-earth-iron  compounds  based  on  the 
rhombohcdral  'fliiZiip-typc  or  hexagonal  Th2Nii7-type  struc¬ 
ture  arc  found  to  have  an  excellent  intrinsic  magnetic 
properties;'  however,  the  poor  high-temperature  stability  of 
Sm2Fc|7(',  and  .Sin2Fc|7N,.  compounds  prepared  by  gas-solid 
reaction  methods  restricts  the  possible  application  of  these 
materials  as  permaneru  magnets.  Our  previous  studies  have 
shown  tlial  tlie  hcavy-rare-earth-iron  compounds  RiFCjvC,. 
with  high  carbon  concentration  (.v«=3.())  could  be  obtained 
Iron)  melt  .spinai;  Their  intrinsic  magnetic  properties 
arc  comparable  to  those  of  the  corresponding  carbides  pre¬ 
pared  by  gas-soliil  reaction.  It  was  noteworthy  that  they 
coukl  be  stabilizeil  at  high  temperature  (above  lOOO  '’C).  It 
was,  however,  still  diflicult  to  synthesize  Sm2Fe|7Cj.  with 
A  3 1.5.  Recently,  it  was  di.scovered  that  highly  stable 
Sm2Fe|7(\  with  a=s3.()  can  be  formed  by  the  substitution  of 
Al,  Ga,  or  .Si.''-^  In  this  work,  the  effect  of  the  substitution  of 
Al  on  the  structure  and  magnetic  anisotropy  of  Sm2Fe|7C  is 
reported, 

II.  EXPERIMENT 

Iron  and  carbon  were  first  melted  together  in  an  induc¬ 
tion  furnace  to  form  Fc-C  alloy  with  a  lower  melting  tem¬ 
perature.  Then  Fe,  Sm,  Al,  and  Fe-C  alloys  were  melted  by 
arc  melting  in  a  high-purity  argon  atmosphere.  Elements 
used  were  at  least  99.9%  pure.  An  excess  of  l()%-20%  Sm 
was  added  to  compensate  the  evaporation  during  melting. 
The  ingot  alloys  were  melted  at  least  four  times  to  ensure 
homogeneity,  then  annealed  under  an  argon  atmosphere  .ti 


1400  K  for  5  days  followed  by  quenching  into  water.  Ingots 
were  then  ground  to  yield  powders  and  oriented  in  an  applied 
field  of  2  T  in  an  epoxy  resin.  X-ray-diffraction  (XRD)  ex¬ 
periments  were  performed  on  powder  samples  using  CoKa 
radiation  to  determine  the  phase  structure  as  well  as  lattice 
constants  and  unit-cell  volume.  The  Curie  temperature  T,. 
was  derived  from  the  temperature  dependence  of  magnetiza¬ 
tion  a(T)  curves  measured  by  a  vibrating  sample  magneto¬ 
meter  in  a  field  of  700  Oe.  The  anisotropy  fields  were 
obtained  from  the  magnetization  curves  measured  along  and 
perpendicular  to  the  aligned  direction  by  using  the  magneto¬ 
meter  with  a  magnetic  field  up  to  7  T.  The  saturation  mag¬ 
netization  at  300  K  was  obtained  from  fitting  the  experimen¬ 
tal  data  for  M(H)  vs  H  using  the  law  of  approach  to 
saturation. 

Hi.  RESULTS  AND  DISCUSSIONS 

The  XRD  study  demonstrates  that  all  Al-cuntaining  al¬ 
loys  are  single-phase  compounds  with  the  rhombohedral 
Th2Zn|7-type  structure  and  no  significant  diffraction  from 
impurity  phases,  especially  bcc  o-Fc,  is  observed.  For  ex¬ 
ample,  Fig.  1(a)  shows  the  typical  XRD  pattern  of 
SmiFciiAli.C;  however,  SiiiiFepC  contains  a  few  percent 
a-Fc  of  impurity  phase.  This  fact  implies  that  the  addition  of 
Al  can  help  the  formation  of  the  2;  17-type  carbides  with  high 
carbon  concentration. 

The  lattice  constants  ci,c  and  the  unit-cell  volume  v  of 
Sm2Fe,7  ,A1,C  compounds  are  summarized  in  Table  1.  It 
can  be  seen  that  these  both  show  a  linear  dependence  on  Al 
concentration  as  we  w'oukl  excepted  on  the  basis  of  a  simple 
model  involving  atomic  volumes.  I'o  a  goorl  approximation. 
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FIG.  1.  CoKcr  radiation  x-ray-diifraction  patterns  of  Sm2Fei|Al,,C  prepared 
by  arc  melting;  (a)  unoriented  powders,  and  (bj  oriented  powders. 


therefore,  the  substitution  of  larger  A1  atoms  for  Fe  merely 
produces  an  expansion  of  the  lattice.  This  result  is  consistent 
with  that  of  R2Fei7_jAl;t  with  R=Y,  Ho,®  and  Sm.’  The  fact 
that  the  ratio  c/a  is,  within  experimental  uncertainty,  inde¬ 
pendent  of  the  A1  content  of  these  carbides  indicates  that  the 
expansion  of  the  lattice  caused  by  the  substitution  of  larger 
A1  atoms  for  smaller  Fe  atoms  is  essentially  an  isotropic 
process. 

The  Curie  temperature  of  Sm2Fei7_,tAl^.C  versus  A1 
concentration  is  shown  in  Fig.  2.  For  comparison,  the  T,.  of 
Sm2Fei7_,(Al^  is  also  presented  in  this  figure.**  For  the  car¬ 
bides,  Tf.  is  found  to  increase  slightly  when  then  de¬ 
crease  rapidly  with  increasing  A1  concentration,  while  the  T^. 


TABLE  I.  Structural  parameters  for  SmjFcp  .  jAl^C  compounds. 


Compounds 

u  (A) 

c  (A) 

V  (Ah 

eja 

.t=0 

8.644‘ 

12,476“ 

807.3 

1.443 

a:-2 

8.674 

12..506 

814.0 

1.441 

.v  =  3 

8.709 

12.575 

826,0 

1.444 

.v=4 

8.716 

12.617 

830.0 

1.447 

8.753 

12,664 

840.2 

1.447 

X~(i 

8.764 

12.723 

846.2 

1.451 

x=7 

8.806 

12.787 

858.7 

1.452 

x=8 

8.816 

12.809 

862. 1 

1.451 

"Reference  11. 


A1  concentration 


FIG.  2.  The  Curie  temperature  of  SmiFcp.  ^Al^C  and  Sm2Fe|7  ^Al,  as  a 
function  of  Ai  concentratioti. 


of  Sm2Fei7_tAl^.  increases  more  sharply  when  x^?i.  It  is 
commonly  assumed  that  the  magnetic  ordering  temperature 
in  rare-earth-iron  compounds  is  determined  by  the  Fe-Fe 
exchange  interactions.  The  generally  low  values  of  in 
R2Fe|7  compounds  result  from  the  relatively  small  Fe-Fe  dis¬ 
tance  in  these  materials.  The  increase  in  Curie  temperature 
corresponds  to  an  increase  in  the  positive  Fe-Fe  exchange 
coupling  as  a  result  of  increased  interatomic  distance.  Jacobs 
el  al.  have  shown  that  this  coupling  increases  with  increasing 
Al  content  up  to  about  .v=3  in  R2Fei7_^.Al^  with  R=Y,  and 
Ho;®  however,  for  the  carbides,  the  interstitial  carbon  atoms 
have  already  enlarged  the  interatomic  distance.  Both  C  and 
Al  atoms  will  influence  the  Curie  temperature  and  the  effect 
of  Al  atoms  on  the  Curie  temperature  is  not  significant. 
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FIG.  3,  Magnulizution  curves  of  SninFcisAl.C  at  300  K  along  and  perpen¬ 
dicular  to  aligned  direction;  solid  and  open  circles  are  for  parallel  and  per¬ 
pendicular  to  the  aligned  direction,  respectively. 
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Al  concentration 


FIG.  4,  The  saturation  magnetization  /W,  and  anisotropy  ficid  at  room  tem¬ 
perature  as  a  function  of  the  Al  concentration. 


In  order  to  study  the  effect  of  Al  on  the  magnetocryslal- 
line  anisotropy  in  Sm2Fe,7C  compounds,  XRD  and  magneti¬ 
zation  measurements  have  been  carried  out  on  the  niagnetic- 
field-aligned  powder  samples.  XRD  studies  of  magnelic- 
field-oriented  powders  can  provide  information  concerning 
the  magnetocrystalline  anisotropy  on  the  basis  of  the  diffrac¬ 
tion  peaks  present  in  each  of  the  patterns.  Figure  1(b)  pre¬ 
sents  the  room-temperature  diffraction  patterns  of  oriented 
Sm2Fei7_j.Al^C  powders  with  x=6.  A  uniaxial  anisotropy 
occurs  for  all  compounds  as  evidenced  the  fact  of  a  drastic 
increase  in  the  (0,0,6)  reflection  and  the  disappearance  of 

ihXO). 

Figure  3  shows  an  example  of  the  magnetization  curves 
measured  parallel  and  perpendicular  to  the  aligned  direction 
at  room  temperature  for  the  sample  with  x  =  2.  The  anisot¬ 
ropy  field  estimated  from  the  measurement  curves  and 
the  saturation  magnetization  M,  of  Sm2Fe|7_  jAl^C  as  a 
function  of  the  Al  concentration  is  plotted  in  Fig.  4.  The 
room-temperature  saturation  magnetization  decreases  mono- 
tonically  with  increasing  Al  content,  while  the  room- 


temperature  anisotropy  field  of  Sm2Fe|7^j.Al,.C  is  found  to 
increase  from  5.3  T,'”  for  a:=(),  to  10.8  T  for  x=2.  Further 
substitution  decreases  the  anisotropy  field.  This  means  tha.t 
the  addition  of  Al  in  Sm2Fe|7_^.Al,.C  has  a  very  significant 
influence  on  the  magnetocrystalline  anisotropy.  Earlier  re¬ 
ports  indicated  that  the  addition  of  Al  in  Sm2Fe|7  compounds 
can  develop  a  room-temperature  uniaxial  anisotropy  when 
without  the  need  to  introduce  interstitial  nitrogen  or 
carbon  atoms.  For  the  sample  with  a:=2,  the  Curie  tempera¬ 
ture  is  about  560  K,  the  room-temperature  saturation  magne¬ 
tization  is  about  110  emu/g,  and  the  anisotropy  field  at  room 
temperature  is  10  8  T.  The  value  of  is  much  higher  than 
that  of  Sm2Fe  C  and  Nd2Fe|4B  (8  T),  but  the  saturation 
magnetization  is  somewhat  lower  than  that  of  the  Al-free 
compound.  In  this  alloy,  the  substitution  of  a  small  amount  of 
other  elements,  such  as  Co,  Ni,  etc.,  or  the  reduction  of  the 
Al  concentration  may  yield  a  further  improvement  in  the 
hard  magnetic  properties.  Thus,  it  is  possible  that  these  car¬ 
bides  can  be  used  as  the  starting  materials  for  producing 
high-performance  2: 17-type  sintered  permanent  magnets. 

In  summary,  single-phase  Sm2Fe|7-,Alj.C  compounds 
with  2«jr^8  have  been  prepared  by  arc  melting.  The  addi¬ 
tion  of  Al  in  these  materials  can  not  only  help  the  formation 
of  the  2: 17-type  rare-earth-iron  compounds  with  high  car¬ 
bon  concentration,  but  also  improve  the  hard  magnetic  prop¬ 
erties.  For  the  .samples  with  x  =  2,  the  Curie  temperature  is 
about  180  K  higher  than  that  of  Sm2Fei7  and  comparable 
with  that  of  Nd2Fe,4B,  and  the  anisotropy  field  is  much 
higher  than  that  of  Nd2Fe)4B  and  Sm2Fe]7C.  The  present 
work  suggests  that  Sm2(Fe,Al)]7Cj.  magnets  with  appropriate 
carbon  concentration  can  be  a  starting  material  for  sintered 
permanent  magnets. 
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The  magnetic  properties  of  single-phase  2:17  compounds  of  the  composition  SmjFCj;  j^yCo^Mj 
with  M=A1  and  Ga  and  x  and  y  in  the  range  0-5  are  reported.  The  Curie  temperature  is  found  to 
increase  for  the  y  =  0  .samples  with  increasing  x  up  to  a  maximum  at  x  —  ?>  for  M==A1  and  .v=4  for 
M=Ga  and  a  monotonic  increase  with  increasing  y  for  all  a*  and  M.  Samples  with  a<2  showed  an 
easy-plane  magnetic  anisotropy  at  room  temperature  while  samples  with  a>2  showed  a 
single-phase  uniaxial  anisotropy.  The  addition  of  Co  is  seen  to  increa.se  the  saturation  magnetization 
and  the  anisotropy  field. 


I.  INTRODUCTION 

The  rare-earth-iron  compounds  of  the  composition 
R2Fei7  are  of  potential  commercial  interest  as  they  possess 
good  thermal  stability  and  the  large  Fc  content  yields  high 
saturation  magnetization;  however,  two  severe  drawbacks 
have  limited  the  practical  application  of  these  compounds  as 
hard  magnetic  materials:  (1)  the  relatively  low  values  of  the 
Curie  temperature'’^  and  (2)  the  lack  of  a  room-temperature 
uniaxial  anisotropy,  While  many  rare-earth-cobalt  com¬ 
pounds  do  not  suffer  from  these  drawbacks,  they  are  cer¬ 
tainly  not  as  attractive  for  commercial  applications  from  an 
economic  standpoint. 

Recent  studies  concerning  methods  by  which  the  techni¬ 
cal  magnetic  properties  may  be  improved  have  been  con¬ 
cerned  with  the  preparation  of  materials  with  cither  substitu¬ 
tional  or  interstitial  impurities.  Results  have  shown  that  the 
substitution  of  Co,  Ni,  Al,  and  Si,  for  Fe,  at  least  up  to  a 
certain  point,  increases  the  Curie  temperature  (see,  e.g..  Refs. 
1-3)  and  recent  evidence  has  indicated  that  the  substitution 
of  sufficient  quantities  of  Al  or  Ga  for  Fe  can  induce  a  room- 
temperature  anisotropy  in  these  materials.''"'  Interstitial  hy¬ 
drogen,  carbon,  and  nitrogen  can  yield  substantial  increases 
in  the  Curie  temperature  (see,  e.g..  Refs,  b  and  7).  Although 
C  and  N  interstitials  favor  the  formation  of  a  uniaxial 
anisotropy,’  "  the  presence  of  interstitial  H  has  been  shown  to 
be  detrimental  in  this  respect."  In  the  present  work  an  inves¬ 
tigation  of  the  effects  of  sp  (i.e.,  Al  and  Ga)  substitutions  on 
Sm-based  compounds  is  reported. 


II.  EXPERIMENTAL  METHODS 

Samples  of  Sm2Fei7._,  _^.Co^,M,. ,  with  M  =  A1  and  Ga 
and  X  and  y  in  the  range  of  0-5  were  prepared  by  arc  melt¬ 
ing  components  followed  by  grinding  to  a  powder  with  an 
average  particle  size  of  about  20  /um.  Powders  were  annealed 
under  argon  at  1273  K  for  72-100  h  and  water  quenched. 
Structural  properties  were  investigated  using  a  Siemens 
D500  scanning  x-ray  diffractometer.  Room-temperature 
magnetic  anisotropy  was  determined  from  x-ray-diffraction 
patterns  of  powder  samples  which  were  mixed  with  epoxy 
resin  and  aligned  in  a  magnetic  field  of  1.0  T.  Curie  tempera¬ 


tures  were  obtained  by  calorimetric  techniques.  Magnetiza¬ 
tion  curves  were  obtained  at  10  K  with  a  standard  induction 
magnetometer  in  applied  fields  up  to  3.0  T. 

III.  RESULTS 

X-ray-diffraction  studies  indicate  that  all  compounds  are 
of  the  rhombohedral  Th2Zni7  structure.  A  typical  pattern  is 
illustrated  in  Fig.  1(a)  and  cell  volumes  are  given  in  Table  I. 
The  measured  magnetic  anisotropies  and  Curie  temperatures 
arc  also  given  in  the  table.  The  presence  of  a  uniaxial  anisot¬ 
ropy  observed  in  some  of  the  samples  Is  illustrated  in  Fig. 
1(b).  The  unit-cell-volume  dependence  of  the  Curie  tempera¬ 
ture  is  illustrated  in  Fig.  2  for  the  Sm-Fe-Al  and  SM-Fe-Ga 
c  upounds.  The  magnetic  properties  of  the  Sm-Fe-Co-Al 
compounds  are  summarized  in  Fig.  3.  AMj,  is  defined  as  the 
difference  between  the  easy-  and  hard-axis  magnetization  ex¬ 
trapolated  to  zero  applied  field  and  is  a  measure  of  the 
strength  of  the  magnetic  anisotropy  field. 
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TABLE  I.  Unil-ccll  volumes,  miignctic  anisotropies,  and  Curie  Icnipcraturcs 
of  the  scries  of  SmiFcp  „  ,  j.Co,,M,  compounds  with  the  ThjZitn  structure. 


M 

X 

y 

F  (A') 

Anisotropy 

r..  (K) 

0 

78S 

planar 

.391 

Al 

1 

0 

798 

planar 

417 

Al 

2 

0 

80.4 

mixed 

4.52 

Al 

0 

809 

uniaxial 

471 

Al 

4 

0 

818 

uniaxial 

451 

Al 

3 

1 

810 

uniaxial 

5.33 

Al 

3 

2 

807 

uniaxial 

578 

Al 

3 

3 

803 

uniaxial 

625 

Al 

3 

4 

801) 

uniaxial 

663 

Al 

3 

5 

798 

uniaxial 

698 

Ga 

1 

(1 

795 

planar 

468 

Ga 

2 

0 

802 

mixed 

540 

Ga 

3 

0 

809 

uniaxial 

570 

Ga 

4 

0 

817 

uniaxial 

580 

Gh 

.S 

0 

823 

uniaxial 

555 

Ga 

3 

3 

804 

uniaxial 

712 

IV.  DISCUSSION  AND  CONCLUSIONS 

The  value  cif  the  Curie  temperature  in  these  materials'  is 
primarily  dependent  on  the  magnitude  of  the  exchange  cou¬ 
pling  between  transition-metal  (TM)  atoms  y  ,-,..  This  be¬ 
comes  more  positive  and  increases  as  larger  nonmagnetic 
atoms  are  substituted  for  Fc.  Beyond  a  certain  point,  how¬ 
ever,  a  decrease  in  J-yy  and  results  from  either  the  further 
dilution  of  the  magnetic  species  or  the  further  increase  in 
Fe-Fc  neighbor  distances  or  both.  The  rare-earth-transition- 
metal  (RE-TM)  coupling’ y HP  and  the  RE-RE  coupling  y^n 
are  substantially  smaller  than  y-pi  and  are  relatively  indepen¬ 
dent  of  interatomic  distances.  As  illustrated  in  Fig,  2,  the 
changes  in  as  a  function  of  atomic  volume  which  rc.suit 
from  the  substitution  of  Al  are  substantially  less  than  tho.se 
which  result  from  the  substitution  of  Ga.  As  this  difference  is 
not  expected  on  the  basis  of  atomic  volume,  it  is  presumably 
due  to  the  3y  coupling  between  Ga  and  Fe,  which  is  not  a 
factor  for  the  Al-containing  compounds.  The  sub.stantial  in- 


F'lG.  2.  Mcii.surcd  cell  volume  depcndciiec  of  the  Curie  temperiUure  for 
Sm^l'e,,  compounds  for  (ii)  M- Al  and  (ti)  M  =  Oa. 


FIG.  .1.  Composition  dependeneu  of  the  niiignelic  properties  of 
Sm2Fci4  j.Coj.Ali  compounds;  (ii)  coereivity  iit  10  K,  (Ir)  AAfn^differenee 
between  eusy-  iind  litird-u.sis  inagneti/.ution  at  10  K,  and  (e)  Af ,  (suturutioit 
magneti/ation)  til  10  K  and  LOT. 

crease  in  Curie  temperature  with  the  substitution  of  Co  for 
Fe  is  indicative  of  a  strong  Ferromagnetic  Fc-Co  coupling. 

In  contrast  to  earlier  reports^  that  the  substitution  of  Al 
or  Ga  for  Fc  in  Sm2FC|7  docs  not  alter  the  planar  unhsotropy, 
the  present  results  clearly  show  that  in  compounds  with 
a.->2,  a  uniaxial  anisotropy  is  observed.  The  net  magnetic 
anisotropy  is  determined  from  the  sum  of  the  Fc  and  the 
rare-earth  sublattice  anisotropies.  The  rare-earth  sublattice 
anisotropy  is  determined  by  the  product  of  the  .second-order 
Stevens  coeflicient  uj ,  wliich  rcHccts  the  form  of  the  4/ 
charge  distribution  and  the  second-order  cry.stal-field  param¬ 
eter.  A'J  is  negative  in  the  2:17  compounds,'’''^'"’  and  a  nega¬ 
tive  product  a, A  2  gives  a  uniaxial  contribution,  it  is  in  cases 
where  a;  Ls  positive,  as  for  Sm,  that  an  easy-axis  anisotropy 
is  favored.  The  present  studies  indicate  that  increasing  the  sp 
content  (al  least  up  to  jr  =  5)  increases  the  uniaxial  contribu¬ 
tion  from  the  Sm  sublattice  as  a  result  of  an  increase  in  the 
magnitude  of  the  negative  At."*  These  changes  can  be  under¬ 
stood  in  terms  of  the  electronic  structure  of  the  RE 
environment.''  The  principal  contribution  to  the  elcctric-field 
gradient  experienced  by  the  Sm  4/  shell  results  from  the 
details  of  the  RE  5d  and  bp  electron  charge  density  which 
must  match  that  of  the  neighboring  atoms  on  the  Wigner- 
Scitz  (WS)  boundary.  These  are  the  18/  TM  sites  which  lie 
in  the  basal  plane  of  the  Th2Zn|7  structure  as  illustrated  in 
l•■ig.  4.  The  existence  of  sp  atoms  in  those  sites  in  Al-  and 
Ga-substituted  compounds  has  been  demonstrated  by 
Weitzer  ct  The  large  electron  density  at  the 

WS  boundary  of  the  18/  sp  atoms  is  analogous  to  the  case 
of  N  or  C  interstitials  in  the  basal  plane  and  yields  a  large 
negative  At. 
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riG.  4.  18/  site  conilgurution  iirouttd  Ihi:  Siti  atoms  in  the  rhonitiohcUrul 
ThjZn,,  slrticlura. 


The  liysturctic  properties  of  the  uniaxial  materials  stud¬ 
ied  here  show  several  characteristic  features:  (1)  large  dis¬ 
tinction  between  the  magnetization  measured  along  the  easy 
axis  and  along  the  hard  axis;  (2)  large  values  of  the  satura¬ 
tion  magnetization;  and  (3)  moderate  values  of  the  coerciv- 
ity.  These  properties  are  illustrated  in  Fig.  3  for 
Sin2Fei4.^Co^Al;,.  Even  very  small  concentrations  of  Co  arc 
beneficial  in  improving  the  technical  magnetic  properties,  in¬ 
cluding  an  increase  in  the  saturation  magnetization  and  Curie 
temperature  as  given  in  Table  I. 

Numerous  RE-TM  compounds  have  been  studied  with 
the  idea  of  utilizing  their  hard  magnetic  properties  for  per¬ 
manent  magnet  applications.  The  RE2Fc,7  compounds  are 
attractive  because  of  their  low  cost,  The  present  work  shows 
that  a  room-temperature  uniaxial  anisotropy  and  an  increase 
in  Curie  temperature  can  be  achieved  by  .v/;  substitution  for 
F<’.  As  well,  the  saturation  magnetization  in  these  matcriuls  is 
high  and  can  be  further  improved  by  the  substitution  of  a 
small  quantity  of  Co  for  Fc.  Further  investigation  of  sample 


preparation  methods  such  as  c.g.,  ball  milling  is  required  in 
order  to  achieve  improvement  in  coercivity.  The  properties 
for  the  materials  prepared  in  the  present  work  arc  consistent 
with  the  requirements  for  perpendicular  recording  materials 
and  are  comparable  to  commercially  viable  materials  such  as 
CoCr  lilms.  The  present  compounds  also  have  the  advantage 
of  allowing  for  the  design  of  materials  with  specific  charac¬ 
teristics  which  are  tailored  to  particular  recording  applica¬ 
tions.  Further  investigation  of  these  materials  for  this  appli¬ 
cation  is  warranted  and  will  enable  compositions  and 
processing  techniques  to  be  refined. 
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Magnetic  properties  of  R2Fei7-xGax  compounds  (R=Y,  Ho) 
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.Structural  and  magnetic  properties  of  the  R2Fei7  jOa,  compounds  (R  =  Y.  Ho,  O^A'^sfr)  have  been 
investigated.  All  investigated  HoiFe,  7  j.Ga,.  compounds  with  .v>2.5  crystallize  in  the  TluZn  17-type 
structure  and  the  others  in  the  Tli^Nip-type  structure.  The  substitution  of  Ga  for  Fe  leads  to  an 
increase  in  lattice  constants  a,  c,  and  unit-cell  volume,  a  decrease  of  the  average  Fe  moment,  and 
a  maximum  of  the  Curie  temperature  as  a  function  of  the  Ga  concentration  at  .v=3,  for  both 
YjFei  I.  ^GUj.  and  HoiFcp  .  ^.Ga^.  compounds.  The  high  magnetic  held  leads  to  a  spin  phase 
transition  from  the  ferromagnetic  to  the  canted  phase.  The  critical  held  /i,.  of  the  transition  decreases 
with  increasing  Ga  concentration.  The  exchange  interaction  constants./ between  Fe-Fe  spins  and 
/^i-  between  R-T  spins  have  been  derived  from  a  mean  field  analysis  of  Curie  temperature.  It  has 
been  found  that  ./•i.i'  increases  at  lirst,  going  through  a  maximum  at  a  =3,  then  decreases  with 
increasing  A,  whereas  is  almost  independent  of  the  Ga  content,  which  is  consistent  with  the 
result  obtained  from  a  mean  held  analysis  of  the  high  held  magnetization  curves  of  the 

Ho2Fe|7  ..j-GUj. . 


I.  INTRODUCTION 

Since  Cocy  and  Sun  reported  that  the  introduction  of 
nitrogen  lends  to  a  remarkable  improvement  in  the  magnetic 
properties  of  R2p<^i7  compounds,'  which  makes  the.se  com¬ 
pounds  interesting  materials  for  permanent  magnets,  the 
structural  and  magnetic  properties  of  the  interstitial  nitrides 
have  attracted  much  attention.  In  order  to  fully  understand 
the  interaction  in  these  nitrides,  it  is  necessary  to  first  under¬ 
stand  the  exchange  interactioit  of  the  R-T  and  T-T  spins  in 
their  parent  compounds.  Previous  studies  of  these  interac¬ 
tions  have  shown  improvement  in  the  properties  of  these 
compounds  by  substituting  other  atoms  for  Fe  or  R.’’"'  In  this 
paper,  the  i.  flucnce  of  the  substitution  of  Ga  for  Fe  on  the 
magnetic  properties  of  R2Fe,7,  ^.Ga,.  (R  =  Mo,  Y)  compounds 
has  been  studied.  The  exchange  interaction  of  the  U-T  and 
T-T  spins  in  these  compounds  has  been  calculated  based  on 
a  mean  field  analysis  of  the  Curie  temperature  of 
R2Fe|7_fGa,.  (R=Y,  Ho),  which  are  then  compared  with  the 
results  obtained  by  the  mean  field  analysis  of  the  higii  field 
magnetization  curves  of  Ho2Fe|7  ^Ga, . 

II.  EXPERIMENT 

The  Ho2Fe,7.^,Ga,  (a^O,  0.2.5,  1.0,  2.5,  4.0,  and  6.0) 
and  Y2(Fei  ^Ga,),7  (a-=0,  0.06,  0,12,  0,20,  0..30,  and  0.40) 
compounds  were  prepared  by  arc  melting  the  constituent  el¬ 
ements  of  99.9  wt  %  purity  or  better,  and  followed  by  an¬ 
nealing  in  an  argon  atmosphere  at  147.3  K  for  4  h.  X-ray 
diffraction  was  performed  on  powdered  samples  using  Cu- 
Ka  radiation.  Magnetization  measurements  at  4.2  K  have 
been  performed  in  the  High  Magnetic  Field  Installation  at  the 
University  of  Amsterdam."'  The  measurements  were  done  on 
powder  particles  about  31)  ptm,  which  arc  sufficiently  small 
to  regard  them  as  monocrystalline.  During  the  magnetization 
measurement,  the  particles  are  free  to  rotate  in  the  sample 
holder,  so  that  they  can  orient  their  magnetic  moments  into 
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the  direction  of  the  applied  field.  Magnetization  versus  tem¬ 
perature  curves  were  measured  in  ii  field  of  500  Oe  by  means 
of  the  vibrating  sample  magnetometer  (VSM)  between  tem- 
pemtures  from  .300  K  to  800  K.  The  Curie  temperature  were 
derived  by  tr  vs  T  plot. 

III.  RESULT  AND  DISCUSSION 

X-ray  diffraction  patterns  showed  that  the  Ho2Fei7  ,.Gav 
compounds  for  a'S2.5  crystallize  in  Th2Ni|7,  and  forA>2.5 
crystallize  in  TluZiiiy,  as  shown  in  Fig.  1.  The  substitution  of 
a  larger  radius  Ga  atom  for  the  Fe  atom  makes  the 
Th2Nii7-type  structure  unstable.  The  values  of  lattice  param¬ 
eters  a  and  c  are  given  in  Table  I.  The  substitution  of  Ga  for 
Fe  results  in  a  linear  increase  of  the  lattice  constants  in 
IloiFcp;  ,Ga,  compounds,  reflecting  the  larger  radius  of  the 
Ga  atom. 


CiJ  K, 


„  K  K  A 

.  X.. 

,  L  . 

I  .  I 

'Ih  !)C)  !i!) 

I'lCi.  1.  Tl»c  x-ray  dilTraction  paticm.s  of  llodViv  ;  r  (I,  2..S.  4.0, 
aiui  0.0. 


’’'AULE  I.  The  lattice  constants  (a  and  c),  Curie  temperature  (T,.),  saturation  magnetization  Ms  (AmVkg),  and 
average  iron  magnetic  moment  (/ij,,)  for  Ho2Fe|7  .,Ga,  and  Y2FC|7.7Ga,  compounds.  The  data  hetween  pa 
renthoses  a  and  c  (±0.()()5  A);  T,  (±5  K);  Ms  (±0.1  AmVkg);  (±i).l)2/a,)/l'e). 


.V 

(A) 

c 

(A) 

T, 

(K) 

Af, 

(Anr/kg) 

Al'c 

(M;j/Fc) 

Y2Fc,7 

8.492 

8.315 

337 

166.6 

1.98 

8..S22 

8.3.32 

426 

152.0 

1.94 

Y2(FC|,2(«Oil|).|2)|7 

8.559 

8.348 

475 

137.8 

1.91 

Y2(^^).K0^^*‘Io.2i0i7 

8.601 

8.369 

513 

119.7 

1.85 

Y;(FC(i.70^%..3n)i7 

8.650 

8.392 

484 

99.5 

1.79 

8.706 

8,412 

379 

81.0 

1.74 

IIi)2FC|7 

8.431 

8.303 

360 

69.4 

2.11 

8.458 

8.314 

380 

66.8 

2.11 

ff"2Fv|,,,|Ga|  II 

8.482 

8.325 

425 

58.5 

2.10 

8,520 

8..352 

505 

43.7 

2.09 

HDjFciiiiGa^,, 

8,.584 

8..392 

518 

20.4 

1,91 

H‘>2FC|i.||Ga|,o 

8,6.39 

8.4.34 

450 

0.4 

1.83 

The  Curie  temperature  T,.  of  the  Ho2Fei7_j.Oaj.  and 
Y2Fei7_,.Gaj.  rises  rapidly  at  first  with  x,  going  through  a 
maximum  at  about  Jt:=3,  and  falls  quickly  with  x,  as  shown 
in  Fig.  2.  The  values  of  Tc  for  these  compounds  are  also 
listed  in  Table  1,  The  Curie  temperature  is  mainly  determined 
by  the  Fe-Fe  exchange  interaction,  which  is  sensitive  to  the 
Fe-Fe  distance.  Therefore  the  increase  of  Tc  for  the  com¬ 
pounds  with  x<2  with  X  may  be  partially  associated  with  the 
lattice  expansion  upon  the  substitution  of  Ga  for  Fe.  On  the 
other  hand,  it  has  previously  been  found  that  Ga,  like  A1  in 
Y2Fel7_J^.Al;^.  compounds,  preferentially  occupies  the  Cic 
sites.^'^  Therefore  the  substitution  of  Ga  for  Fe  may  decrease 
the  negative  exchange  interaction  between  Fe-Fe  at  6c  sites 
and  increase  the  Curie  temperature  of  these  compounds.  The 
decrease  of  the  Curie  temperature  for  the  compounds  with 
x>3  increasing  svith  the  Ga  concentration  is  due  to  the  de¬ 
crease  of  the  average  iron  magnetic  moment  and  the  reduced 
iron  concentration. 

The  saturation  moment  of  HoaFe^^^-Ga,.  and 
Y2Fei7_,.Ga^  decreases  with  increasing  Ga  concentration. 
The  average  iron  magnetic  moment  was  derived  on  the 
basis  of  the  saturation  magnetization  (r,.  measured  at  4.2  K. 
The  (Tg  values  have  been  corrected  for  the  contribution  of 


FIG.  2.  Ga  content  licpcmlcncc  of  the  Curie  temperature  7 ,.  of  Y2Fei7  ,Ga, 
and  H02FCJ7  .,Ga, . 


a-Fe  impurity  phase  to  the  magnetization,  which  could  be 
deduced  from  the  high  temperature  magnetization  measure¬ 
ments.  In  the  evaluation  of  the  magnetic  moment  per  iron,  it 
was  assumed  that  the  moment  of  Ho  is  independent  of  the  Ga 
content,  and  the  value  is  the  same  as  that  of  the  free  Ho  ion 
(lO/Ajj).  It  can  be  found  that  the  average  Fe  ion  moment 
decreases  with  increasing  Ga  content,  as  shown  in  Table  1. 

In  the  rare  earth-transition  metal  intcrnietallics,  there  are 
three  types  of  the  interactions,  namely  the  R-R  interactions 
between  the  magnetic  moments  within  the  R  sublattice,  the 
T-T  interactions  between  the  magnetic  moments  of  T  sub¬ 
lattice,  and  the  R-T  intersublattice  interactions.  Among 
them,  the  T-T  interaction  is  the  strongest  and  the  R-R  in¬ 
teraction  is  the  weakest,  and  is  usually  neglected.*^  According 
to  the  mean  field  analysis  of  Curie  temperature,'^  Jy^^;  and 


JpePe  can  be  expressed  by 

•^RT=A'RgTMB^A'T«RT/22RT(gR-  1  )(gr-  1  ),  (1) 

3kT,=^a  pe,.-,  ( a  peP,^  +  4«  rp,«  ‘  (2) 

where 

<'UI-<;ffr-\;R“  2 Rp,,Zp,.R.V S  |;,.+  1  )(g  —  1  )V(,/+  1  )./ Rp^^, 

(4) 

-fpclT  rf  FcFo PcFc‘^'l'c( i)'  (^) 


where  a,y  is  the  microscopic  exchange  coupling  parameters, 
J ij  is  i-j  exchange  constants,  Hri  expresses  the  macroscopic 
molecular  field  coefficients,  gR  =  8  and  j  =  \  for  Ho,  the  or¬ 
bital  moment  of  the  Fe  atom  is  assumed  to  be  quenched,  so 
one  takes  g'T=2, 2-,  --.v-p,  and  .v-,  =/xp(,/2.  Z,y  is  the  number  of 
the  nearest  j  neighbors  of  the  i  ion.  A/,  is  the  numbers  of  the 
i  atom  per  formula  unit.  The  ./  p^pc  and  Jrpj  were  calculated 
using  Eqs,  {l)-(5).  The  values  of-Zp^p,,  and^Rp,.  as  a  function 
of  Ga  content  are  shown  in  Fig.  4.  It  can  be  seen  that  ./rp^,  is 
almost  unchanged  with  x\  however,  increases  with  the 
Ga  content  for  a<3,  going  through  a  maximum  at  about 
a  =  3,  and  then  decreases  for  a>3,  as  shown  in  Fig.  4.  The 
Jyyf  can  also  be  calculated  from  a  mean  field  analysis  of  the 
high  field  magnetization  curves.''  For  ferrimagnetic  R-T  in- 
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FIG.  3.  The  high  field  magnetization  curves  of  Ho2Fc|7_j,Ga^ . 

termetallics,  in  the  fields  beyond  a  critical  field  strength 
(^t  3nd  Mr  are  the  magnetization  of 
the  R  and  T  sublattice,  respectively),  the  exactly  antipuraltcl 
R  and  T  moments  start  to  bend  toward  each  other.  The  total 
magnetization  is  described  by  M  =  B/mrt  and  thus 

dM 

■^~[“Kr]  >  (6) 

where  M =[Mr^+A/r^+2MrA/t  cos(a)]’^^. 

The  parameter  Mrt  can  be  derived  from  the  high  field 
slopes  for  (.  We  can  see  in  Fig.  3  that  the  critical  field 

i  decreases  with  increasing  Ga  concentration  because  of 
the  decrease  of  My.  Jgpe  was  also  calculated  using  the  ob¬ 
tained  values  of  and  Eq.  (1),  and  the  values  of  Jrt  arc 
also  shown  in  Fig.  4.  They  are  in  agreement  with  the  results 
obtained  by  the  mean  field  analysis  of  the  Curie  temperature. 

IV.  CONCLUSION 

The  substitution  of  Ga  for  Fe  results  in  an  increase  in 
lattice  constants  and  a  transformation  from  the  Th2Ni  17-type 
structure  to  the  Th2Zni7  structure.  A  maximum  of  the  Curie 
temperature  with  Ga  concentration  is  due  to  the  change  of 
Fe-Fe  and  R-Fe  exchange  interaction  and  the  decrease  of 
average  iron  magnetic  moment  /ip^.  The  exchange  interac¬ 
tion  constants  Jyy  between  Fe-Fe  spins  and  between 
R-T  spins  have  been  derived,  based  on  the  mean  field  analy¬ 


FIG.  4.  Ga  content  dependence  of  the  exchange  interaction  constants 
andyK,;,  in  Ho2FC|7_jGaj . 

sis  of  Curie  temperature.  It  has  been  found  that  J-iy  increases 
at  first,  going  through  a  maximum  at  a  =3,  then  decreases 
with  increasing  j:,  whereas  is  almost  independent  of  the 
Ga  content,  which  is  consistent  with  the  result  obtained  from 
a  mean  field  analysis  of  the  high  field  magnetization  curves 
of  the  Ho2Fei7._^.Ga^ .  ^p^p^  is  about  four  times  inp^.  The 
critical  field  ^  decreases  with  increasing  Ga  concentra¬ 
tion. 
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Magnetic  properties  of  Sm2(FC|  .  jGa,)|7  compounds  and  their  nitrides  have  been  studied. 
Substitution  of  Ga  for  Fe  leads  to  an  increase  in  lattice  constar  Introduction  of  nitrogen  results  in 
a  further  increase  in  lattice  constants.  Substitution  of  Ga  for  Fe  causes  a  dramatic  change  of  the 
Curie  temperature  of  the  Sni2(Fei  _  ,Gaf)|7  compounds.  When  ,i'~0.2  the  Curie  temperature  is 
enhanced  by  about  200  K.  X-ray-diffraction  patterns  of  aligned  samples  of  Sm2(Fe|  ,Ga,)i7 
compounds  show  that  alloys  with  jr=().15,  0.20,  and  0.25  exhibit  uniaxial  anisotropy  at  room 
temperature.  The  introduction  of  nitrogen  made  the  samples  with  a'^0.4  exhibit  uniaxial  anisotropy 
at  room  temperature.  The  Curie  temperature  of  the  nitrides  dccrea.ses  with  the  Ga  concentration.  The 
anisotropy  lields  of  the  nitrides  derived  from  the  high-lield  magnetization.  The  changes  of  the 
magnetic  anisotropy,  saturation  magnetization,  and  the  moment  of  the  Fc  atoms  in  the  nitrides  and 
their  parent  compounds  with  Ga  concentration  are  discinssed. 


I.  INTRODUCTION 

Recently  many  studies  on  improving  the  magnetic  prop¬ 
erties  of  R2FU17  compounds  h.ive  been  performed.  The  most 
striking  improvements,  the  strong  enhancements  of  the  Curie 
temperature  and  uniaxial  anisotropy,  have  been  achieved  by 
absorption  of  nitrogen.'  The  magnetic  ordering  temperature 
and  other  magnetic  properties  can  also  be  improved  by  up- 
taking  hydrogen  or  carbon  as  weil  as  by  substituting  some 
elements  such  as  Ai,  Si,  and  Co  for  Fc  in  R2FC17 
compounds.^"^ 

In  the  present  work  we  have  focused  our  attention  on  the 
crystal  structure  and  magnetic  properties  of  Sm2(Fe| .  .vfj4v)i7 
(;k=0-().5)  compounds  and  their  nitrides,  especially  on  mag¬ 
netization  and  magnctocrystalline  anisotropy.  The  effects  of 
Ga  substitution  for  Fe  and  of  the  introduction  of  interstitial 
nitrogen  on  the  Curie  temperature,  the  magnetic  anisotropy, 
and  the  saturation  magnetization  have  been  determined. 

II.  EXPERIMENTAL  METHODS 

All  Sm2(Fe|  _^Gaj)i7  ho.st  compounds  with  .v=(),  0.01, 
0.02,  0.04,  0,07,  0,1,  0.15,  0.2,  0.25,  0,3,  0.35,  0.4,  and  0.5 
were  prepared  by  arc  melting.  The  nitrides  were  formed  by 
heating  the  powder  samples  of  Sniid'c,  iGa,)|7  compounds 
in  a  mixture  of  NH^  gas  and  IF  gas  under  a  pressure  of  1  atm 
at  720  K  for  20  min. 

X-ray  diffraction  was  employed  to  determine  the  struc¬ 
ture,  phase  composition,  the  lattice  parameters,  and  the  an¬ 
isotropy  of  aligned  samples.  The  thcrmomagnetic  a-T  curves 
were  measured  by  means  of  a  vibrating  sample  magnetome¬ 
ter  in  a  field  of  0.05  T.  The  Curie  temperatures  7’,.  were 
derived  from  tc-T  plots. 

The  high-lield  magnetization  curves  were  measured  at 
4.2  K  in  high  fields  up  to  21  and  35  T  for  the  host  com¬ 
pounds  and  their  nitrides,  respectively,  at  the  University  of 


Amsterdam."  'fhe  anisotropy  fields  of  the  nitrides  were  de¬ 
rived  from  the  intersection  point  of  the  high-field  magnetiza¬ 
tion  curves  measured  with  the  field  applied  parallel  and  per- 
pendiculat  to  the  aligned  direction.  The  saturation 
magnetization  was  deduced  from  (t,^-  1  /B  plots. 

III.  RESULTS  AND  DISCUSSION 

Ba.scd  on  x-ray  powder  diffraction,  all  the  investigated 
Sm2(Fe|  ..  vOa()i7  compounds  and  their  nitrides  cry.stallize  in 
the  Th2Zni7-type  structure.  A  small  amount  of  impurity  was 
found  in  a  few  samples,  Ga  substitution  for  Fe  docs  not 
change  the  structure  of  SniiFcp,  but  leads  to  an  expansion  of 
the  unit  cell  (Fig.  1).  This  result  may  be  ascribed  to  the  larger 
atomic  radius  of  Ga  atom  compared  to  Fe.  After  introduction 
of  nitrogen,  the  volume  of  the  unit  cell  further  increases;  but, 
the  magnitude  of  increase  is  smaller  than  that  resulting  from 
the  Ga  substitution.  The  nitrogen  content  introduced  into  the 
compounds,  determined  by  weighing,  decreases  linearly  with 
Ga  concentration  from  2.0  for.v=()  to  1  for  .v  =  0.5.  One  can 
conclude  that  the  substitution  of  Ga  for  Fe  prevents  the  in¬ 
troduction  of  nitrogen. 

The  Curie  temperatures  of  Sniid'Ci  ,,Ga,.)|7  compounds 
and  their  nitrides  are  shown  in  Fig.  2.  This  figure  clearly 
displays  that  the  Curie  tempcraluie  of  SniitFci  vGa,),/ 
compounds  first  goes  up,  passes  through  a  maximum  at 
about  jr=(),2,  then  decreases  with  increasing  (ia  content.  The 
initial  increase  of  is  mainly  due  to  the  volume  expansion. 
At  higher  Ga  concentration,  the  average  iron  magnetic  mo¬ 
ment  decreases  dramatically  and  causes  a  decrease  in 
This  variation  of  may  also  be  associated  with  preferential 
sub.stitution  of  Ga  atoms  for  Fe  atoms."  Ga  atoms  preferen¬ 
tially  substitute  for  Fe  atoms  at  the  sites  responsible  for 
negative  exchange  interaction.  The  Curie  temperature  of  the 
nitrides  decreases  monotonicaily  with  (ia  concentration. 
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t'lU,  1.  X-riiy-diffriicti(in  putiuriis  of  .(^“1)17  coiii|iuuiidx  und  their 

nitrides  witii  a- =0,0  and  0.5. 

When  jf  !e0.2,  the  Curie  temperature  of  the  nitrides  is  higher 
than  that  of  their  parent  compounds,  this  indicates  that  the 
introduction  of  N  atoms  results  in  an  enhancement  of  the 
exchange  interaction.”' 

X-ray-diffraction  patterns  at  room  temperature  with 
CoKa  radiation  for  the  aligned  samples  of  Sm2(Fei..;(Oa^)i7 
show  that  the  samples  with  je=0,15,  0,20,  and  0.25  exhibit 
uniaxial  anisotropy:  the  others  arc  planar  [Fig.  3(a)].  X-ray- 
diffraction  patterns  of  SmjfFci  _,GaJi7Nj,  [Fig.  3(b)]  show 
that  the  samples  with  a-=s:().3  exhibit  uniaxial  anisotropy  at 
room  temperature.  Ga  substitution  for  Fe  in 
Sm2(Fe|  _fGa()i7  compounds  enhances  the  transition  tem¬ 
perature  of  the  anisotropy  from  easy  plane  to  easy  c  axis. 


FIG,  2.  Ga  concenlration  dependence  of  the  Cuiie  temperature  for 
Sm2(Fc|,j,Ga,)n  compounds  and  their  nitrides. 
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FIG.  3.  (u)  X-ray-difi'ruction  ptitterns  witli  CoX’a  radiation  for  aligned 
samples  of  Sm2(Fci..,Ga,)|7  compounds  with .v--0,10,  0.15,  0.20,  0.25,  and 
0.30;  (1))  x-ray-diffraction  patterns  with  Co/Cu  radiation  for  aligned  samples 
of  SmjtFcj  ,Oaj),7N^.  compounds  with  a=0,  0.1, 0.2,  and  0.4, 


This  may  be  attributed  to  a  change  of  the  second  crystal-field 
coefficients  /i2o  at  the  rare-earth  sites  in  Sm2(Fei  _;fGa,)|7 
compounds  toward  a  more  negative  values.  After  the  uptake 
of  the  N  atoms,  the  A2[)  becomes  more  negative,"”^  which 
makes  the  samples  of  Sm2(Fei  j.Ga^.)|7Nj,  with  a^O.3  have 
uniaxial  anisotropy  at  room  temperature. 

The  saturation  magnetization  of  Sm2(Fei  „^.Ga^.)i7  and 
their  nitrides  decreases  monotonically  with  Ga  concentration. 
In  order  to  get  more  information  about  the  influence  of  Ga 
substitution  on  the  magnetization,  the  average  iron  magnetic 
moment  was  calculated  on  the  basis  of  the  saturation 
magnetization  measured  at  4.2  K.  In  the  process  of  evaluat¬ 
ing  /ip„ ,  it  was  assumed  that  the  magnetic  moment  of  the  Sm 
ion  is  independent  of  the  Ga  concenlration,  and  that  its  mag¬ 
netic  moment  was  same  as  that  of  free  Sm  ion.  Our  results 
imply  that  both  in  the  nitrides  and  in  the  parent  compounds 
the  iron  moment  decreases  monotonically  with  Ga  con¬ 
centration.  The  average  iron  moment  decreases  with  Ga  con¬ 
centration  from  2. 11 /A/)  for  A=0  to  1.5  l/u.^  for  a  =0.5  for  the 
nitrides  and  from  1.06/i/,  for  v  =  0  to  1.54/<./,  for  a=0..5  for 
the  parent  compounds.  This  is  a  reduction  of  the  Fc  moment 
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FIG.  4,  Magnetic  anisotropy  iield  for  SinjiFc,  _,Qii,)|7Ny  compounds  as 
a  function  of  Ou  concentration, 

due  to  the  substitution  of  Ga,  which  is  very  similar  to  the 
case  of  A1  substitution  for  Fe  in  Sm2(Fei_^.Al^.)i7.‘' 

Introduction  of  nitrogen  leads  to  a  change  of  the  mag¬ 
netic  anisotropy  of  Sm2Fei7  from  planar  to  uniaxial  in  the 
whole  temperature  range  up  to  T^. .  Substitution  of  Ga  for  Fe 
also  a  significantly  influences  the  anisotropy  of  the  nitrides. 
Figure  4  shows  the  anisotropy  field  as  a  function  of  Ga 
concentration  for  the  Sm2(Fei„_,Ga^)i7Ny  compounds.  For 
Ar=s0.3,  decreases  very  slowly  with  Ga  concentration.  Ob¬ 
viously  there  is  a  contribution  to  the  uniaxial  anisotropy  re¬ 
sulting  from  the  .substitution  of  Ga  for  Fe.  for  jr>0.3,  D„ 
decreases  quickly,  B^  becomes  zero  at  X”0.4,  which  is  in 
good  agreement  with  the  results  of  the  x-ray  diffraction  men¬ 
tioned  above.  It  is  well  known’’  that  in  Sm2Fei7N^  com¬ 


pounds  the  N  atoms  preferentially  occupy  9e  sites  which  are 
the  nearest  to  the  Sm  atoms.  The  N  atoms  influence  the  crys¬ 
tal  field  at  the  Sm  sites  resulting  in  a  significant  increase  of 
A 20  of  the  Sm  atoms,”'’'  so  that  the  uniaxial  anisotropy  of 
the  Sm  sublatticc  increases.  Ga  substitution  for  Fe  prevents 
the  introduetion  of  N  atoms,  so  that  the  anisotropy  field  of 
Sm2(Fei_jGa,,.)i7Nj,  decreases  with  Ga  concentration. 
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structure  and  magnetic  properties  of  arc-melted  Sm2(Fei.xCc)x)i4G33C2 
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The  effects  of  the  substitution  of  Co  for  Fc  on  the  formation,  structure,  and  magnetic  properties  of 
Sm2Fe|4GaiC2  compounds  were  studied.  Alloys  with  composition  SniifFci  i.CoJi4Ga(C2  (.v=(), 

0.1,  0,2,  0.3,  0.4,  and  0.5)  were  prepared  by  arc  melting.  X-ray  diffraction  shows  that  these  alloys 
are  single  phase  compounds  of  the  rhombohedral  Th2Zui7-lype  structure.  The  lattice  constants  a  and 
c,  and  the  unit  cell  volumes  u  of  SniitFci  ..,Coj.)i.(Oa:,C2  compounds  decrease  monotonically  with 
increasing  cobalt  concentration.  It  is  found  that  the  Curie  temperature  increases  from  fit  5  K  for.v=0 
to  666  K  for  .v=().5.  Room-temperature  saturation  magnetization  is  yo.3  emu/g  for  .v=0.  and  it 
decreases  to  70,6  emu/g  at  x  -•=(). 5.  All  compounds  of  Sm;  (Fe|  fCOi)i4Cia,C2  studied  in  this  work 


exhibit  an  easy  c-axis  anisotropy  at  room  temperature, 
for  a  =s().'2,  and  it  decreases  slightly  with  a'?*0.3. 


I.  INTRODUCTION 

In  our  previous  work,'"'  it  was  found  that  tlte  partial 
substitution  of  Oa,  Al,  or  Si  for  Fe  in  R2Fei7Cj.  helps  the 
formation  of  high-carbon  rare-earth  iron  compounds  with  a 
2;  17-type  structure.  It  is  found  that  the  higii-carbon  R2Fe|7C,, 
compounds  by  the  substitution  of  Ga,  Al,  or  Si  exhibit  a  high 
thermal  stability,  in  contrast  with  the  carbides  or  nitrides  pro¬ 
duced  by  the  gas-solid  reaction.  We  have  prepared  success¬ 
fully  single-phase  compounds  of  R2(Fe,M)|7C,.  {R=Y.  Nd, 
Sm,  Gd,  Til,  Dy,  Ho,  Er,  and  Tm;  M=Ga,  Al,  or  Si;  and 
a^3.0),  with  the  rhombohedral  Th2Zn|7-type  or  hexagonal 
Th2Nii7-tyf)c  structures  by  arc  melting,  and  studied  their  for¬ 
mation,  structure,  and  magnetic  properties.' It  was  found 
that  the  arc-melted  Sm2(Fc,M)i7Q.  compounds  with  .e^l.S 
and  relatively  lower  M  concentration  have  a  Curie  tempera¬ 
ture  of  higher  than  600  K,  and  exhibit  an  easy  c-axis  anisot¬ 
ropy  at  room  temperature  and  have  an  anisotropy  tield  of 
higher  than  90  kOe.  The  SmifFe.MliyC,.  compounds  are 
novel  hard  magnetic  materials  for  sintering  permanent  mag¬ 
nets.  A  high-coereivity  of  15  kOe  at  room  temperature  was 
obtained  in  the  Sm2(Fc,Ga)i7C\  compounds  by  melt 
spinning.''"  In  this  paper,  the  structure  and  magnetic  proper¬ 
ties  of  Sm2(Fe|  .^.CoJ,7C2  (O^A^O.S)  compounds  prepared 
by  arc  melting  are  reported. 

II.  EXPERIMENT 

The  Sm2(Fei.  ,Co^.)i4Ga2C2  alloys  with  a=0,  0.1,  0.2, 
0.3,  0,4,  and  0.5  were  prepared  by  arc  melting  in  an  argon 
atmosphere  of  high  purity.  The  raw  materials  of  the  Sm,  Fe, 
Co,  Ga,  and  Fe-C  alloy  were  at  least  99,9%  pure.  The  ingots 
were  melted  at  least  four  times  to  ensure  homogeneity.  An 
excess  of  4.5%  Sm  was  added  to  compensate  for  the  evapo¬ 
ration  of  Sm  during  melting.  X-ray  diffraction  measurements 
on  powder  samples  were  performed  using  Co  K„  radiation  to 
identify  the  single  phase  and  determine  the  crystallographic 
structure.  The  room-temperature  sattiration  magnetization 
was  measured  by  an  extracting  sample  magnetometer  in  a 


The  anisotropy  tield  is  higher  than  90  kOe 


licld  of  65  kOe.  The  Curie  temperatures  were  determined 
from  the  temperature  dependence  of  magnetization  measured 
by  a  vibrating  sample  magnetometer  and  a  magnetic  balance 
in  a  magnetic  tield  of  1  kOe.  The  aligned  samples  for  anisot¬ 
ropy  tield  measurements  were  prepared  by  mixing  the  pow¬ 
der  with  epoxy  resin  and  then  aligning  in  a  magnetic  tield  of 
10  kOc.  The  anisotropy  field  was  determined  from  magneti¬ 
zation  curves  measured  along  and  perpendicular  to  the  ori¬ 
entation  direction  by  using  the  extracting  sample  mag¬ 
netometer  with  a  magnetic  tield  of  up  to  65  kOe  at  room 
temperature. 

III.  RESULTS  AND  DISCUSSION 

X-ray  diffraction  measurements  show  that  the 
Sm2(Fe|.  ,.Q\.)|4Ga4C2  alloys  with  a'=s0,2  prepared  by  arc 
melting  are  single  phase  with  the  rhombohedral 
Th2Zn, 7-type  structure.  No  signilicant  diffraction  from  the 
impurity  phase  is  observed.  For  .v  >0.2,  the  samples  exhibit  a 
predominant  2:17  phase  and  a  few  percent  a-Fe  as  a  second 
phase.  However,  the  single-phase  compounds  with  a >0.2 
were  obtained  by  melt  spinning  at  a  speed  of  2(1  m/s.  Both  of 
the  arc-melted  and  melt-spun  SmitFci  ^.Co,),4Ga7C2  car¬ 
bides  arc  found  to  be  stable  at  high  temperature.  'I'he  stability 
of  the  samples  results  from  the  substitution  of  Ga,  which 
helps  the  formation  of  the  high-carbon  rare-earth  iron  com¬ 
pounds  with  a  2: 17-type  structure.'  ■''* 

The  lattice  constants  a  and  c,  and  the  unit-cell  volumes 
V  obtained  from  the  x-ray  diffraction  patterns  of 
SniitFci  . (COj),4Ga2C2  compounds  with  ()s£a=s().5  are 
shown  in  Fig.  1  as  a  function  of  C'o  concentration.  The  sub¬ 
stitution  of  Co  for  Fe  in  the  Sm2Fe|4Ga4C2  leads  to  a  reduc¬ 
tion  of  the  unit-cell  volume.  An  approximately  linear  de¬ 
crease  of  the  unit-cell  volume  with  a  is  observed.  For  .t  =().5, 
the  unit-cell  volume  reduction  is  about  2.8%,  compared  with 
the  cobalt-free  compound.  A  similar  result  was  also  observed 
in  other  Fc-Co-based  compounds. 

The  saturation  magnetization  M of 
SniilFei  jCo,,)|4Ga,C2  compounds  is  shown  in  Fig.  2(a)  as 
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FIG,  1.  The  lultiec  constunts  a  uiul  c,  und  the  unit  cell  vuluinc.s  v  of 
SnijIFe,  .^Co,)hGu,C2  compounds  tis  ii  function  of  Co  concentrution. 

u  t'uiiction  of  Co  concentration  x.  The  room  temperature 
saturation  magnetization  of  these  compounds  is  essentially 
constant  at  90  emu/g  for  jf<(),3,  However,  higlier  Co  con¬ 
centration  (jt:>0.3)  decreases 

Figure  2(b)  shows  the  Co-concentration  dependence  of 
the  Curie  temperature  T,.  of  Sm2(Fe|  _^CoJi4Ga3C2  com¬ 
pounds.  The  T^.  is  found  to  increase  monotonously  from  615 
K  for  x=()  to  666  K  for  a: =0.5.  In  a  previous  study,  it  was 
shown  that  the  introduction  of  interstitial  carbon^’  or  the  sub¬ 
stitution  of  Oa  for  Fc’  in  the  Sm2Fci7  compound  results  in 
the  strong  incrca.se  of  Curie  temperature.  The  enhancement 
of  T^.  can  be  suggested  to  be  mainly  due  to  the  lattice  expan¬ 
sion  induced  by  the  introduction  of  carbon  atoms  and  the 
addition  of  Oa  atoms.  However,  the  increase  of  the  Curie 
temperature  with  increasing  a."  in  Sm2(Fe|  .^COv)i4Ga3C2  is 
observed,  although  the  substitution  of  Co  results  in  a  mono¬ 


tonic  decrease  of  the  unit  cell.  In  general,  the  Fe~Fe  interac¬ 
tion  is  dominant  in  the  Fc-rich  rare-earth  iron  compounds.  In 
the  Fe-based  compounds  by  the  substitution  of  cobalt,  the 
Curie  temperature  is  mainly  determined  by  the  Fe-Fe,  Fc- 
Co,  and  Co-Co  interactions.  It  has  been  shown  previously 
that  the  exchange  interaction  between  Fe-Co  atoms  is 
stronger  than  those  between  Fe-Fe  or  Co-Co  atoms,  result¬ 
ing  in  the  increase  of  T,. 

All  compounds  studied  in  this  work  exhibit  an  easy 
c-axis  anLsotropy  at  room  temperature.  Figure  3  shows  the 
x-ray  diffraction  patterns  of  magnetically  aligned  powder 
samples  of  Sm2(Fe)_^Co2,)l4Ga3C2,  with  a =0.2.  A  strong 
(0,0,6)  reflection  and  the  absence  of  indicates 

the  characteristics  of  an  uniaxial  magnctocrystalline  ani- 
.sotropy.  Figure  4  shows  the  miignetization  curves  of 
Sm2(Fe|_^.Co,.)i4Gu2C2  (a  =0.2)  compound  measured  along 
and  perpendicular  to  the  aligned  directions  at  room  tempera¬ 
ture.  The  magnctocrystalline  anisotropy  field  estimated 
from  magnetization  curves  is  shown  in  Fig.  2(c)  as  a  func¬ 
tion  of  Co  concentration  x.  The  is  found  to  be  greater 
than  90  kOe  for  a  €0,2,  and  it  decreases  slightly  with 
increasing  Co  concentration.  The  anisotropy  field  of 
Sm2(FC|  ,Cq,)i4Ga2C2  (a€().5)  is  comparable  with  that  of 
NdjFcHB; 


FIG.  2.  The  roiiin-lcmperalurc  saturation  magnetization  A/,  (a),  Iho  (’uric 

temperature  T,.  (b),  and  the  room-teniperaturc  anisotrt’py  held  //^  Ic)  of  FIG.  4.  The  magnetization  curves  of  the  oriented  Smid'e,  ,('o,)|,,Ga,C', 
SmjtFci  ,Co,)|40aiC2  compounds  as  a  function  of  C’o  concentration.  U '(1.2)  sample  measured  along  and  perpendicular  to  the  aligned  directions. 
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DySi|.Pei,_^.C?o  (a=0.5,  1.0,  and  1.5)  alloys  and  their  nitrides  are  .studied  by  x-ray  diffraction, 
Mossbauer  effect  and  neutron  diffraction  experiments.  The  results  show  that  both  Si  and  Co  atoms 
can  occupy  the  8/  and  8j  sites,  and  more  preferentially  occupy  the  8/  sites.  Nitrogen  atoms  as 
interstitial  atoms  enter  into  the  2h  site.  The  nitrides  have  high  Curie  temperatures.  The  results  of 
Mossbauer  spectroscopy  indicate  that  ni'riding  increases  the  hyperflne  fields  of  all  Fe  sites. 


I.  INTRODUCTION 

ThMni2-type  Fe-rich  ternary  compounds  R(Fe,T)|2,  in 
which  R  is  a  rare-earth  element  and  T  is  a  stabilizing  element 
like  Ti,  V,  Cr,  Si,  have  a  high  iron  content  and  a 

large  a/c  ratio,  and  high  values  for  saturation  magnetization, 
Curie  temperature,  and  magnetocrystalHue  anisotropy  can  be 
expected.  The  &'m-containing  compennds  especially  show 
uniaxial  anisotropy  with  an  anisotropy  field  of  up  to  90  KOe, 
but  the  c.oerci\  ity  of  samples  prepared  by  standard  powder 
m'‘.allurgy  techniques  does  not  exceed  1  KOe.  The  applica¬ 
tion  iv''  mechanical  alloying  ov  rapid  quenching  is  more  suc¬ 
cessful  in  achieving  high  coercivity,  but  the  .saturation  mag¬ 
netization  of  the  samiiles  is  no  higher  than  1 .3.57.  Coey”*  and 
Yang  et  al.^  discovered  that  the  magnetic  properties  can  be 
improved  by  introducing  nitrogen  atoms  into  the  lattice  in- 
teistiiia'ly.  This  work  reports  on  such  a  study,  by  means  of 
neutron  diffraction  and  Mossbauer  spectroscopy  ol  the  struc¬ 
ture  und  magnetic  properties  of  novel  inlcrmetall:':  com- 
poi.iids  in  which  Fe  is  substituted  by  Co  and  Si  atoms  and 
nitrogen  atoms  are  introduced  intcrstitially. 


il.  EXPERIMENIfAL.  DETA,LS 

Samples  of  DySg-Fep.  jCo  U  ~0.",  1.0,  and  1,5)  were 
prepared  by  an.  m“!ting  togetlier  with  the  raw  elements  with 
purities  of  Dy(99,9%),  Fe(99.8%),  Co(99,5%),  and 

Sif99.999%).  f/lelting  was  carried  'n  a  high  purity  argon  at¬ 
mosphere.  The  ingots  were  crushed  into  powder  (<  1(10  /xm) 
L.  CjFliiOK.  Nitriding  was  carried  out  by  heating  powder 
samples  at  500  "C  for  1  h  in  nitrogen  atmosphere.  The  pha.se 
tietection  was  carried  out  by  x-ray  diffraction.  Curie  tem¬ 
peratures  and  saturation  magnetizations  were  measured  on  a 
vibrating  sample  magnetomelcr  (VSM).  Neutron  diff'action 
was  used  for  analyzing  the  .structure  and  the  lattice  occupa¬ 
tion  of  .N  atoms.  Mossbauer  spectra  were  co’l  ;cted  using  a 
■eonventioiu'l  et.iistant  acce’c.ation  spectrtimcter  with  a  ''Vo 
(in  Pd)  souf,:e.  The  velocity  scale  was  calibrated  using  an 
<r-l‘e  absorber  at  room  temperature. 


III.  RESULTS  AND  DISCUSSIONS 

The  x-ray  diffraction  patterns  indicated  that 
DySgFe,!  _  j.Co  alloys  were  nearly  single  phase  with  the  te¬ 
tragonal  ThMn  12-type  structure.  The  nitrided  alloy  had  high 
Curie  temperature  with  7(.=45()  °C  and  high  saturation  mag¬ 
netization  with  d)=146  A  M^/kg. 

The  neutron  diffraction  experiment  was  carried  out  at 
room  temperature  and  the  neutron  diffraction  pattern  is 
shown  in  Fig.  1 .  Table  1  shows  the  parameters  for  the  crystal 
and  magnetic  structures  of  DySiFen)CoN(),42  alloys.  Co  at¬ 
oms  preferentially  occupy  the  8/  and  the  8;  sites  and  N 
atoms  enter  into  the  2h  site.  The  Si  atoms  occupy  the  8/  and 
8j  sites  as  previously  reported  for  SmFcii-.vSiv  compounds 
in  Refs.  2,  8,  and  9, 

Mossbauer  spectra  were  obtained  for  DySifFcn  . 

=  1.0  and  1.5)  and  their  nitrides.  The  distribution  of  the  Si 
atoms  over  the  different  lattice  sites  changes  the  near- 
neighbor  environment  of  the  Fc  atoms  and  broadens  the  lines 
of  the  subspectrn.  Fitting  of  the  Mossbauer  spectra  was  done 
a.ssuming  that  the  Si  atoms  preferentially  occupy  8/  and  8/ 
sites.  r\)r  .v-=l,()  and  1.5,  overall  intensity  ratios  of 
7. 7:7. 2:7. 2  and  7.7:b,2;b,2  for  8/;8/:8/  were  imposed,  re¬ 
spectively.  The  assignment  takes  into  account  the  nearest- 
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TABLE  1,  Tlic  structural  parameters  of  DySiFe„|CoN(i  ^2  obtained  from  neu¬ 
tron  diffraction  data  at  300  K.  .r,y,z  ate  atomic  coordinate  parameters,  N  is 
the  atomic  number  on  the  differert  lattice  sites,  Ky  is  t  magnetic  moment 
value  in  the  z  direction;  R  is  the  consistent  factor;  is  the  consistent  factor 
for  nuclear  diffraction,  /?,«  is  the  consistent  factor  for  magnetic  diffraction, 
.V'  is  the  residual  value. 


Atom  site 

X 

> 

Z 

N 

Dy (2a) 

0.0 

0.0 

0.0 

2.0 

-4.471 

Fe  (8,) 

0.2989 

0.0 

0.0 

1.22b 

1.511 

Si  (8i) 

0.2989 

0.0 

0.0 

0.004 

().0(X)0 

Fe  (8f) 

0.2789 

0.5 

0.0 

7.284 

1.1.32 

Si  (8;) 

0.2789 

0.5 

0.0 

0.744 

O.O(K) 

Co  (8;) 

0.2789 

0.5 

0.0 

0.672 

1.132 

Fc(8/) 

0.25 

0.25 

0.25 

5.490 

1.012 

Si  (8/  ) 

0.25 

0.25 

0.25 

1.182 

O.OtK) 

Co  (8/) 

0.25 

0.25 

0,25 

1.328 

1.012 

N  (26) 

0.0 

0.0 

0.5 

0.835 

R% 

4.37 

R,% 

4.27 

R„% 

6.19 

1.44 

neighbor  environment  of  each  respective  site  and  the  Fe-Fe 
distance.  We  considered  that  the  largest  corresponds  to 
the  site  (8i),  which  had  the  largest  TM  coordination.  The 
lowest  was  attributed  to  the  8/  sites  which  had  the  same 
coordination  number  as  the  Sj  site  but  the  shortest  mean 
Fe-Fe  nearest-neighbor  distance.  The  outer  lines  of  the  spec¬ 
tra  in  Si-containing  compounds  were  much  narrower  than  the 


inner  ones,  indicating  the  presence  of  a  distribution  of 
The  Mossbauer  .spectra  showed  that  nitriding  makes  the  hy- 
perfine  fields  of  all  Fc  sites  increase. 

IV.  CONCLUSIONS 

(1)  The  neutron  diffraetion  study  of  DySiFcioCoNo  42 
shows  that  the  Si  and  Co  atoms  preferentially  occupy  the  8/ 
site  and  N  atoms  enter  into  2h  site. 

(2)  Nitriding  increa.ses  the  hyperfine  fields  of  all  Fe  sites. 
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A  full  electron  LMTO-ASA  study  of  electronic  band  structure  and  magnetic 
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The  band  structure  and  magnetic  properties  are  studied  for  RFeuTiNj.  (R=Y,  Nd,  Sm;  a=(),1) 
rare-earth  iron  intermetallic  compounds  using  the  linear  muffin  tin  orbital  with  the  atomic  sphere 
approximation  (LMTO-ASA)  method.  In  order  to  elucidate  the  role  played  by  the  rare-earth  atoms 
in  these  compounds,  a  full  electron  calculation  is  performed  using  a  semirelativistic  spin-polarized 
LMTO-ASA  method  in  the  local  spin  density  approximation  (LSDA)  regime.  The  4/  electrons  of 
the  rare-earth  atoms  are  considered  to  be  valence  electrons  in  the  self-consistent  calculations..  For 
NdFciiTiN,  a  calculation  in  which  the  4/  electrons  are  treated  as  core-frc:zen  states  is  also 
performed,  and  is  compared  with  the  full  electron  calculation.  The  effects  of  N  atoms  in  these 


compounds  are  also  discussed. 


I.  INTRODUCTION 

The  rare-earth  iron  ternary  intermetallic  compounds 
have  attracted  great  attention  as  promising  new  permanent 
magnetic  materials.  Theoretical  first-principle  calculations 
regarding  these  materials  are  few,  because  of  the  complexity 
of  these  systems  and  the  presence  of  the  rare-earth  4/  elec¬ 
trons.  In  early  works,  band  structure  calculations  of  the  elec¬ 
tronic  structure  of  these  materials  often  focused  on  the  Y 
compounds.  For  instance,  Ja.swal  et  aO  and  Sakuma’  have 
calculated  the  electronic  structure  of  Y2Fei7N(  (a  =0,3)  and 
YFciiTiN,.  (a =0,1),  respectively,  using  the  LMTO-ASA 
band  method.  Choosing  Y  rather  than  the  rare-earth  atoms 
avoids  the  trouble  of  considering  4 /  electrons,  but  these  sys¬ 
tems  differ  from  the  realistic  materials  that  have  applied 
prospects.  These  results  using  Y  may  only  provide  some 
qualitative  discussion  about  the  rare-earth  iron  compounds.  It 
is  better  to  perform  the  electronic  structure  calculations  for 
realistic  systems.  Jaswaf^  has  used  a  simple  method  in  which 
the  4/  states  were  treated  as  frozen-core  states  for  NdjFci^B. 
Hummler  et  al.'*  have  studied  R2Fei4B  (R  =  Gd,  Tb,  Dy,  Ho, 
and  Er)  using  a  su-called  “open  core"  approximation  in 
which  4/  electrons  are  not  allowed  to  hybridize  with  other 
valence  electrons.  The  latter  approximate  method  can  only 
consider  the  effects  on  the  4/  energy  level  by  the  crystal  field 
and  the  possible  hybridization  and  charge  transfer  are  ne¬ 
glected.  Recently,  Asano  et  al.^  have  studied  the  electronic 
structure  of  RFe|2A  (R=Y,  Ce,  Gd;  A=N,  C),  and  the  4/ 
electrons  were  treated  as  valence  electrons.  Their  results  in¬ 
dicate  that  the  calculation  of  tne  electronic  structure  can  ex¬ 
plain  the  experimental  results  in  the  frame  of  the  Stoner- 
Wohlfarth  theorem.  In  their  work,  the  role  of  N  or  C  atoms 
are  not  discussed  sufficiently.  Zeng  et  at.'’  have  calculated 
the  electronic  structure  of  R2Fe|7N3  ,5  (R  =  Sm.  Nd,  and  Gd; 
(5=0,3)  using  the  cluster  method.  Their  results  imply  that 
there  are  relatively  strong  hybridizations  between  4/  and 
other  valence  electrons.  Many  e.sperimcnts  also  show  that 
there  exist  differences  in  the  properties  of  R-Fe-A  com¬ 
pounds  for  different  rare  earths,  especially  for  light  rare 
earths.  This  difference  cannot  be  attributed  to  the  de  Gennes 


factors  completely.  Hence,  treatment  of  the  4/  electrons  as 
valence  electrons  in  the  band  calculations  is  necessary. 

In  this  work,  the  full-electron  self-consistent  spin- 
polarized  band  calculation  for  RFciiTiN,.  (R=Y,  Nd,  and 
Sm;  A --0,1)  has  been  performed  using  the  semirelativistic 
LMTO-ASA  method.  The  frozen  core  approximation  is  used 
for  the  inner  close  shells  for  simplification.  The  maximum  / 
is  taken  as  *or  R,  /m;,x=2  for  Y,  Fe,  Ti,  and  /max  =  ) 

for  N.  The  crystal  structure  of  RFcnTiNj.  is  as  shown  in  Ret. 
2  and  the  lattice  parameters  are  from  Refs.  2  and  8.  The  ratio 
of  the  atomic  sphere  radius  is  1,23;  1.00: 1.10  for 

RFe||Ti  and  ;r-|.7,  ;/'n  '•4<hl'15;1.25;L00  for 

RFeiiTiNf.  As  a  comparison,  a  calculation  of  electronic 
structure  for  NdFcuTiN  is  also  performed,  with  the  4/  elec¬ 
trons  of  Nd  in  a  frozen  core  approximation. 

II.  RESULTS  AND  DISCUSSION 
A.  Magnetic  moments 

The  magnetic  moments  of  R,  Fe,  and  N  (tor  a  =  1)  atoms 
in  RFeijTiNj.  compounds  are  listed  in  Table  1.  In  the  case  of 
A=0,  the  Fe(8/)  atoms  have  the  highest  moments  and  the 
Fc(8/  )  atoms  have  the  lowest  ones.  The  average  moment  of 
Fe  atoms  is  2. 14/u^, ,  2.23/U/, ,  and  2. 15/r,,  for  YFe|,Ti, 
NdFcjiTi,  and  SmFcuTi,  respectively.  These  results  are  simi¬ 
lar  to  those  of  Asano  et  al.  for  YFenTi"^  and  those  of  Jaswal 
for  NdFeiiTi.**  The  calculated  magnetic  moments  are  slightly 
higher  than  the  experiment:)’  values.  This  discrepancy  seems 
to  posse,ss  a  systematic  character  and  is  insensitive  to  the 
nidius  of  atomic  sphere  used  in  different  works.  It  is  inter¬ 
esting  to  note  that  the  magnetic  moments  may  slightly  de¬ 
pend  on  the  number  of  ^  points  used  in  die  band  calcuhuion. 
There  are  126  k  points  in  the  irreducible  Brillouin  zone  in 
our  self-consistent  calculation,  which  is  smaller  than  the  21.S 
k  points  used  by  Asano  et  at."'  but  larger  than  the  six  k  points 
used  by  Jaswal.'^  The  calculated  toUd  magnetic  moments  of 
transition  metal  ;itoms  ;ire  22,6(),u/, ,  23.57/1),,  and  22.76yLt/, 
for  YFe|,Ti.  NdFenTi,  :;nd  SniFeu  l'i,  respectively.  In  the 
LMTO  calculation,  the  nonzero  contribution  of  the  orbit;:! 
moment  for  rare-earth  atoms  was  not  ev;iluated.  Due  to  the 
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TABLE  I.  Calculated  local  and  total  magnetic  moments  (in  /i,,/atom  and  /it/f.u..  respectively)  for  RFe||TiN,(R  =  Y.  Nd,  and  Sm;  .v  =0.1). 


YFc„ 

TiN, 

NdFc|,TiN^ 

.SniF'ei 

,TiN, 

2=1 

2=0 

.v-=() 

.v=l 

R(2«) 

-0.42 

-0..54 

2.7.5 

2.89 

5.19 

-5.69 

(0,00) 

(0.00) 

(2.71) 

(1..58) 

(0.55) 

(  -0.28) 

Fc(8y) 

2.25 

2.25 

2..L5 

2.25 

2.25 

2.18 

Fc(8/ ) 

1.72 

2.17 

1.88 

2.11 

1.77 

2.05 

Fe(8() 

2.54 

2.62 

2.5(1 

2.61 

2.51 

2.62 

Ti(8i) 

-0.94 

-1.02 

-0.96 

0.99 

-0.89 

-1.0.5 

N(2/)) 

0.10 

0.07 

0.09 

Fc 

2.14 

2..'12 

2.2,5 

2, .50 

2.15 

2.25 

(aver.) 

(1.69) 

(1.98) 

(1.69) 

(1.98) 

(1.69) 

(1.98' 

Total 

22.14 

24.28 

26.29 

27.24 

27.91 

18.15 

(18.57) 

(21.75) 

(21.27) 

(2.5.22) 

(19,12) 

(21.25) 

'The  bracketed  data  arc  experimental  data  from  Ref.  12,  f.ii.  denotes  the  formula  unit,  and  Fe  (aver.)  represents  the  average  Fe  magnetic  moment. 


magnetic  anisotropy,  the  magnetic  moments  of  the  rare-earth 
and  iron  atoms  may  be  not  collinear.  In  Table  1,  only  the  spin 
moments  are  listed  for  the  rare-earth  atoms.  The  moment  of 
each  Y  atom  is  —  0.42/i/, ,  which  comes  from  the  polarization 
of  the  4d,  5i-  electrons.  The  spin  moment  of  Nd  and  Sm  in 
RFenTi  is  2.73/2, ,  and  5.19/i,, ,  respectively.  Due  to  the  ne¬ 
glecting  of  spin  orbit  coupling  and  the  orbital  moment  in  our 
semirelativistic  LMTO-ASA  calculations,  one  cannot  com¬ 
pare  the  spin  moments  directly  with  experimental  magnetic 
moments  of  rare-earth  ions.  However,  our  calculations  will 
describe  the  coupling  of  moments  between  Fe  and  rare-earth 
atoms.  The  self-consistent  calculations  reveal  a  ferromag¬ 
netic  coupling  between  the  spin  of  Fe  and  Nd  (or  Sm)  in  Nd 
(or  Sm)  FciiTi  compounds.  The  moment  of  each  Ti  atom  is 
—0.94/2/,,  -0.96/2/,,  and  -0.89/2,,  for  Y,  Nd,  and  Sm  com¬ 
pounds,  respectively,  which  is  antiferromagnetically  coupled 
with  the  Fe  moments.  This  antiferromagnetic  coupling  be¬ 
tween  Fe  and  Ti  is  similar  to  that  of  YFeKT4  discussed  by 
Coehooiii.'^ 

The  magnetic  moment  of  Fe  atoms  are  increased  by  the 
uptake  of  nitrogen,  which  is  in  agreement  with  experiments. 
The  largest  Fe  moments  are  still  associated  with  the  Fe(8j)> 
but  the  largest  increment  of  moments  are  associated  with  the 
Fe(8/ )  atoms,  which  is  0.55/2,,,  0.23/2,,,  and  0.28/2,,  for 
YFciiTiN,  NdFe||TiN,  and  SmFcnTiN,  respectively.  The 
moments  of  Fe(8;)  atoms,  which  are  the  nearest  neighbors 
of  N  atoms,  are  not  changed  for  YFcnTiN,  and  even  show  a 
small  reduction  for  NdFcuTiN  and  SmFcnTiN.  The  mo¬ 
ments  of  Ti  are  still  antiferromagnetically  coupled  to  the  Fe 
sublattice,  and  have  a  —0.1/2,,  increment.  There  is  a  moment 
of  0.1/2,,  on  N  atoms  due  to  the  spin  polarization  of  .v,/; 
electrons.  The  average  moment  of  Fe  atoms  is  2.32/2,,, 
2.30/2,, ,  and  2.25/2,,  for  Y,  Nd,  and  Sm  compounds,  respec¬ 
tively.  It  seems  to  be  a  general  trend  that  the  magnetic  mo¬ 
ment  of  Fe  in  iron  nitride  depends  on  the  distance  from 
neighboring  N  atoms.  The  results  of  Fe4N,  Fei,,N2,’'’ 
R2Fei7N3,^’  and  RFcnTiN  show  that  the  lowest  magnetic  mo¬ 
ment  of  Fe  always  corresponds  to  the  nearest  neighbor  of  a  N 
atom.  The  moments  of  Nd  in  Nd  compounds  and  that  of  Sm 
in  SmFcijTi  are  ferromagnetically  (FM)  coupled  to  the  mo¬ 


ments  of  Fe.  This  coupling  becomes  antiferromagnetic 
(AFM)  for  the  SmFenTiN  compound.  This  fact  is  qualita¬ 
tively  in  agreement  with  the  measurement  results  of  Yang 


B.  Density  of  states 

The  calculated  partial  density  of  states  (PDOS)  oi 
YFe||Ti  and  YFcuTiN  are  similar  to  that  of  Sakuma.^  After 
uptaking  N,  the  ?id  band  of  Fe  atoms  become  narrower,  due 
to  the  increased  distance  between  Fe  atoms.  The  PDOS  of 
majority  moment  of  the  3d  band  is  slightly  low,  which  pro¬ 
duces  an  enhancement  of  the  moment  of  Fe  and  a  reduction 
of  the  DOS  at  Fermi  surface  £y.  Then  the  reduction  of 
Y(£ f)  is  responsible  for  the  increase  of  Tc  in  these  com¬ 
pounds.  There  is  explicit  hybridization  between  3d  of 
Fe(8/)  and  N  2p  at  an  energy  about  6  eV  below  £y .  The 
effect  of  the  presence  of  N  atoms  is  not  only  changing  the 
crystalline  held,  but  also  producing  a  hybridization  between 
electrons  of  N,  Fc(8/),  and  Y. 

The  PDOS  of  SmFc,|TiN,.  (jc  ==(),!)  are  shown  in  Fig.  1. 
The  essential  situation  is  similar  to  that  of  Y  compounds, 
except  for  the  PDOS  of  the  rare-earth  atoms.  These  facts 
confirm  that  the  discussion  based  on  the  calculated  results  of 
Y  compounds  can  give  a  qualitatively  correct  conclusion 
about  magnetic  moments.  From  these  ligures,  the  spin  polar¬ 
ization  of  the  N  2/1  band  in  these  magnetic  materials  is 
small.  The  main  contribution  of  the  N  2/;  band  is  around  the 
energy  of  -4.5-  — 8.0  eV.  It  is  worthwhile  to  point  out  that 
the  difference  between  the  lull  electron  and  frozen  4/  calcu¬ 
lation  reveals  the  effect  of  interaction  among  the  4/  electrons 
of  rare-earth  atoms,  3d  of  Fe(8)),  and  2p  of  N  atoms.  The 
hybridization  is  taking  place  among  not  only  N  2/i,  FefS/) 
3d  and  4.v,  R(Nrl.  Sm)  5d  and  b.v,  but  also  4/  of  Nd  or  Sm. 
It  is  interesting  to  point  out  that,  for  the  case  of  Sml'CuTiN, 
although  we  begin  with  a  ferromagnetic  coupling  between 
moments  of  R  and  Fe.  the  self-consistent  calculation  gives  an 
antiferromagnetie  coupling  between  Fe  sublattice  moments 
and  a  Sm  4/  moment,  which  is  in  agreement  with  the  experi¬ 
ments  of  Yang  cl  alV  It  is  well  known  that  the  spin -orbit 
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riG.  i.  The  HDOS  of  (a)  SmPcuTi,  (b)  SmFciiTiN;  the  full  and  dotted  curves  show  the  up  ami  down  spin  states,  respectively. 


coupling  is  important  for  the  rare-earth  atoms.  The  spin- 
orbit  interaction,  together  with  the  crystalline  field,  is  the 
source  of  magnetic  anisotropy  of  rare-earth  atoms  in  these 
compounds.  In  this  stage,  the  calculation  including  spin- 
orbit  coupling  may  be  important  for  a  quantitative  compari¬ 
son. 

In  conclusion,  we  have  studied  the  electronic  structure  of 
permanent  magnetic  materials  RFcnTiN,  (R=Y,  Nd,  and 
Sm;  x=0,l)  using  the  LMTO-ASA  band  method.  By  com¬ 
paring  our  full  electron  calculation  with  that  for  Y  com¬ 
pounds,  or  using  the  frozen  core  approximation,  the  main 
conclusions  can  be  summarized  as  (1)  studies  for  Y  com¬ 
pounds  can  give  correct  results  of  the  magnetic  moment  of 
Fe  atoms;  (2)  the  4/  electrons  of  the  rare-earth  atoms  do 
have  hybridization  with  other  valence  electrons  to  some  de¬ 
gree;  and  (3)  a  full  electron  calculation  can  give  the  correct 
relation  of  moments  between  rare-earth  and  iron  atoms. 
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Magnetic  properties  and  molecular  field  theory  analysis  of  RFeioMo2  alloys 
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Department  of  Physics  and  Center  for  Materials  Research  and  Technoloj^y  (MARTECH),  hlorida  State 
University,  Tallahassee,  Florida  32306 

The  RFe|(,Mo2  compounds  (R==Y,  Nd,  Gd,  Dy)  with  ThMn,,  type  structure  have  been  synthesized, 
and  their  magnetizations  have  been  investigated  in  the  temperature  range  from  2  to  800  K  using  a 
SQUID  magnetometer.  The  Curie  temperature,  saturation  moments,  and  measurements,  as  well  as 
molecular  field  analysis  of  the  temperature  dependence  of  the  magnetization  are  reported.  Our  work 
demonstrates  that  the  molecular  field  analysis  based  on  a  two-sublattice  model  is  capable  ol  quite 
accurately  describing  the  temperature  dependence  of  the  magnetization  for  the  RFcioMo-; 
compounds.  The  results  also  suggest  that  the  moments  of  the  R  and  Fe  sublattices  arc  nearly 
collinear  in  a  large  temperature  range.  According  to  the  calculated  molecular  field  coefficients,  we 
find  that  the  magnetic  interactions  are  dominated  by  exchange  between  iron  3d  electrons,  and,  on 
the  other  hand,  the  strength  of  the  R-R  interaction  has  even  the  same  order  as  that  of  the  R-F’e 
interaction. 


I.  INTRODUCTION 

The  Fe-rich  ternary  compounds  RFei_j.TMj.  (R-rare 
earth  or  yttrium,  TM=Ti,  V,  Cr,  Mo,  Si,  etc.;  x  =  l  or 
have  attracted  much  attention  as  possible  candidates  for  per¬ 
manent  magnet  applications.  They  crystallize  in  the  tetrago¬ 
nal  ThMni2  type  structure  with  space  group  14/mm. ‘  In  this 
structure,  the  R  atoms  occupy  the  crystallographic  2a  site 
and  the  3d  atoms  occupy  the  8/,  8;,  8/  sites.  The  molecular 
field  theory  (MFT)  is  commonly  u.sed  to  describe  the  tem¬ 
perature  dependence  of  magnetization  in  the  R-T  com¬ 
pounds,  and  it  has  been  shown  to  be  quite  successful.^"'’  In 
this  paper,  we  present  studies  of  the  RFeioMoj  series  with 
R  =  Y,  Nd,  Gd,  and  Dy.  The  molecular  field  theory  based  on 
a  two  sublatlicc  modcl^  was  used  to  analyze  the  experimental 
data. 

II.  EXPERIMENT 

Samples  for  this  investigation  were  prepared  by  arc 
melting  appropriate  amounts  of  Fe,  Mo,  and  rare  earth  ele¬ 
ments  (Y,  Nd,  Gd,  and  Dy)  under  a  purified  argon  atmo¬ 
sphere.  As  cast  samples  were  vacuum  annealed  at  1000  °C 
for  a  week.  All  samples  are  almost  single  phase,  as  deter¬ 
mined  by  both  x-ray  powder  diffraction  and  thermomagnetic 
analysis.  A  Quantum  Design  SQUID  magnetometer  with  an 
external  iield  up  to  5.5  T  was  used  to  measure  the  magneti¬ 
zation  of  powdered  samples  in  a  temperature  range  from  2  K 
to  their  Curie  temperatures.  The  experimental  values  of  the 
Curie  temperatures  {T(  )  were  determined  by  means  of  the 
linear  relationship  M‘(/)'x(l -T/’/V)  near  the  T(iT^T\  ). 


III.  ANALYSIS  AND  RESULTS 

According  to  the  two  sublattice  MFT,  the  molecular  field 
acting  on  the  R  sublattice  and  Fe  sublattice  is  separated,  and 
can  be  expressed,  re.spectively,  as  follows: 

Ha (  /' )  =  //  +  r/[ n  «( 7  J  +  1 0 u  r,.M 7' )  ] ,  ( 1 ) 

H  ,{  T)  -  77  f  d[  1 0/1  |.■,.A7^(  7’)  +  it  ki.A7r(  T)  ]■  (2) 


where  H  is  the  applied  field,  M,i(T)  and  Mp,,(T)  represent 
the  magnetic  moment  per  rare  earth  ion  and  per  Fe  ion,  re¬ 
spectively,  at  temperature  T.  The  factor  d  converts  the  mo¬ 
ment  per  RFcioMo-  in  /x/j  to  Gauss:  d-N^ptuplA,  where 
is  Avogadro’s  number,  p  is  the  density  of  RFen)Mo2  in  g/enr^, 
and  A  is  the  formula  weight  of  RFeii)Mo2.  «rr.  «rf»  “id  /ipr.- 
are  the  molecular  field  coefficients,  which  describe  the  R-R, 
R-Fe,  and  Fe-Fe  magnetic  interactions,  respectively. 

The  temperature  dependence  of  each  sublattice  magneti¬ 
zation  is  governed  by  a  Brillouin  function: 

ktiT  I  ’ 


A'7,.-(0)W,,.(7'1 


kn'l 


(4) 


where  A/«(0)  and  A7/.(0)  are  the  magnetic  moments  of  R 
and  Fe  at  zero  temperature,  respectively.  .Ip  and  arc  the 
individual  R  and  Fe  angular  moments. 

In  the  calculations,  the  free  i(m  moment  is  used  for  the 
rare  earth  ion,  i.c.,  A'7/((0)-gj.//; ,  and  can  be  de¬ 

duced  from  the  ob.scrved  low  temperature  moment: 


A7,.(0)-[M„|,(U)±A7«(())1/1(),  (3) 

where  “  -  ”  applies  for  the  light  rare  earths  Nd  and  Y,  and 
••-t-”  applies  for  the  heavy  rare  earths  Cid  and  Dy. 

The  coefficients  //,y  arc  determined  by  numerically  solv¬ 
ing  Eqs.  (l)-(4),  under  the  condition  that  the  calculated  total 
moments. 


A/,„,(r)  =  M„(7’)±l()A7,.(7').  (fi) 

ctrrrespond  best  with  the  experimental  data.  Ihis  is  dt>ne  by 
minimizing  the  percentage  deviation. 


R  - 1  on 


vl,V7„,,(7',)  -A7,.„(7-,)| 


i;/V7„,.(7-) 


(7) 


where  M„.^{T,)  is  the  magnetiziition  observed  at  temperature 
7', .  No  tttlier  constraints  are  imposed.  I’rom  Fiqs.  (.0  iind  |4). 
the  Curie  temperature  in  the  zero  field  is  reltiled  to  the  /i,,  by 
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TABLE  I,  Density  p,  rare  earth  gyromagnetic  ratio  gj ,  and  total  angular  momentum  used  in  MFT  calcula¬ 
tions.  (Iff,  nR|.-,  and  Mur  are  the  computed  molecular  field  coefficients.  The  MFT  calculated  and  experi¬ 
mental  Tf-  arc  listed.  R%  is  the  quality-of-fit  index  defined  by  Eq.  (7). 


R 

P 

(g/cm’) 

Sj 

iW,(0) 

(Afl) 

MfM 

(a«) 

«IT 

'■Kh- 

"rr 

R% 

(%) 

I'c 

cal. 

(K) 

exp. 

Y 

8.03 

1.73 

4562 

3.5 

327 

350 

Nd 

7.60 

8 

11 

V 

2 

3f> 

11 

1.53 

.8780 

2000 

1901) 

4.0 

445 

421) 

Gd 

8,0 

2 

X 

7 

1.65 

6300 

-2500 

2300 

4.0 

465 

480 

Dy 

7.83 

4 

3 

rs 

2 

10 

1.61 

6120 

- 1 101) 

1000 

3,0 

383 

390 

(/lFpa  +  nRR^)+  N/(nFF«  +  «RR/3)^-4«^(rtFF«RR-«RF) 
lafi 

(8) 


a=  [3JR/(7R+  l)][lfcB//ABr/]A/«2(0) ; 

For  compounds  with  R  =  Y,  we  have 

7'^,=  !^  =  10nFFA/2.(0)[(y.^-H)/3J7.][/a„r/A«].  (10) 


Table  I  summarizes  the  experimental  information,  such 
as  low  temperature  magnetization  M^(Q)  and  Curie  tempera¬ 
ture  Tc  of  RFeiuMoa  intermetallics.  The  low  temperature 
magnetization  A/j(0)  was  measured  at  2  K  in  a  field  of  3  T 
by  means  of  a  SQUID  magnetometer.  The  parameters  used  in 


the  calculations  and  the  MFT  coefficients  for  each  RFeioMo2 
compound  by  solving  Eqs.  (l)-(7)  numerically  are  also  sum¬ 
marized  in  Table  1.  The  moment  of  an  Fe  atom  at  0  K  is 
about  l.lfig  in  these  compounds.  We  chose  Jf.  =  \.0  in  the 
calculations. 

In  Figs.  1-4,  the  temperature  dependence  of  the  magne¬ 
tization  for  four  RFe],)Mo2  compounds  is  plotted.  The  data 
are  represented  by  circles,  while  the  MFT  calculation  results 
for  total  moment  rare  earth  sublattice  moment 

Mif(T),  and  Fe  sublattice  moment  are  indicated  by 

solid,  dashed,  and  dot-dashed  lines,  respectively.  MFT  with 
a  single  coefficient  (n  pp)  provides  a  quite  reasonable  descrip¬ 
tion  of  the  temperature  dependence  of  the  magnetization  for 
YFei()Mo2,  as  Fig.  1  shows.  The  percentage  deviation  be¬ 
tween  the  measured  and  calculated  values  is  /?=3.5%,  and 
7^?'= 327  K  is  about  6%  lower  than  the  observed  Curie  tem¬ 
perature  of  350  K. 

Figures  3  and  4  show  that  the  two-sublattice  model  with 
the  assumption  of  ferrimagnetically  coupled  R  and  Fe  mo¬ 
ments  yields  results  in  excellent  correspondence  with  the 
data  for  GdFe]()Mo2  and  DyFen,Mo2.  The  Curie  tempera¬ 
tures  calculated  are  consistent  with  the  experimental  values. 


Temperature  (K) 


F'lG.  1.  The  temperature  depeiulence  of  the  magnetization  ol  YFcicMo,. 
Cirelcs  represent  the  experimental  data  and  the  solid  line  represents  the 
MtT  results. 


Temperature  (K) 


FIG.  2.  The  temperature  dependenee  of  the  magnetization  of  NdFemMir, . 
Circles  represent  the  experimental  data.  Lines  represent  the  MFT  rc.sulls. 
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FIG.  3,  rhc  temperature  Jepcmlencc  of  the  magticiizalion  of  OdFC|„Mo2. 
Circles  represent  experimental  data.  Lilies  represent  MFl'  results. 


Our  calculations  demonstrate  that  the  two-sublattice 
MFT  is  quite  successful  in  describing  the  temperature  depen¬ 
dence  of  magnetization  in  the  RFci()Mo2  series.  The  results 
also  suggest  that  the  moments  of  R  and  Fe  sublatticcs  are 
nearly  coilinear.  In  all  instances,  we  found  that  ripp  is  the 
largest  of  the  computed  molecular  field  coeflicients  (cf.  Table 
I).  This  implies  that  the  magnetic  interactions  are  dominated 
by  the  exchange  between  3r/  electrons.  On  the  other  liand, 
the  strength  of  the  R-R  interaction  cannot  be  neglected,  as  it 
has  nearly  the  same  magnitude  as  that  of  the  R-Fe  interac¬ 
tion.  Such  behavior  seems  to  a  common  feature  in  a  number 
of  R-T  compounds,  for  example,  RFc^,^  R2C017,'  RFeioVi,^ 
and  R2Fe|4B.^  These  observations  suggest  that,  in  order  to 
obtain  a  more  realistic  account  of  magnetic  behavior  in  R-T 


FIG.  4.  The  teinperaturc  dependence  of  the  miignetiziilioii  of  DyFcii,Mo2. 
Circles  represent  experinicnlal  data.  Lines  represent  MFT  results. 


intermetaliic  compounds,  one  may  have  to  consider  the  ef¬ 
fect  of  crystal  field  interactions  on  the  R  sites. 
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Magnetic  alignment  in  powder  magnet  processing 

S.  Liu 
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A  Strang  magneiic  field  is  used  to  align  single-crystal  powder  particles  in  the  process  of  producing 
sintered  powder  permanent  magnets,  including  hard  ferrites  and  rare-earth  permanent  magnets.  The 
applied  magnetic  field  aligns  the  easy  direction  of  magnetization  of  each  particle,  owing  to  strong 
crystalline  anisotropy,  Shape  anisotropy,  existence  of  particles  containing  multigrains,  and  physical 
interlock  between  particles  reduce  the  degree  of  alignment.  This  study  provides  a  quantitative 
analysis  of  magnetic  alignment  in  powder  magnet  processing.  We  assume  (1)  the  powder  particle  is 
a  single  cry.stal;  (2)  it  has  the  shape  of  an  oblate  spheroid  and  its  .short  axis  is  the  easy  direction  of 
magnetization;  and  (3)  the  applied  magnetic  field  is  strong  enough  to  overcome  the  resistance  of 
alignment.  By  applying  the  minimum-energy  principle,  it  was  concluded  that  the  necessary  and 
sufficient  condition  for  a  complete  magnetic  alignment  is  that  the  magnetocrystalline  anisotropy 
constant  of  the  particles  is  greater  than  its  shape  anisotropy  constant  K,,  provided  the  applied 
magnetic  field  is  strong  enough.  When  K„>  K^  +  IK^,  the  angle  between  the  short  axis  of  the  oblate 
particle  and  the  direction  of  applied  magnetic  field  is  9(1°,  and  when  K 1- 2K2 ,  the  angle 

is  arcsin  V  ( /f  j  —  /C 1 ) / 2 2 • 


The  fabrication  of  powder  magnet  materials  involves  a 
complicated  multistep  process.  For  example,  the  production 
of  high  performance  sintered  Sm2(Co,Fe,Cu,Zr)i7  permanent 
magnets  involves  .seven  major  steps:  melting  and  casting, 
homogenization,  crushing  and  milling,  magnetic  alignment 
and  compacting,  sintering,  solid  solution  treatment,  and  ag¬ 
ing,  Each  step  includes  three  or  more  process  variables.  A 
quantitative  analysis  of  each  step  in  powder  magnet  proces.s- 
ing  would  lead  to  an  insight  into  the  physical  and/or  chemi¬ 
cal  processes  involved  in  each  step.  This  is  not  yet  possible 
for  all  steps  in  the  processes  due  to  the  complexity  of  the 
problem.  Magnetic  alignment  is  perhaps  the  simplest  step  in 
the  whole  processing  procedure  for  producing  powder  mag¬ 
nets;  therefore,  it  is  possible  to  explore  this  step  in  some 
detail. 

The  most  useful  magnets  are  ani.sotropic  with  a  single 
preferred  axis  of  magnetization,  requiring  that  the  c  axes  of 
all  grains  in  the  sintered  magnet  are  aligned  parallel.  This  is 
achieved  by  applying  a  magnetic  field  strong  enough  to  align 
the  particles  against  the  frictional  force,  and  then  compacting 
to  immobilize  them  in  this  state.  The  crystal  texture  is  main¬ 
tained  through  the  subsequent  sintering  and  homogenizing  if 
properly  conducted.'  Magnetic  alignment  is  used  to  produce 
all  types  of  anisotropic  powder  permanent  magnets,  includ¬ 
ing  hard  ferrites,  SmCoj,  Sm2TM|7,  and  Nd-Fe-B  magnets. 

If  all  particles  are  perfect  single-crystal  spheres,  or  if  the 
long  axes  of  all  particles  happen  to  be  the  easy  direction  of 
magnetization,  then  perfect  alignment  can  be  obtained,  pro¬ 
vided  the  applied  magnetic  field  is  strong  enough.  Obviously, 
the  real  case  is  more  complicated.  Shape  anisotropy  (if  the 
long  axis  of  a  particle  docs  not  happen  to  be  the  easy  direc- 
t  tion  of  magnetization),  the  existence  of  particles  containing 
multigrains,  and  the  physical  interlock  between  particles  re¬ 
duce  the  degree  of  alignment. 

Assume  ( 1)  the  powder  particle  is  a  single  crystal;  (2)  it 
has  the  shape  of  an  oblate  spheroid  and  its  short  axis  is  the 
easy  direction  of  magnetization;  and  (3)  the  applied  magnetic 
field  is  strong  enough  to  overcome  the  resistance  of  align¬ 


ment.  These  a.ssumptions  are  appropriate  for  several  reasons. 
First,  the  size  of  the  powder  particle  used  for  powder  magnet 
production  is  usually  in  the  range  of  1-5  /um,  far  smaller 
than  the  grain  size  of  the  starting  materials.  Therefore,  most 
powder  particles  cun  be  considered  single-crystal  particles. 
Second,  all  powder  magnet  materials  are  of  uniaxial  crystal 
structure  (hexagonal,  rhombohedral,  or  tetragonal),  and  the 
basal  plane  is  the  most  densely  packed  crystal  plane.  Break¬ 
ing  into  particles  having  a  shape  similar  to  an  oblate  spheroid 
with  its  c  axis  to  be  the  short  axis  rather  than  a  prolate 
spheroid  with  its  c  axis  to  be  the  long  axis  during  crushing 
and  milling  is  an  energetically  favorable  process.  Actually, 
needle-like  particles  (prolate  spheroid)  are  seldom  observed 
for  cither  hard  ferrites  or  rare  earth-transition  metal  alloys. 
Third,  in  practice,  the  applied  magnetic  field  for  powder 
alignment  is  either  a  dc  magnetic  field  of  20-30  kOe  or  a 
pulse  field  of  70-100  kOc.  The.se  fields  are  proved  strong 
enough  to  overcome  any  resistance  of  alignment. 

When  a  magnetic  field  is  applied,  the  shape  anisotropy 
tends  to  align  the  long  axis  {a  axis)  parallel  with  the  direc¬ 
tion  of  the  applied  field.  On  the  other  hand,  the  crystalline 
anisotropy  tends  to  align  the  short  axis  (c  axis)  parallel  with 
the  applied  field.  Obviously,  the  orientation  of  the  particle  in 
a  given  applied  field  is  determined  by  the  balance  between 
the  shape  anisotropy  energy  and  the  crystalline  anisotropy 
energy,  rather  than  simply  by  the  strength  of  the  field.  Sup¬ 
pose  the  angle  between  the  c  axis  of  the  oblate  particle  and 
the  direction  of  applied  field  H  is  </>,  as  shown  in  Fig.  1,  the 
shape  anisotropy  energy,  ,  and  the  crystalline  anisotropy 
energy,  Zf,. ,  of  the  particle  arc 

E,-= Zw,  siir(9()  -  f/>)  =  K,  COS"  <j).  ( I ) 

sin"  ift  +  Ki  sin''  (/>,  (2) 

respectively,  where  ZC,  is  the  shape  anisotropy  constant  and 
/C|  and  K2  are  the  crystalline  aiii.sotropy  constants  of  a 
uniaxial  crystal,  which  all  powder  magnets,  including  hard 
ferrites  and  rare  earth  magnets,  belong  to.  The  total  energy  of 
the  system  is 
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TABLE  I.  Angle  4>  corresponding  to  the  minimum  energy  condition. 


F'lG,  1.  Orientation  of  an  oblate  spheroid  in  a  magnetic  field. 


and  tlie  mininiuni  energy  condition  requires 
(IE 

:=n. 


(3) 

(4) 


Lei  us  determine  the  angle  </t  corresponding  to  the  minimum 
energy  condition  by  the  following  two  steps. 

Step  I.  Considering  only  a  single  anisotropy  constant, 

a:,. 

In  this  case,  Eq.  (3)  becomes 

E-"Ki  sin“  +  COS"  <p.  (5) 

For  the  ininimum  energy  condition,  we  have 
dE 

sin  sin  2<^=(£i --£,)sin  20  =  0.  (6) 

If  £,  ,  0  can  have  any  value  (but  not  only  45°,  as  com¬ 
mon  .sense  may  lead  to).  If  then  dEjd<f>~-^  when 

sin  20=0  or  0=0  or  90°.  In  order  to  determine  0,  corre¬ 
sponding  to  the  minimum  energy  condition,  the  second  de¬ 
rivative, 

(fE 

j^-^-2(£i-£,)cos  20,  (7) 

should  be  positive.  If  £)>£,  ,  when  0=0°,  cos  20=1,  and 
thus  d^Eld(t>^  >0.  Therefore,  E  has  the  minimum  value.  If 
K,<K,,  when  0=90°,  cos  20= -1,  d^E/d<li^>0,  E  also 
has  the  minimum  value,  as  shown  in  Table  1. 

Step  II.  Taking  into  consideration  both  £,  and  Mi- 
In  this  case,  Eq.  (3)  becomes 

£:  =  (Mi-M,)sin2  0  +  M2  sin^  0-t-M,.  (8) 


K2 

Relation  among 
/C,,  AC|.  and  K. 

<!> 

For  minimum  energy 

K,  =  K\ 

any  (/> 

X2  =  0 

K,>K, 

90° 

K,<K\ 

0” 

/f,>/C,  +  2K, 

90° 

MjX) 

K,<K, 

0° 

arcsin  -  /C ,  )/2A.'2 

For  a  minimum  energy  condition,  we  have 
dE 


d<t> 


=  (Mi-M,)sin  Idi+lKj  sin^  0  sin  20  =  0. 


(9) 


It  is  obvious  that  the  first  two  solutions  of  Eq.  (9)  are  0i=O° 
and  02=90°.  In  order  to  determine  0  corresponding  to  the 
minimum  energy,  we  calculate  the  secondary  derivative, 


d^E 


d(f) 


t=2(M|-M,)cos  20+2M2(sin‘  20 


-t-2  sin^  0  cos  20). 


(10) 


If  when  0=0°,  we  have  cos  20=1,  sin  20=0,  and 

sin^  0=0.  So,  d^Eld<f)^>0.  Therefore,  E  has  a  minimum 
value.  Substituting  0=90°  into  Eq.  (10)  yields 

d^E 

^=2[M,-(M,  +  2M2)],  (11) 

when  Mj.>Mi  +  2M2,  d^Eld(i>^>0.  Thus,  E  has  a  minimum 
value. 

If  0#O°,  0=^90°,  and  O°<0<9O°,  then  sin  20#O°,  and 
Eq.  (9)  becomes 

dE 

-:-r  =  {M,-M,)  +  2A:2  sin^  0  =  0  (12) 

d(p 


or 

sin-  0=:(/C,--/Ci)/2iC2, 

0=arcsinV(M,.-M|)/2M2, 

and  obviously  M,.  must  not  be  smaller  than  K^,  and  M,.— M, 
must  not  be  greater  than  2^2.  The  secondary  derivative  of  E, 
with  respect  to  0,  should  be  evaluated  at  the  angle  0  for 
which  0£/</0=O.  It  is  obvious  from  Eq.  (12)  that 

d^E 

•7^  =  2^2  sin  20.  (14) 

d<f)^ 

When  O"<0<9O°  and  M2>0,  0^£/ti0^>();  thus  £  has  a 
minimum  value.  The  above  results  are  summarized  in 
Table  I. 

H  is  obvious  that  increasing  the  strength  of  the  applied 
magnetic  field  only  helps  to  overcome  the  resistance  of 
alignment  caused  by  the  physical  interlock  between  particles, 
but  cannot  align  the  powders  unless  M,<M, .  In  other  words, 
the  necessary  and  sufficient  condition  for  a  complete  mag¬ 
netic  alignment  is  M,<M|,  provided  the  applied  magnetic 
field  is  strong  cnougli.  This  conclusion  was  supported  by  our 
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TABLE  II.  Data  summary  for  crystalline  anisotropy  constants  of 
(Smj_,_,Pr,Ndj,)2(Co|_i,Fc„)|7  (10'’  erg/cm’). 


X 

y 

V 

fCt 

Reference 

0 

0 

0 

32 

3 

0 

0 

0,2 

43 

3 

0 

0 

0.3 

35 

1.4 

4 

0 

0 

0.4 

14 

3 

0 

0.1 

0.2 

29 

5 

0 

0.3 

0.2 

16 

5 

0 

0.5 

0.2 

15 

5 

0 

0.5 

0,3 

11 

5 

0.3 

0 

0.3 

17 

5 

experiments  of  Nd,  Pr  substituted  Sm2TMi7  permanent  mag¬ 
nets.  Table  II  summarizes  crystalline  anisotropy  constant  val¬ 
ues  for  (Smi_^_j,Pr;fNdy)2(C0| -„Fe2,)i7.  Table  III  lists  the 
calculated  demagnetizing  factors  and  shape  anisotropy  con¬ 
stants  for  a  oblate  spheroid  with  various  ale  ratios,  r.  Equa¬ 
tions  used  for  these  calculation  are  as  follows:^ 


Ar<.  =  47rr^/(r^-l)[l-x/l/(7^-l)  sin"' 

(15) 

/V<,  =  0.5(47r-N,), 

(16) 

Kg  =  0.5(N,-Na)M-. 

(17) 

It  can  be  seen  from  comparing  Tables  II  and  III  that  for 
magnet  alloys  of  (Smi_^_^Pr_j.Ndy)2(Coi_j,Fey)i7  in  most 
cases,  This  means  that  crystalline  anisotropy  domi¬ 

nates.  However,  with  further  extensive  increasing  Fe  substi¬ 
tution  for  Co,  or  with  further  extensive  increasing  Pr  and/or 
Nd  substitution  for  Sm,  it  is  possible  for  K  i  to  drop  to  a  level 
lower  than  Kg .  This  would  decrease  the  degree  of  alignment 
and  reduce  values  of  remanence,  and  the  maximum  en¬ 
ergy  product,  (BH)„ax  >  of  ‘he  magnets.  For  powder  perma¬ 
nent  magnet  materials  with  uniaxial  crystal  structure,  the  de¬ 
magnetizing  curves  in  the  first  quadrant  are  more  or  less  like 
a  straight  line,  and  the  slope  of  this  line  reflects  the  degree  of 
powder  alignment.  What  happens  in  the  first  quadrant  de¬ 
magnetizing  process  is  that  the  magnetization  vector  in  every 
grain  (each  individual  grain  was  developed  from  one  or  more 


TABLE  III.  Calculated  demagnetizing  factors  and  .sliapc  anisotropy  con¬ 
stants  (for  M  =  1000  0). 


r 

Nc 

Ks 

(10"  rg/cm-’) 

1.5 

5.60 

3.48 

1.06 

2 

6.63 

2.97 

1.83 

3 

7.98 

2.29 

2.85 

5 

9.43 

1.57 

3.93 

10 

10.82 

0.87 

4.97 

50 

12.18 

0.19 

5.99 

100 

12.37 

0.10 

6.14 

a 

4ir 

0 

6.28 

FIG.  2,  Dependence  of  BJAvM lo  on  LR  content,  a-. 

powder  particles  during  the  sintering  process)  turns  back  to 
the  nearest  easy  magnetization  direction.  If  the  powder  par¬ 
ticles  are  perfectly  aligned  and  this  crystal  texture  is  main¬ 
tained  during  the  sintering  process,  then  the  demagnetization 
curve  in  the  first  quadrant  would  be  a  straight  line  parallel  to 
the  horizontal  axis,  and  the  ratio  of  would  be  equal 

to  1.  In  another  extreme,  if  the  powder  particles  are  of  a 
completely  random  distribution,  then,  according  to  Chika- 
zumi’s  calculation,'’  BrlAirMg  would  be  equal  to  0.5.  There¬ 
fore,  for  a  material  with  uniaxial  crystal  structure,  the  ratio  of 
BrlA-nMg  should  have  a  value  ranging  from  0.5  (correspond¬ 
ing  to  a  completely  random  distribution)  to  1.0  (correspond¬ 
ing  to  a  perfect  alignment).  So,  Br/AnMg  can  serve  as  a 
good  measure  for  the  degree  of  particle  alignment. 

In  practice,  47rMi(),  the  magnetization  value  in  a  10  kOe 
applied  magnetic  field,  is  a  good  approximation  to 
4irA/,. .  Figure  2  shows  the  dependence  of  BrlAnMnf 
upon  the  light  rare  earth  (LR)  content,  x,  for 
Smi_;tLR^(Cob,iFe(),28Cuo,(,6Zr„,(, 2)7.78  with  LR=Nd  or  Pr.  It 
can  be  seen  from  Fig.  2  that  B^/AttMh)  drops  sharply  when 
X  exceeds  0.3.  The  author  believes  this  indicates  that  the 
crystalline  anisotropy  constant  K^  is  no  longer  greater  than 
its  shape  anisotropy  Kg  when  x>03  for  this  particular  mag¬ 
net  composition. 

'  K.  J.  Strnat,  in  Ferromagnetic  Materials,  edited  by  E.  P.  Wohlfarth  and  K. 
H.  J.  Buschow  (El.sevicr,  New  York,  1988),  Vol.  4,  p.  180. 

^B.  D.  Cullity,  Introduction  to  Magnetic  Materials  (Addison- Wesley, 
Reading,  MA,  1972),  pp.  57,  243. 

■’R.  S.  Perkins,  S.  GaifH,  and  A.  Mciith,  IEEE  Trans.  Magn.  MAG-ll.  1^31 
(1975). 

“R,  W.  Ue,  IEEE  Trans.  Magn.  MAG-15,  1762  (1979). 

■'C.  J.  Wil'man  and  K.  S.  V.  L.  Narasimhan,  IEEE  Trans.  Magn.  MAG-21, 
1976  (1985). 

'’S.  Chikazumi.  Physics  of  Magnetism  (Wiley,  New  York,  19()4),  p.  249, 


J.  Appl.  Phys.,  Vol.  76,  No.  10, 15  November  1994 


S.  Liu 


6759 


Sputter  synthesis  of  TbCu7  type  Sm(CoFeCuZr)  films  with  controlled  easy 
axis  orientation 

H.  Hsgde,  P.  Samarasekara,  R.  Rani,  A.  Navacathna,  K.  Tracy,  and  F.  J.  Cadieu 

Department  of  Physics,  Queens  College  of  CUNY,  Phishing,  New  York  1 1307 

Single  phase  TbCuy  type  films  of  Sm(CoFeCuZr)  have  been  sputter  synthesized  for  a  range  of 
sputter  gas  pressure,  deposition  temperature,  and  two  different  gas  species:  Ar  and  Ar5()%Xe.  The 
magnetic  and  crystallographic  properties  of  these  films  as  a  function  of  sputter  deposition 
parameters  have  been  studied.  Films  synthesized  at  temperatures  near  their  crystallization 
temperatures  at  sputter  gas  pressures  exceeding  60  mTorr  of  Ar50%Xe,  had  a  .strong  c-axis  in-pla.'.c 
texture.  The  remanent  magnetization  ratio  for  measurement  perpendicular  to  the  film  plane  versus 
in  plane  was  close  to  zero  for  such  films.  X-ray  diffraction  patterns  of  these  films  showed  only  (hkO) 
type  reflections.  At  gas  pressures  around  30  mTorr  predominant  reflection  was  (111)  type.  The 
perpendicular  to  the  in-plane  /i«  ratio  for  such  films  was  around  0.55.  For  films  with  in-plane  c-axis 
texture,  in-plane  U  .  of  9.0  kGauss  and  coerciviiies  in  the  range  3-10  kOe  were  possible.  Pressures 


of  Ar  and  Ar50%Xe  correlated  roughly  in  the  ratio  1; 
crystallographic  and  magnetic  properties. 


I.  INTRODUCTION 

Permanent  magnets  based  on  the  Smi(CoPe.CuZr),-; 
rhombohedral  2-17  type  structure  are  extremely  attractive 
because  of  their  high  temperature  stability,  fairly  high  satu¬ 
ration  moment,  and  energy  product.’’^  Such  magnets  consi.st 
of  a  cellular  structure  of  2-17  regions  with  SmCo,  based 
grain  boundaries  to  enhance  the  coercivity.'^  The  magnetic 
properties  of  such  two  phase  cellular  structures  are  very  sen¬ 
sitive  to  thermal  treatments.  In  contrast  to  this,  lltCuv  type 
single  phase  film  magnets  that  exhibit  a  high  degree  of  in¬ 
plane  c-axis  texture  and  energy  product  have  been  sputter 
synthesized  in  recent  years.'*  The  TbCuy  type  films  are  single 
phase,  whereas  bulk  samples  of  similar  composition  exhibit 
the  cellular  structure.  The  magnetic  properties  of  the  single 
phase  sputtered  film  .samples  exhibit  optimal  magnetic  prop¬ 
erties  as  deposited  and  are  very  insensitive  to  subsequent 
thermal  treatments.  Such  films  are  extremely  important  in 
applications  involving  magnetic  biasing  of  magnetoresistive, 
magneto-optic,  microwave  devices,  etc.’’"’  We  have  now 
studied  the  texture  charrge  and  resultant  change  in  magnetic 
properties  of  these  permanent  magnet  lliCuv  type  films,  as  a 
function  of  their  sputter  deposition  parameters. 

II.  EXPERIMENT 

The  films  in  the  study  were  sputter  synthesized  from 
commercially  available  2-17  bulk  magnets  of  the  type 
Sm2(CoFeCuZr)|7.  The  films  were  deposited  on  polycrystal- 
line  AliOj  substrates.  The  film  thickness  were  generally  in 
the  2  p,  range.  The  deposition  temperatures  for  all  films  in 
this  study  exceeded  the  minimum  temperature  required  for 
their  crystallization,  so  that  they  were  directly  cry.stallized  as 
deposited,  with  no  post  deposition  heat  treatments  required. 
Two  varieties  of  sputter  gases  were  used,  100%  Ar,  and  equal 
mixtures  of  Ar  and  Xe  referred  to  henceforth  as  Ar50%Xc. 
For  all  films  in  this  study,  the  target  to  substrate  distance  was 
held  constant  at  5  cm.  The  crystal  phase  and  film  texture 
were  determined  with  Cu  K,^  radiation  by  x-ray  diffracto¬ 
meter  measurements  using  a  Si(Li)  solid  state  detector  to 


for  the  synthesis  of  films,  with  comparable 


allow  fluorescence  discrimination.  Magnetic  measurements 
were  performed  using  a  VSM  for  fields  up  to  18  kOe.  Film 
compositions  were  determined  by  electron  excited  x-ray 
fluorescence  using  a  PGT  System  4  Plus  unit  coupled  to  a 
scanning  electron  microscope. 

III.  RESULTS  AND  DISCUSSION 

The  Sm  concentrations  in  the  films  were  dependent  on 
sputter  gas  species,  pressure,  and  deposition  temperature  due 
to  the  high  volatility  of  Sm  and  the  preferential  scattering  of 
the  low  mass  TM  atoms  out  of  the  sputtered  atom  beam.’ 
However,  the  relative  concentrations  of  the  TM  atoms  in  the 
films  were  fairly  constant,  at  24,  9,  3,  and  1  for  Co,  Fe,  Cu, 
and  Zr,  re,spectively.  These  TM  relative  concentrations  were 
about  the  same  as  in  the  target. 

All  films  in  this  study  exhibited  the  TbCu7  type  disor¬ 
dered  crystalline  phase,  even  though  the  target  magnets  were 
a  2-17  cellular  based  structure.  For  the  deposition  tempera¬ 
ture  range,  300  °C-475  °C,  and  Fe  concentration  used,  the 
ordered  2-17  phase  was  not  formed.**  The  crystallite  c’-axis 
orientation  was  found  to  depend  on  the  deposition  tempera¬ 
ture,  as  shown  in  Fig.  1.  At  lower  temperatures,  the  films 
were  strongly  t  -axis  in-plane  textured.  As  the  temperature 
was  rai.sed,  the  degree  of  in-plane  texturing  was  reduced. 
Even  with  a  modest  increase  in  temperature  of  55  °C,  from 
the  initial  temperature  of  345  °C,  crystallites  with  the  c  axis 
oriented  away  from  the  film  plane  were  observed,  as  indi¬ 
cated  by  {hkl)  reflections,  l=/=Q,  in  Fig.  1.  As  the  net  easy 
axis  direction  deviates  from  the  film  plane,  the  ratio  of  the 
remanent  magnetic  moments,  in  directions  perpendicular  to 
the  film  plane  versus  in-plane  increases.'*  This  is  clearly  seen 
from  Fig.  3(a).  For  Ar5l)%Xe,  at  60  mTorr  pressure,  this  ratio 
is  only  0.07  for  a  deposition  temperature  of  345  °C,  increas¬ 
ing  to  0.40  at  450  °C.  However,  for  U)t)%Ar,  at  60  mTorr 
pressure,  the  degree  of  the  c-axis  in-plane  texturing  was 
rather  poor  for  all  deposition  temperatures  tried.  The  texture 
change  with  pressure  is  shown  in  Fig.  2.  At  deposition  tem¬ 
perature  of  345  °C  for  sputter  gas  Ar50%Xe,  the  films  could 
be  formed  with  the  t  -axis  in-plane  texture  at  pressures  of  60 


6760  J.  Appl.  Phys.  76  (10),  "5  November  1994 


0021-8979/94/76(1 0)/6760/3/$6.00 


©  1994  American  Institute  of  Physics 


FIG.  1.  The  texture  change  with  deposition  temperature,  for  films  synthe¬ 
sized  in  Ar50%Xc  at  60  iiiTorr  pressure.  X-ray  diffraction  is  using  CuX„ 
radiation. 


mTorr  and  above.  For  sputter  gas  100%Ar,  a  similar  pure 
in-plane  texture  could  only  be  obtained  at  pressures  exceed¬ 
ing  120  mTorr,  In  terms  of  texture  control,  this  suggests  that 
60  mTorr  of  Ar50%Xc  is  equivalent  to  about  120  mTorr 
of  Ai. 

The  film  magnetic  properties  and  their  Sm  at.  %  are 
shown  in  Fig.  4  and  Fig.  5.  The  coercivities  of  the  films  are 
found  to  be-  strongly  correlated  to  the  film  Sm  concentration. 
This  is  attributable  to  the  increase  in  the  magnetocrystaliine 
anisotropy  of  the  1-7  phase  with  Sm  concentration.  However, 
a  fairly  significant  departure  in  the  correlated  behavior  of  Sm 
at.  %  and  coercivity  is  observable  for  films  formed  at  pres- 


FIG.  2.  The  texture  change  with  pressure,  for  liiins  syntliesized  in  ArSD^/f.Xe 
at  345  °C.  X-iay  diffraction  is  using  Cu  K„  rad'alion. 

J.  Appl.  Phys..  Vol.  76,  No.  10,  15  November  1994 


(a) 

:  [b) 

0.60 

a 

— 

0.^5 

/ 

■ 

c 

m 

0 

0.30 

0 

A 

\ 

C- 

m 

o-'^ArXe 

A  1 

•  \ 

\ 

0.16 

/ 

A 

/ 

''ArXe  ''s 

0 

0--  ...  A 

-o 

0 

, , 

300  375  aso  25  75  125 


T  (C)  Plmrorn) 

FIG.  3.  Variations  of  ratios  of  remanent  magnetizations  perpendicular  to  tlie 
film  plane  to  that  in  plane  for  iilms  synthesized  in  IO()%Ai  and  Ar50%Xe. 
(a)  Variation  with  temperature  at  60  mTorr  pressure,  (b)  Variation  witli  pres¬ 
sure  at  temperature  345  °C. 


sures  below  45  mTorr,  Fig.  5.  This  is  due  to  defects  caused 
by  increased  energy  bombardment  of  the  growing  film  at 
lower  pressures.  Previous  calculations  have  shown  that  to 
completely  thermalizc  the  sputtered  atoms,  the  pretisures  re¬ 
quired  arc  around  60  mTorr  of  Ar50%Xe.“’  The  rather  sharp 
deviation  of  coercivity  from  its  correlated  behavior  with  Sm 
at.  %,  in  Fig.  4,  below  345  °C,  is  attributable  to  incomplete 
crystallization  of  the  film.  Higli  resolution  SEM  studies  of 
the  films  have  not  revealed  any  type  of  cellular  structure,  as 
observed  in  bulk  2-17  type  magnets. 

No  attempt  to  saturate  the  film  magnetization  was  made, 
due  to  the  large  fields  required.  However,  the  AttM,,  values 
of  the  films  are  expected  to  decrease  with  increased  Sm  con¬ 
centration.  For  films  sputtered  in  Ar5()%Xe,  the  film  Sm 
at.  %  is  given  in  Fig,  4,  and  Fig.  5,  as  a  function  of  deposi¬ 
tion  temperature  at  60  mTorr  pre.ssuie  and  as  a  function  of 
gas  pressure  at  a  deposition  temperature  of  345  °C,  Figure  4 
and  Fig,  5  also  show  the  remanance  /i,. ,  energy  product 
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For  films  sputtered  in  Ar  at  pressures  around  120  mTorr, 
the  general  variation  of  texturing  with  temperature  was  simi¬ 
lar  to  that  of  films  sputtered  at  60  mTorr  of  Ar5()%Xe,  show¬ 
ing  the  pressure  equivalence  of  these  different  gas  species,  in 
terms  of  their  therrnalization  efficiency. 

In  conclusion,  the  magnetic  properties  and  texture  con¬ 
trol  of  sputter  synthesized  TbCuv  type  permanent  magnet 
films  have  been  studied  in  terms  of  their  sputter  deposition 
parameters.  The  sputtering  parameters  for  the  best  in-plane 
c-axis  texture,  the  optimum  energy  products,  and  coercivity 
have  been  identified.  The  pressure  equivalence  of  two  types 
of  gas  species  in  terms  of  their  therrnalization  efficacy  has 
been  established. 


FIG.  5.  Variation  with  prc.ssurc,  'f  remanent  magnetization  (open  circle),  ACKNOWLEDGMENT 
coercivity  (triangle),  energy  product  (shaded  circle),  and  Sni 

at.  %  (square).  Magnetic  measurements  are  in  the  film  plane.  Films  synthc-  This  work  was  supported  by  the  AFOSR. 

sized  in  Ai:)t)%Xe,  al  345  °C. 


and  coercivity  ,f/^. ,  for  magnetic  measurements 
made  in  the  film  plane.  From  Fig.  4,  the  remanance  is  seen  to 
be  fairly  constant,  with  respect  to  deposition  temperature.  It 
appears  that  at  higher  deposition  temperatures,  the  increase 
in  the  saturation  moment  is  offset  by  the  lower  degree  of 
in-plane  c-axis  texturing.  The  energy  product  is  seen 

to  be  fairly  constant  at  a  reasonably  large  value  around  18 
MGOe,  for  the  entire  temperature  range  at  this  pressure.  The 
energy  product,  ,  of  the  films  is  sharply  dependent  on 
the  gas  pressure.  Fig.  5.  In  fact,  the  best  energy  products,  in 
excess  of  18  MGOe,  are  obtainable  in  only  a  narrow  pressure 
range  from  45  to  75  mTorr. 
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Metastable  Nd2(Fei _xCOx)23B3  (O^x^l.O)  compounds  with  the  2:23:3-type 
structure 

Bao-gen  Shen,  Bo  Zhang,  Fang-wei  Wang,  Jun-xian  Zhang,  Bing  Liang,  Wen-shan  Zhan, 

Hui-qun  Guo,  and  Jian-gao  Zhao 

Stale  Key  Laboratory  of  Muf^netism,  Institute  of  Physics,  Chiiu'sc  Acaiiemv  of  Sciences,  P.O.  box  M).i. 

Beijing  100080,  People's  Republic  of  China 

Amorphous  NdiCFc,  _  {()=Sa  =s  1.0)  alloys  were  prepared  by  melt  spinning  at  a  speed  ol  47 

ni/s.  When  the  amorphous  .samples  were  annealed  at  ‘>00  K  for  20  min.  they  crystallized  to  the 
metastable  2:23:3  single  phase  for  all  .v.  A  detailed  study  of  .structure  and  magnetic  properties  of 
metaslable  Nd2(Fci  _  (COj)23B,  compounds  has  been  made  by  x-ray  diffraction  and  magneti/aiion 
measurements.  They  are  body-centered  cubic.  a.;d  the  lattice  constant  decreases  linearly  from 
=  14.16  A  for  A  =  0  to  13.86  A  for  a  -  1 .0  The  Fe  atom  moment  /i|^.  for  Ndjtl-Ci  ,C'0|  I  mB,  wa:s 
found  to  increase  with  a  from  2.02/Lt„  for.v=0  to  2.\7pt.i,  for  .v  -  O  S.  when  the  Co  atom  moment  ft,  , 
is  assumed  to  be  constant,  as  made  in  previous  papers  for  crystalline  Fe-Co  alloys.  The  Curie 
temperature  T^.  is  found  to  increase  monotonically  with  increasing  a  from  6.S‘>  K  for  x  I)  to  about 
1218  K  for  A  =  i.0.  The  thermomagnetic  measurements  showed  that  when  the  Nd2(l  e|  ,Co,l,iB> 
compounds  were  heated  to  certain  temperatures,  they  decompo.sed  to  Nd4Fe,Co)|.iB  and  o-lFe.Coi 


phases.  The  decomposition  temperature  of  mctastable 
almost  independent  of  the  Co  concentration  a. 


I.  INTRODUCTION 

Since  the  discovery  of  the  Nd-I  e-B  permanent  magnet 
materials,  a  number  of  investigations  on  rapidly  quenched 
Nd-Fe-B  ternary  alloys  systems  have  been  reported.  Most 
of  these  studies  focus  on  their  hard  magnetic  properties, 
while  the  investigations  on  crystallization  behaviors  and 
magnetic  properties  of  amorphous  Nd-Fe-B  alloys  arc  rela¬ 
tively  fewer.  Buschow  et  al.'  studied  the  crystallization  of 
amorphous  alloys  of  Fe-rich  composition  in  the  Nd-Fe-B 
system,  and  found  a  novel  ternary  compound  Nd2Fe23Bv 
The  compound  is  metastable  magnetic.  Its  crystal  structure  is 
body-centered  cubic,  space  group  /43d,  the  lattice  constant 
a  =  14.19  A.^  Shen  et  al,^  have  prepared  amorphous  alloys  in 
a  wide  composition  range  of  the  Nd-Fe-B  system,  and  stud¬ 
ied  the  phase  diagram  of  crystallization  and  magnetic  prop¬ 
erties  of  the  metastable  phase.  A  study  of  crystalline  phases 
of  amorphous  Nd2Fe22B2  and  the  formation  and  magnetic 
properties  of  metastable  Nd2Fe23B2  compound  has  been 
made  using  x-ray  diffraction  and  magnetization 
measurements.'*  Gou  et  al.^  have  reported  the  powder  neu¬ 
tron  diffraction  study  of  magnetic  structure  of  metastable 
Nd2Fe22B3  compound,  In  order  to  obtain  more  information 
about  the  structure  and  magnetic  properties  of  metaslable 
compound,  we  have  studied  the  effect  of  the  substitution  of 
Co  for  Fe  on  the  crystal  structure  and  magnetic  properties  of 
Nd2Fc23B3  compound.  In  this  paper,  some  results  of  the  in¬ 
vestigation  arc  reported, 

II.  EXPERIMENTAL 

Iron  (purity.  ‘■NM'",).  cobi-lt  (purity.  ,  i,  neodymium 
(purity,  9‘>.‘>'.^f )  and  Fe-  H  alloy  (purity.  OiS.fi':  i  weie  melted 
by  arc  melting  in  an  argon  almos|iheri  o)  high  puiitv  into 
homogeneous  buttons  ssiih  the  eom|«"  iinuis 
Ndid'e,  , Co,  I., Hi  It  (1,  (I  2.  It  4,  II  (i.  II  s.  .Old  I  m  Amor 
phous  ribbons  ahmit  I  mm  \snle  .iiui  2ii  //m  ibn.  t,  'sere  pte 


compounds  was  tiboui  ‘>‘>0*  l.'s  K,  and  was 


pared  by  melt  spinning  in  an  argon  atmosphere  in  a  polished 
Cu  drum  of  20  cm  diam  with  a  speed  of  about  47  rn/s  and 
were  then  annealed  in  a  steel  tube  in  a  vacuum  of  10  '  Torr 
at  different  temperatures  and  times. 

X-ray  diffraction  measurements  were  performed  on  the 
annealed  ribbons  using  Co  K„  radiation  to  identify  the  phase 
components  and  determine  the  crystallographic  structure. 
The  Curie  temperature  of  the  compounds  were  deter¬ 
mined  from  the  temperature  dependence  of  magnetization. 
High-tield  magnetization  measurements  at  1 ,5  K  were  made 
on  these  samples  using  an  extracting  sample  magnetometer 
in  fields  ranging  from  0  to  65  kOe. 


III.  RESULTS  AND  DISCUSSION 

The  Nd2(Fe|  .  ,Co,,)23B3  alloys  prepared  at  a  speed  of  47 
m/s  were  amorphous,  and  its  x-ray  diffraction  pattern  exhib¬ 
ited  a  diffuse  broad  maximum.  The  amorphous  ribbons  an¬ 
nealed  at  different  temperatures  of  higher  than  their  crystal¬ 
lization  temperature  produced  different  crystalline  phases. 
For  the  annealing  leniperatufc  of  about  90(1  K,  the  amor¬ 
phous  samples  crystallized  to  the  metastable  Nd2(Fe, (’0)231), 
phase.  W'hen  the  annealing  temperature  w;;s  higher  than  92.‘i 
K.  the  (r-(Fe.Co)  phase  appctired,  coexisting  with  the 
Nd.d  c.Co),,!),  phase. 

Figure  I  shows  an  example  of  the  x-ray  diffraeliun  pat¬ 
terns  of  Nd-lF'e,  ,Co,  l.iB,  l\  (1.2  and  I.Ol  after  annealing 
at  90(1  K  fui  2(1  min.  It  is  loimd  that  with  inerc;ising  Co 
eoneentration.  the  ililfraetion  line  was  shitted  to  highei 
angles,  indicating  tlia'  the  laiiiee  const. mis  deeie.ise  with  i. 
File  present  siiid\  shows  th.ii  the  sabsiiuition  o|  Co  toi  Fe  in 
the  Nd  Fe  ,Bi  iitinpound  does  not  eh.inge  its  crest, d  siruc 
lute  1  be  nim|4ete  sul'siiuiiiuii  olM.iiiis  .1  new  sm^;le  ph.ise 
loinpoiiiul  ot  Nd  (o  ,B.  1  he  iieM.il  siiuclute  o|  the 

Nd  «I  L.(  O'  ,n  I.  onipiMiiul  IN  hiuh  c  entered  cid'U .  xpiici* 
ei“iip  /  H,/  I  lu  l.iitKc  (iUKt.int  L .ik  ul.ilfd  hf'in  tin-  \  \a\ 
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I'Ki.  1.  \  ray  Jiffiactioh  paUcrnv  of  mctavtaBk  Nddc  ,<o,*  Ji,  K\m\ 
poumis  With  i  0.2  ami  1.0 

diffraction  patterns  are  found  to  decrease  lincarU  (loiii 
a  =  14.16  A  for  .»■  =()  to  13.S6  A  tor  I  1  (),  as  shosen  in 
Table  I. 

X-ray  diffraction  and  thernioniagiictic  ineusuretiients 
showed  lhat  the  Ndiihc.Col;  ,!),  ctu'ttj'ivunds  obtatned  by  the 
crystallization  from  correspstnding  amorphous  alloys  were 
meta^tablc.  When  the  compounds  were  heated  to  certain 
temperature  r,,,  as  shown  in  Fig.  2.  they  decomposed  to 
Nd2(Fe,Co),4B  and  a-(Fe,C'o)  phases.  The  decomposition 
temperature  of  the  i  .lastable  compounds  was  utxiui  Wtt  •  l.'i 
K,  and  was  almost  independent  of  the  Co  concentration  » 

Figure  3  shows  the  magnetization  ir  of  mctastablc 
Nd2(Fei  jCo,)2.iB3  comi>ounds  at  1..^  K  as  a  function  of  the 
external  field  H.  11, e  spontaneous  magnetization  o  tl  .S)  at 
1.5  K  were  obtained  by  a  liner  extrapolation  of  magncti/a- 
tion  curves  to  //=l),  I'he  0,(1  5)  shows  a  monotonic  de¬ 
crease  with  increasing  Co  concentration  from  IK4  emu  g  to 
113  emu/g  as  .x  increases  frtim  0  to  1 ,0,  is  shown  in  fal  le  I 
A  similar  result  was  rtbserx’cd  in  other  I  c  -Co-liased  alloys  '' 

The  magnetic  moment  per  unit  formula  /r,  of 
NdiiFe,  ,Co,);,Hi  ettmpounds  is  shown  in  Fig  4(at  as  a 
function  of  Co  concentration  » .  The  /a,  is  found  to  decrease 
from  hu  .» -  tl  to  33.M/12,  tor  r  -  1.(1  If  the  magnetie 

moment  of  the  Nd  atom  •'  suggested  to  Ik  3  2Jn„. 

lAHl.l'.  I  I3h'  tjIlKc  iiMistjnt  ij .  •xiur.vnon  nu|irh'ti/4lii<n  jt  I  s  ,i,,| 
ttic  t'ufic  Icmpci^luit’  /  ,*l  \a-it-t,  .(  (',  >  ,|t, 


I  K  1  A'  u-mu  S'  I  K’ 


0(1 

U  lr> 

1H4 

0  2 

14  1 

I  ■" 

•>  n 

0  4 

i4  (tft 

1^: 

•»  'k 

0  f. 

■  1  Vt) 

! 

\XPt  ' 

0  N 

n  AMI 

1 

. 

1  0 

1  ^  Hf. 

\  i ' 

i  •  1  *• 

whic!i  IS  the  moment  oi  a  liee  Nd  '  ton.  the  aveiage  iiiag- 
iieiie  moment  /i,,  ,,  jk-i  I  e  •  Co  atom  can  Ik  ohtatned.  ac¬ 
cording  to  /i,  23/j , I  . ,  ‘  2/i  VI  Ihc  comixisition  dc|Kii- 

dence  <>1  the  avetage  moment  .  mas  Ik  written  as 

/'it'i.'  1 1  * /ii  ,,i.  wheie  and /i| arc  the  cttec- 

iivc  magnetic  moments  {Kt  Ihc  I  e  atom  and  the  Co  atom, 
resfKClisels  A  study  ol  I  olhns  Hiil  on  the  crystalline 
Fe-Co  allo\s  using  |H>laii/ed  neuttoii  dittraciton  demon¬ 
strated  that  the  average  moment  /r,,  jki  I  e  atom  incicases 
with  incteasing  (  o  concentration,  and  the  avetage  momciil 
/i,„  {Kt  Co  atom  temams  an  essential  value  Similai  results 
were  lound  m  olhei  le  Co-based  allovs"  It  ol 

Nd-lFci  ,Co,  l-dli  IS  assumeil  to  keep  the  constant  value  ol 

1  211^*  ilhc  value  of  /r, ,,  m  Nd  ('o.,U\  com(X)undl.  the  /i|, 
IS  lound  to  rise  with  meiea'iiig  (  o  eoneentration  Irom 

2  tl2/4,(  tor  >  (I  to  2  I7^r,(  tor  t  UK 
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IcmpcfAluu  T  <b'  1*4  ,(  o,  >  Ji,  ««  i  ■•(  (  <> 

UMk.(lkSf*fMlA  t 

llu;  icmpcuiiitc  <ic|X‘nUcncc  ot  the  •atuiaitmi  iiufiDcii' 
/alU)n  It,  »>(  NU_-(lc-,  toinixmiule  \eiih  >  (12. 

(I.f>.  and  I  (I  IS  shtissn  iii  l  it:  2  !(h  t  *4.  itu.'  (  'utic  U'liiivia' 
tufc  /,  of  Ihc  nicUsUbIc  eonip<HitiJs  Mas  hij^hci  than  the 
(kcom{x>Mtion  tcinpcratuie  The  /  ol  the  samples  isas  oli- 
tamed  b)  lineai  cxiia(xi|alion  ol  the  s^uaied  magiieti/alion 
(r,‘  versus  icmpetatute  eulves  to  <»,'  0  I’lguie  4(b)  and 

Table  I  slum  the  (  uric  Icnuvralute  o|  Nd.iJci  (Co, i;,IV 
eumpounds  .ts  a  luiietioii  ol  Co  eoiieentralion  I'he  /',  was 


found  to  increase  monolonically  from  h.‘'V  K  for  .e  -0  to 
aboui  121H  K  for  .v  =  l.().  The  variation  tif  /',  with  \  was 
different  from  that  of  the  crystalline  I'c Co  alloys  and  some 
amorphous  F'e-Co-based  alloys/’"  in  which  /',  showed  a 
maximum  value.  According  to  the  averajic  molecular-lield 
model,  the  (  urie  temperalute  is  directly  proportional  to  the 
exchange  interactions  iH'lweeii  magnetic  atoms  and  the 
nunilKt  ol  nearest -neighlxir  magnetic  atoms.  lor 
Nd-tle,  ,(  o,  rhe  /,  dejx-nds  mainly  on  l  e  l  e  ex 

change  interactions  lor  the  Ic-rich  region  or  (  o  Co  ex¬ 
change  interactions  ‘or  the  Co- rich  region  I  he  strong  in¬ 
crease  ol  with  »  lor  Nd.tle,  ,CO(l,,H,  coin|)ouiids 
indicated  that  the  coniribulioii  ol  the  cxcliange  interactions 
K'tween  the  (  o Co  aloin  on  /  was  much  largel  than  that 
iKtweeii  l  e  I  c  atoms 
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Magnetic  properties  of  (Ndo.gRo.OsFe^y  with  R=Sm,  Gd,  and  Y 

Cong-Xiao  Liu,  Yun-Xi  Sun,  Zun-Xiao  Liu,  and  Chin  Lin 

Ih’iHirInii-isI  ()/  rhwii  I  nni'isilw  llriiDti;,  Krpiihlii  of  (.'Itiiui 

proixTin.-^  of  iNd,|,,R,i ,  iJ'l-,  hii\t;  hccn  iiivc''li}»;iti.'il.  Saniplcs  were  preparcii  liy  ;irc 
nreltin^  .itui  .imikmIciI  ;ii  (>(HI  (  tot  4,S  Oay''  \-t;n  ililliactioii  ami  llKTim)iiiaf:iK'tie  analyses  stimvctl 
ihai  ilic  siimples  .(tc  .ilmo'.l  Mnj>k  plia'.e  with  ilic  Nil.l  c,  ■  siiiR-nire  vvIilmi  R  Sid.  (id.  aiui  N'.  hut  this 
slrueluii-  cauiiol  Ik  lomied  when  R  I'l  1  he  elteets  ol  R  suhMiiutioii  on  ealuraiion  magneli/.ilioii. 
(  urie  lein(KTalute.  ,imi  lalliee  p.tiamelets  .lie  re(K>iteil.  \  lay  ditir.ielion  .inalyees  .il  .ilij>ned 
jKiwdei'.  '.ujijtesl'.  that  iheM.-  e.iniplee  have  l',i'.al  plane  .inieoitopv.  I  he  iniijtiieli/alioii  does  not  liilly 
s.iiuiale  ,ilo:i^  the  tiiUI  in  .1  field  up  to  "n  kOe  although  the  itiiigneli/iilioti  euives  show  the 
ehat.ieleii'-lie  iK'h.iviot  ot  .1  suit  leftom.i^tnelie  nialetial 


I.  INTRODUCTION 

Reeenllv.  ,1  revok'd  Sd  le  ph.isi  di,i^i,in).  llleludlll^:  the 
new  siahlv  phase  Nd.le-  .  w,is  ie|>oiled  1  he  eivsi.il  siiue- 
lute  o(  Sdilci  Ik'Ioi)(;s  to  the  he\.i^;oii,il  sp.iee  gtoup 
ihi,  mein,  with  1..'  toinuil.i  iiiills  |k'|  eell  M.i^'ltelie 
measutemeiiis  ''  showed  ih.il  Sd-le,-  is  a  lerfoinaj;nei  with 
/.  *'(1.4  K  and  salui.ilioii  ma)<ni.'li/alion  tti'  eimi  ^  .it  4  2  K 

Mosshauer  sjKett.i  weie  lilted  with  live  I  e  spes.  vieldiii}:  an 
average  /(  .4(17  I  at  HI  K.  Ironi  whieh  an  averayie  le 

inoiiient  ol  2.12  /i/,  is  deduced.  X-rav  dillraction  aiiaiyses  ol 
ma^neliealiy  aligned  |>ow'deis  suggest  hasal  plane  anisol- 
lopy.  ITiis  coni|viund  is  mil  coiisideied  to  he  a  promising 
|K'riiiiincnt  magnetic  material.''  On  the  other  hand,  a  high 
eoercivily  Sm-l-e-  Ii  phase  w.is  produced  In  spulleriiig.  " 
mechanical  alloying.'*  and  melt  spinning'"  Tins  Sm-le  li 
phase  was  identified  as  having  the  Ndd'e, 7  structure  hy  x-ray 
indexing.'*  The  suhstitulion  of  V  and  Ti  lor  approximately 
10%  of  f'e  yields  a  systematic  expansion  of  the  anil-cell 
volume."  Binary  Smi^Fep  was  also  synthesized."  Because 
the  Stevens  factor  uj  is  of  a  different  sign  for  Sm  and  for  Nd. 
Sm,Fe|7  has  uniaxial  anisotropy.  Magnetically  hard  Sm<(I'C. 
Co,  Ti)i7  phases  have  been  synthesized  by  a  conventional 
powder  metallurgical  method.'"  Sm5(Fc,,<,4Ti|ni„)| 7  showed  a 
room-temperature  coercivity  ,//,.  =  21.5i  kOe  In  this  work, 


FKl  Thcrmiimagnctic  curves  ul  (Nil.i ..R,, ,  l,I-'C| ,  with  R  Nil,  Sm.  till, 
and  Y 


we  Milwlitiile  lIFr  .il  Xd  m  NilJ  e,-  hv  uihei  r.iie  e.itih  ele 
iiients  .ind  invesiig.ne  their  sinieiui.il  ,iiid  m.igiietic  proper 

lies 

II.  EXPERIMENT 

S.imples  were  piep.ned  hy  .in.  melting  iNd|,.,R,,  |i  .iiul  l  e 
III  the  pfo)v>[|ion  ot  I  to  4  uiulei  .1  |iuiilied  .irgon  .itmosphere. 
with  H  Sd.  I’l.  Sm.  (kl.  ,md  S  I  he  samples  were  .mnealed 
in  v .leuum  at  1*00  C  tot  4S  dave.  Slruetur.d  analyses  were 
catried  out  on  |K)wiieied  ;  amples  with  .1  Kigakii  I)  MA,\-RU 
ditfraelometei  using  Cu  K„  t.idi.ilioii  X-r.iy  diltraetion  .md 
Ihermomagiielie  anaivses  showed  that  the  s.imples  ate  almosi 
single  phase  wiih  llie  Ndil  e,-  strueiuie  when  R  Nd.  Sm, 
(id.  and  V.  Small  amounts  ol  metallie  r.iie  cailh  elements  and 
R.|-C|-  weie  lound  in  some  samples.  The  Nd.l  ei-  structure 
could  not  formed  when  Itl'i  ul  the  Nd  was  suhsliiuled  1>>  I’l. 

Magnclie  measurements  were  |iertomied  with  iiii  exiriie- 
lion  magnetometer,  in  a  field  up  to  71)  kOe  on  Bulk  |>olyerys- 
lalliite  samples.  Powdered  samples  were  .iligned  in  a  lielil  of 
111  kOc  at  room  lemperalure  and  fixed  in  epo.sy  resin.  The 
easy  magncli/.alioii  tlireetion  was  delermmed  hy  x-ray  dil- 
fraclion  amilyses  ol  aligned  powders,  riicrmomiignetie 


l-Ki.  2.  X-ray  dil'lraeliun  patterns  ul  (Ndi|,,Sm„  |)d'c|, .  tal  Magnclieally 
aligned;  (h)  raiid'.rtn  piiivilcr. 
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TABLE  1.  Lattice  par:  meters,  Curie  temperature  and  saturation  magnetiza¬ 
tion  at  1.5  K. 


n(A) 

c(A) 

7,(K) 

Nd,Fc|7 

20.207 

12..541 

507 

48.2 

(Nd()  gSni()  i)cr''e|7 

20.204 

12..754 

508 

48.9 

(Nd„.,Gd„,,),Fe„ 

20.226 

12,348 

526 

43.7 

(Nd^igYo  i)5FCi7 

20.207 

12..334 

499 

47.5 

i.ur\'es  at  temperatures  higher  than  room  temperature  were 
measured  by  a  vibrating  sample  magnetometer  operating  at  a 
low  field.  The  Curie  temperature  was  determined  by  plotting 
vs  T  near  T,.  and  extrapolating  the  linear  part  to  M  =  ().  It 
mav  he  slightly  higher  than  that  determined  by  the  “kink- 
point"  method. ‘ 


III.  RESULTS  AND  DISCUSSION 

Thermomagnetic  eui-ves  of  (Nd,|i)R().i)sHe|7  with  R  =  Nd. 
Sm,  Gd,  and  Y  arc  shown  in  Fig.  1.  Gd  substitution  increases 
/ ,  slightly  and  Y  substitution  decreases  7',  .  A  small  amount 
of  RiFep  is  observed  in  the  V-suhstitulcd  sample.  X-ray  dif¬ 
fraction  patterns  of  magnetically  aligned  and  random  powder 
(Nd„ySm„  |),FC|7  arc  shown  in  Figs.  2(a)  and  2(b).  respec¬ 
tively.  The  intensity  of  the  (.^14)  reflection,  which  is  the 
strongest  in  random  powders,  is  reduced  in  aligned  powders. 
The  intensities  of  llikl)  with  /  =  ()  are  enhanced.  The  ((M)4) 
and  ((Kkr)  reflections  are  still  weak.  This  suggests  that  the 
sample  has  basal  plane  anisotropy,  Similar  results  were  ob¬ 
tained  for  Gd  and  Y  substituted  .samples.  Lattice  parameters 
and  Curie  temperatures  of  these  samples  arc  listed  in  Table  1. 

The  initial  composition  of  these  samples  is  off- 
stoichiometric.  However,  considering  that  there  is  negligible 
loss  in  weight  in  the  arc  melting,  the  materials  should  have 
rare  eartli  metals,  as  in  the  starting  composition.  Nd,  Sm.  and 
Gd  are  aiitifcrromagneiic  ordernig  at  1  ..‘i  K.  Their  contrihu- 
tions  to  magnetization  are  negligible  in  our  experiments,  so 
that  the  magnetizations  of  (NduuRd  ilsFcp  are  deduced  from 
the  measured  values.  The  inugnetizution  curve  and  the  mag¬ 
netic  hysteresis  loop  in  the  second  quadrant  for  Nd^Fc,-..  at 
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HIG.  .5.  Magnetization  curve  at  1,5  K  lor  NikEciv  t  he  inset  is  tlie  mugiietic 
hysteresis  knip  in  the  second  quadriinl. 


I'Ki.  4.  Magnetization  curves  at  1.5  K  for  (NduvR,,  Pd'en,  with  R  =  Sm,  Y, 
and  (id 


L.S  K  arc  shown  in  Fig.  .^.  Magnetization  curves  at  1.5  K  for 
(Nd„.,R„  il^Fcir  with  R  =  Sm.  Y.  and  Gd  are  shown  in  Fig.  4. 
The  samples  do  not  fully  saturate  along  the  field  in  a  field  up 
to  70  kOo.  due  to  the  large  in-piane  magnctcrcry stall ine  an¬ 
isotropy.  The  saturation  magnetization  M,  was  deduced  by 
lilting  the  data  to  a  law  of  the  type 

A/-/V7,(  1  --  (tin -bin'). 

The  results  are  also  listed  in  Table  1.  Y  has  no  magnetic 
moment.  The  magnetic  moment  of  Gd  is  7/i/, .  If  we  take  the 
average  Fc  moment  to  be  2. 17gi„,’  and  Nd  moment  2.44gift, 
the  effects  of  Y  and  Gd  substitution  are  in  agreement  with  the 
calculated  values  of  W, . 

Our  results  show  that  although  only  10%  of  the  Nd  is 
.substituted,  the  effects  are  evident.  The  substitution  of  Pr 
destroys  the  Nd^^Fcp  structure.  Y  lowers  the  stability  of  the 
structure,  the  R^Fciy  phase  appears.  Gd  has  the  largest  dc 
Gennes  factor.  It  enhances  7',  but  decreases  magnetization, 
due  to  the  anliferrttmagnetie  coupling  between  Gd  and  Fc. 
The  formation  of  quasibintiry  (Nd,.Sm)Jx'|7  rc' e.ils  it  possi¬ 
bility  that  a  uniaxial  anisotropy  could  be  obta'ued  by  increas¬ 
ing  the  sulrstitution  of  Sm  for  Nd.  Further  investigations  are 
in  progress. 
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New  permanent  magnetic  MnBiDy  alloy  films 

Fang  Ruiyi,  Fang  Qingqing,  Zhang  Sheng,  Peng  Chubing,  and  Dai  Daosheng 

Department  of  Physic.'i,  Peking  University,  iieijing  100871,  China 

We  have  studied  the  magnetic  properties  of  MnBiDy  tilms  fabricated  by  the  thermal  coevaporation 
method  and  annealed  subsequently  in  a  vacuum  oven  at  temperatures  of  350  °C-425  °C.  The 
thicknesses  of  these  films  are  in  the  range  from  60  to  1200  nm.  X-ray  diffraction  analyses  have 
confirmed  thaf  those  samples  have  an  hep  structure.  Magnetic  measurements  revealed  that  the 
saturation  magnetization  0^  =  46-78  emu/g.  remanence  ratio  =0.67-0.68,  coercive  force 
pHc-2.2-13  kOe,  and  magnetic  energy  product  =  3.3-  14.3  MGOe.  These  values  are 

sensitive  to  the  film  thicknesses.  It  was  found  that  pHc  reaches  a  maximum  at  r/  =  400  nm. 


I.  INTRODUCTION 

Recently,  studies  on  the  permanent  magnet  films  are  con¬ 
centrated  on  rare  earth-transition  metal  compounds  and  al¬ 
loys.  The  films  of  SmCo^  and  SmC’o-based  systems  exhibit 
very  high  in-plane  anisotropy,  and  high  magnetic  energy 
products  about  21  MGOe."  In  Sm-Co  2;  17-type  films,  the 
energy  product  can  reach  20  MGOe."  NdFcB  films  have  a 
high  intrinsic  coercive  force  with  an  energy  product  about  12 
MGOe.’  but  with  a  relatively  low  Curie  temperature.  liic 
SmiFeji-type  allow  films  exhibit  a  perpendicular  anisotropy 
with  energy  product  20.7  MGOe.'*  Cjenerally.  these  films  arc 
deposited  at  very  high  substrate  temperatures  of  .5(M)  "C- 
7(M)  °C  and  are  necessary  to  apply  an  external  magnetic  field 
I  -~2  kOe)  during  the  process  of  deposition  for  controlling  the 
growth  of  out-plane  texture. 

We  have  prepared  new  permanen.  magnet  films  of  MiiBi 
doped  with  rare  earth  elements  Dy  tind  .Sm  liy  using  the 
vacuum  deposition  method.  In  this  paper  the  magnetic  prop¬ 
erties  are  reported. 

II.  SAMPLE  PREPARATION  AND  MEASUREMENT 

MnBi  tilms  doped  with  Dy  or  Sm  were  fabricated  by 
using  thermal  evaporation  at  a  vacuum  of  1^10  "  Torr.  First 
a  Ui  buffer  layer  of  suitable  thickness  was  deposited  onto  a 
glass  substrate  cooled  by  liipiid  nitrogent  then  Mn.  Bi.  and 
Dy  (or  Sm).  with  an  atomic  ratio  of  2: 1:0. 1(1  were  simulta¬ 
neously  deposited  onto  the  buffer  layer  with  a  different  thick¬ 
ness,  ranging  from  60  tti  121)0  nm.  Finally,  a  SiO  -  overl.iver 
of  about  3(X)  nm  was  deposited  to  prevent  samples  from 


I'xtf'tiiii}  niiittfictic  nclfl  Mt'slii) 


1.  Mystcrcsi.s  loops  as  a  Uiiiction  of  liliu  t)iickiK-ss(.'s  on  nm 
d'  I'Sl  nm  (hi.  d  Ml  nm  (i).  d  (tJ-  nm  (ilt.  d  nm  ici.  aiul 
d~  12(M1  nm  (0  for  MiiHiDy  tihns. 


oxidation.  The  as-deposited  samples  were  annealed  in  a 
vacuum  oven  (2x10  Torr)  at  different  of  temperatures 
350  "C.  375  '■C,  400  “C.  and  425  °C  for  4  h.  The  composi¬ 
tion  of  all  samples  were  analyzed  by  electron  probe  and  an 
Auger  profile,  llicse  results  show  that  the  samples  exhibit 
the  component  ratio  of  Mn:Bi:Dy  of  about  1:1:0.  lO."'  So  we 
refer  to  these  samples  as  MnBiDy.  The  crystal  structure  of 
the  prepared  films  was  analyzed  by  x-ray  diffracticn.  It 
shows  that  the  films  have  the  NiAs  structure  with  their  c  axes 
perpendicular  to  the  film  plane.  Fhe  magnetic  h'  steresis 
loops  at  rrrom  temperature  were  measured  with  a  VSM  (LDJ 
6.5(K)). 


Figure  1  shows  the  hysteresis  loops  of  MnBiDy  films  for 
several  film  thickness  (r/-6(),  257.  377,  6?2.  613.  and  12(K) 
nm)  at  the  external  magnetic  field  He  =  0  -2.()  T.  The  satura¬ 
tion  magnetizations  of  the  MnBiDy  films  for  all  annealing 
temperatures  decreases  its  d  increases  for  d<3(M)  nm.  This 
can  be  explained  by  the  increase  in  the  amount  of  free  Bi  and 
Bi,Mn.  phases  as  the  film  thicknes.s  increases.  This  is  con¬ 
firmed  by  the  x-riiy  diffractittn  ai'.alysis,  The  intrinsic  coer¬ 
cive  force  plh  as  a  function  of  d  is  shown  in  F•ig.  3,  /uHc 
increases  with  tl  for  </•  4(M)  net.  This  may  be  caused  by  the 
nucleation.  Then  fiHe  ilecrei'.ses  as  d  increases  for  (/>4(M) 
nm:  this  is  due  to  the  domi'in  rotation  during  the  demagne¬ 
tizing  process.  The  reasons  itre  given  as  follows. 


0  ctji)  11(10  l:Ji)0 

I  h  ick  II  M  rn  ) 

I  Ki  J.  Thu-kness  ik‘[>ciulciK-c  of  the  siitunilion  inii^ncti/ation  f'l  MnUiDy 
lilnis  aiinealetl  at  V‘'i)  "C  i-  i,  .nS  'C  i#),  4(Hl"C  (▼).  ;iml  42*i”C  tV) 
lor  4  h. 
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FIG.  3.  Thickness  dependence  of  the  intrinsic  coercive  force  of  MnBiDy 
films  annealed  at  350  “C  (O),  375  “C  (•),  4(M)  °C  (T),  and  425  “C  (V) 
for  4  h. 


The  intrinsic  coercive  force  may  result  from  tliree  irre¬ 
versible  magnetization  processes:  (a)  nucleation  and  growth 
of  the  reverse  domain;  (b)  domain  wall  pinning;  and  (c)  ir¬ 
reversible  domain  rotation.  In  order  to  identify  which  process 
the  He  comes  from  for  MnBiDy  films,  we  also  measured  the 
magnetic  hysteresis  loops  for  those  films  under  various  mag¬ 
netic  fields,  as  shown  in  Fig.  4.  Evidently,  as  d  =  60  and  14.^ 
nm,  the  He  value  increases  with  the  applied  field,  but  the 
magnetization  does  not  vary  with  the  field  when  the  field  is 
high.  This  feature  reveals  that  He  results  from  the  nucleation 
and  growth.  This  is  also  confirmed  by  the  observation  of 
nucleation  processes  using  pt)luii/od  light  microsctfpy  pat¬ 
terns.  As  (/  =  622  and  913  nm.  the  shape  of  hysteresis  Umps  is 
completely  different  from  those  for  d-M)  nm,  indicating 
that  the  coercivity  does  not  result  from  the  nucleation  and 
growth.  Hence,  we  suggest  that  it  results  from  the  domain 


Mi.f^nefu-  field  (KOe) 


FIG.  4.  liysleresis  liHips  of  MnBiDy  film  with  different  Ihicknesses  (iil  W) 
nm,  (bl  143  nm,  le)  257  nm.  (d)  377  nm,  le)  ()22  nm,  iiiul  (f)  413  nm.  Tlie 
applied  tield.s  arc  I,  2,  3,  4,  5,  K,12,  and  IS  kOe  friini  the  inner  lo  exterim. 


FIG.  5.  The  4  7rM-Hi  and  /)-Hi  bystcre.sis  loops  of  the  MnBiDy  film  an¬ 
nealed  ill  375  "C  for  4  h.  rf-2.3()  nm,  /ii//c  =5  kOe,  |,//o  =  4.7  kOe,  and 
(«//)m  8,3  MOOc. 


rotation.  According  to  the  domain  rotation  model  for  films 
with  uniaxial  anisotropy,  the  value  of  He  is  estimated  to  be 
about  3.7  kOe  for  the  <y  =  913  nm  .sample,  which  is  nearly 
equal  to  the  experimental  data  (about  4.0  kOc  at  the  mag¬ 
netic  field  of  2  T). 

According  to  the  measured  data  of  the  hysteresis  loops, 
we  can  obtain  the  magnetization  AttM  and  magnetic  induc¬ 
tion  /i  us  a  function  of  the  intrinsic  magnetic  field  Hi  (see 
Fig.  .S)  by  using  the  relations  Hi-He-NM  and  B=Hit  47rM, 
when  N  is  the  demagnetizing  factor  (A=47r  for  films  when 
He  is  perpendicular  to  the  plane,  and  the  effective  unisot.opy 
field  is  neglected).  Then,  the  maximum  magnelic  energy 
product  (liH)m  as  a  function  of  film  thickness  J,  which  is 
shffwn  in  Fng.  6.  can  be  ohiained.  It  decreases  quickly  as  d 
increases  for  d^^5^)  nm,  and  then  remains  as  a  constant  for 
d  -.^SO  nm,  This  can  be  undersliHid  due  to  the  behaviors 
related  to  thickness  dependence  of  the  fiHc  and  inagnetiza- 
lion  of  these  films. 

In  conclusion,  we  have  prepared  MnBiDy  permanent 
magnet  films  with  a  large  magnetic  energy  product  and  also 
studied  the  saturation  magnetization,  coercive  force  and 
(HH)in  as  a  function  of  film  thicknesses  lor  these  films. 
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The  magnetic  flux  lattice  undergoes  a  melting  transition  not  only  in  high-7',,  oxide  superconductors, 
but  also  in  conventional  superconductors,  as  recently  observed  in  superconducting  niobium  films. 
Small-angle  neutron  scattering  was  used  to  investigate  the  properties  of  the  magnetic  flux  lattice  in 
a  large,  high-qua'ity  single  crystal  of  niobium.  The  small  Lxmdon  penetration  depth  of  niobium 
gives  a  large  magnetic  scattering  signal,  and  the  use  of  a  high-quality  single  crystal  eliminates  other 
unwanted  scattering  (from  twin  boundaries,  voids,  etc.).  The  signal-to-noise  ratio  is  therefore 
improved  by  several  orders  of  magnitude  over  the  best  available  measurements  of  high-/’,,  oxide 
superconductors.  A  sixfold  hexagonal  pattern  of  peaks  is  ob.served  in  the  mixed  state 
(//,. !<//<// ,.2)  at  all  temperatures.  These  peaks  are  resolution  limited  below  the  irreversibility 
line;  above  it,  the  width  in  the  transverse  direction  increases  with  temperature  due  to  the  vortex 
dynamics.  Close  to  //,.2,  the  radial  widths  of  the  peaks  also  broaden.  The  increase  in  broadening  is 
a  direct  observation  of  a  transition  to  a  disordered  phase.  Nevertheless,  the  basic  hexagonal  pattern 
of  peaks  is  maintained  throughout  the  mixed  state,  indicating  that  a  correlated  flux  fluid  exists  in  the 
reversible  regime.  Some  results  on  the  vortex  lattice  in  superconducting  DyBa2Cui07  are  presented 
and  some  of  the  possible  exotic  states  resulting  from  the  coexistence  of  antiferromagnetic  order  and 
superconductivity  arc  described. 


I.  INTRODUCTION 

The  melting  of  the  flux  lattice  in  high-temperature  oxide 
superconductors  is  currently  a  subject  of  great  fundamental 
and  practical  interest.  The  early  discovery  of  an  irreversibil¬ 
ity  line'  in  the  cuprate  superconductors  suggested  that  the 
basic  vortex  behavior  was  quite  different  from  previously 
known  superconductors,  perhaps  due  to  the  much  higher 
critical  temperature  .  Neutron  scattering  studies  of  the 
melting  process  tc  probe  the  exact  nature  of  the  melting  tran¬ 
sition  would  be  most  interesting,  especially  since  techniques 
such  as  Bitter  decoration  are  restricted  to  low  fields.  Unfor¬ 
tunately,  the  very  nature  of  the  high-T,.  superconductors 
makes  observing  such  a  melting  transition  via  neutrons  ex¬ 
tremely  difficult.  The  London  penetration  depth  X/,  in  the 
oxide  superconductors  is  a  factor  of  4  or  5  larger  than  for 
niobium  (for  which  ’=“350  A).  As  a  result,  the  neutron 
scattering  intensity  from  the  flux  lattice,  which  goes  as 
is  much  smaller  for  the  high-T,.  materials.  An  additional 
technical  difficulty  is  that  presently  available  large  single 
crystals  of  123  superconductors  have  grain  boundaries,  twin 
boundaries,  and  various  other  defects  that  give  ri.se  to  scat¬ 
tering  in  the  same  small-angle  region  as  the  vortex  scatter¬ 
ing.  This  dramatically  reduces  the  signal-to-noise  ratio  for 
the  vortex  scattering,  and  makes  the  vortex  scattering  pattern 
much  more  difficult  to  study. 


•’Also  at  the  Center  for  Superconductivity  Research.  Deparlnietil  of  Physics, 
University  of  Maryland,  College  Park,  MD. 


Irreversibility  lines  have  also  been  recently  observed  in 
niobium,  which  is  an  ideal  candidate  for  neutron  studies  of 
the  vortex  lattice,  with  the  combined  benefits  of  large  signal 
and  low  background  due  to  the  availability  of  large,  high- 
quality  single  crystals.  Pure,  defect-free  niobium  has  a 
Ginzburg-Landau  parameter  k  t)f  0.77,  just  slightly  greater 
than  the  minimum  value  (1/v^)  for  type  II  behavior.  In  addi¬ 
tion,  niobium  is  a  material  for  which  k  can  be  dramatically 
increased  by  the  influence  of  defects  such  as  grain  bound¬ 
aries  or  by  the  introduction  of  impurities.  Neutron  diffraction 
experiments  on  the  flux  line  lattice  in  niobium  have  been 
performed  over  the  last  thirty  years,  beginning  with  a  study 
by  Cribier  el  al}  that  explicitly  demonstrated  the  existence 
of  a  triangular  vortex  lattice,  and  continuing  with  much  more 
detailed  work  by  groups  at  Jiilich’  and  Oak  Ridge.'*  The  sub¬ 
sequent  work  focused  on  the  interaction  of  the  flux  lattice 
with  the  crystalline  lattice,  concentrated  mainly  on  the  region 
of  the  phase  diagram  w,ll  below  the  upper  critical  field 
//,.2(7’).  The  work"’  that  we  review  here  extends  the  measure¬ 
ments  to  the  //,  2(7’)  line. 

In  the  first  part  of  this  article  we  describe  the  basics  of 
the  neutron  scattering  experiments  and  the  features  of  the 
vortex  lattice  over  the  (//,  7’)  plane  in  niobium.  We  continue 
with  a  description  of  our  detailed  measurements  of  the  melt¬ 
ing  of  the  vortex  lattice  in  niobium  and  conclude  with  a 
description  of  some  recent  work  on  rare-earth  123  supercon¬ 
ductors. 
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li.  EXPERIMENT 
A.  Neutron  scattering 

The  bulk  of  the  experimental  results  described  here  were 
obtained  on  the  30  m  small-angle  neutron  scattering  (SANS) 
spectrometers  of  the  Cold  Neutron  Research  Facility  at  the 
National  Institute  of  Standards  and  Technology.  Both  spec¬ 
trometers  operate  in  the  same  way:  A  beam  of  neutrons  mod¬ 
erated  by  a  cold  source  is  incident  on  a  neutron  velocity 
selector,  which  produces  a  triangular  wavelength  distribution 
of  neutrons  with  15%.  The  neutrons  pass  down  a  long 

(:£15  m)  variable-length  flight  path  with  a  pinhole  collimator 
at  each  end,  which  fixes  the  incident  neutron  momentum  k, . 
After  the  sample  there  is  another  variable-length  flight  path 
to  a  multidetector,  which  allows  the  simultaneous  collection 
of  data  over  some  range  of  momentum  transfer  Q=k|-k^. 

Our  sample  is  a  95  g  single  crystal  of  niobium,  9  cm  in 
length,  with  a  diameter  of  1.25  cm.  The  cylinder  axis  is  the 
[110]  crystallographic  axis,  which  was  oriented  perpendicu¬ 
lar  to  the  applied  field.  The  neutron  beam  illuminated  a  sec¬ 
tion  of  approximately  1  cm  diameter  near  the  midpoint  of  the 
cylinder.  Initial  measurements  were  performed  in  a  flow  cry¬ 
ostat  with  an  A1  vacuum  shroud  and  77  K  heat  shield  that 
was  mounted  in  an  electromagnet  with  holes  for  the  neutron 
beam  drilled  through  the  pole  pieces.  Later  measurements 
were  performed  in  a  horizontal  superconducting  magnet  cry¬ 
ostat  specially  designed  for  SANS  measurements,  with 
single-crystal  sapphire  windows  along  the  beam  path  to  re¬ 
duce  unwanted  cryostat  scattering. 

At  low  temperatures  a  crystalline  vortex  lattice  is 
formed,  and  the  scattering  pattern  of  neutrons  from  the  flux 
lattice  directly  reveals  the  reciprocal  lattice.  Our  experimen¬ 
tal  configuration  involved  applying  the  magnetic  field  nearly 
along  the  incoming  neutron  direction  k; .  In  this  case,  the 
possible  momentum  transfers  for  all  six  10  reflections  are 
approximately  parallel  to  the  plane  of  the  detector,  so  a  pat¬ 
tern  such  as  Fig.  1  will  appear  on  tlic  detector.  The  simulta¬ 
neous  appearance  of  all  six  spots  in  this  case  results  from 
.some  domain  structure  in  the  formation  of  the  lattice.  If  the 
lattice  is  formed  carefully,  it  is  po.ssible  to  observe  a  single 
diffraction  spot  as  in  Fig.  1  (bottom). 

This  pattern  [Fig,  l(top)]  was  collected  in  two  minutes. 
In  comparison,  a  similarly  sized  single  crystal  of  YBaiCu^Oy 
(Ref.  6)  requires  the  subtraction  of  a  zero-field  cooled  back¬ 
ground  scan  from  the  applied  field  scan,  each  of  which  takes 
severs'  hours  counting  time.  The  excellent  quality  of  the  Nb 
single  crystal — with  an  almost  complete  lack  of  sample- 
dependent  small-angle  scattering,  incohe  ent  scattering,  ana 
aKsorption — not  only  allowed  the  rapid  coliection  of  data  in 
the  low-temperature  regime,  but  in  fact  permitted  the  analy¬ 
sis  of  the  behavior  near  the  phase  boundary,  where  the 
signal  is  drastically  reduced. 

The  reciprocal  lattice  of  a  triangular  lattice  with  lattice 
constant  a  is  a  .self-similar  triangular  lattice  with  lattice  c.  -i- 
stant  a*  =  4Tr/V3a.  Since  the  flux  quantum 
<)f>l,=2.068X  10  I'm^  and  the  area  per  flux  quantum  is 
V3a^/2,  we  can  relate  the  internal  magnetic  field  B  to  the 
lattice  parameter  by  The  position  in  reciprocal 


(b) 

FIG.  1,  (Top)  .Sixfoil!  soHllcring  piiltcrn  ns  oSsorved  on  the  two-diim-iisioiial 
niullidutcclor  from  singli;  crystal  niobium  at  /’ -4..S  K  and  =0.12  T.  The 
gray-scale  image  is  logarithmically  scaled.  (Hotlom)  Patient  of  a  single  dif¬ 
fraction  spot  obtained  at  K  iind  /i,,//  (1.12  T.  Here  the  gray  scale  is 
linear. 


space  of  the  10  reflection,  which  occurs  at  a  momentum 
transfer  =  is 

Cm=27r/^/73^.  (1) 

In  the  H||k,  configuration,  there  are  a  number  of  ways  to 
view  the  data.  One  way  is  a  “radial  scan,”  which  is  per¬ 
formed  by  summing  the  scattering  at  a  particular  Q  around  a 
portion,  or  all,  of  the  detector  [see  Fig.  2(a)].  The.se  scans  (or 
sums,  in  this  case)  determine  the  trans'ational  correlations 
between  the  flux  lines  in  the  lattice.  Another  possibility  is  a 
“transverse  scan,"  a  sum  of  the  scattering  over  a  small  range 
of  Q  as  a  function  of  angle  (/>  around  the  detector  [sec  Fig. 
2(b)],  which  gives  the  angular  correlations  between  the  flux 
lines.  Finally,  we  can  perform  rocking  scans  [see  Fig.  2(c)], 
where  the  intensity  in  a  particular  region  of  the  detector  is 
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Flo.  2.  Various  summations  of  tl.i  Fig.  Ktop)  paltuni:  (a)  Radial  and  (b) 
transverse  scans  at  7'=2.5  K  aiid  /j,//=().15  T  (c)  Rocking  curve  of  Nb  as 
collected  on  the  SANS  spectrouieter:  total  intensity  in  the  peak  as  a  function 
of  magnet  angle,  (d)  Radial  scan  of  10  peak  with  improved  resolution  per¬ 
formed  on  the  BT-7  reflctdomctcr. 

recorded  as  a  ft  notion  of  magnet  rotation  angle  w.  In  this 
configuration,  the  rocking  scans  primarily  determine  the 
straightnes.-.  of  the  flux  lines. 

B.  The  flux  line  lattice  in  Nb 

In  the  Meissner  state,  the  magnetic  field  in  the  sample 
must  vanish,  i.e,,  B=().  The  magnetization  fl  of  the  sample 
then  depends  directly  on  the  applied  magnetic  field  to 


produce  the  required  cancellation.  The  boundary  conditions 
on  the  field  imply  a  demagnetizing  field,  due  to  the  sample 
magnetization,  that  opposes  the  applied  field,  and  so 

H=H.,pp-?7M,  (2) 

where  t)  is  the  demagnetization  factor.  In  the  case  of  an 
infinite  right  cylinder  with  a  field  applied  perpendicularly  to 
the  cylinder  axis  77=1/2,  the  H  inside  the  sample  is  actually 
2//app  in  the  Meissner  state.  For  the  internal  field  to  reach  the 
lower  critical  field  a  field  needs  to  be  ap¬ 

plied. 

For  F/app^S^^ci-  penetrate  the  sample.  The 

competition  between  the  short-range  repulsion  and  long- 
range  attraction  of  the  fluxoids  initially  causes  the  formation 
of  domains  of  flux  lines  with  a  density  B,,  determined  by  the 
strength  of  the  long-range  attraction.  In  this  intermediate 
mixed  state  (IMS),  the  sample  magnetization  is 
where  /  is  the  fraction  of  the  sample  in  the 
vortex  .stale.  As  the  applied  field  is  H.,pp=H+»7M,  in  the 
IMS  the  relation  between  the  applied  field  and  the  internal 
fields  is 

H,pp=(l-77)H+/77(B„/Mo).  (3) 

In  our  experimental  configuration,  /  increases  linearly  from 
Oat  Wap|)“5^^i  If*  '  “f  W[ipp“5^ti+  jBp/ 740=^2.  With  fur¬ 
ther  increa.se  of  W^pp  above  Hi,  the  flux  lattice  density  in¬ 
creases  throughout  the  sample.  Just  below  H,.2  the  flux  lat¬ 
tice  achieves  its  highest  density,  and  ultimately,  at 
/f„pp=W,.2.  the  sample  magnetization  goes  to  zero  and  the 
sample  is  no  longer  superconducting. 

We  thus  expect  to  observe  the  following  behavior  as  a 
function  of  field  in  a  SANS  measurement:  For 
the  sample  is  in  the  Meissner  state  and  there  is  no  scattering. 
Just  above  j//,.,  tJux  penetrates  the  sample  and  is  confined  to 
regions  with  constant  flux  density  Bp;  elsewhere  in  the 
sample,  the  flux  density  is  zero.  At  this  point,  a  scattering 
pattern  can  be  observed,  with  a  lattice  spacing  corresponding 
to  the  flux  density  Bp, 

Vrs  Ki 

This  lattice  .spacing  remains  constant  while  the  scattering 
intensity  increases  linearly  with  field,  until  H.,pp=H2,  where 
the  flux  lattice  fills  the  entire  sample.  Above  Hi,  the  flux 
density  increases,  but  the  scattering  intensity  decreases  as  the 
fluxoids  overlap  each  other  and  the  contrast  is  consequently 
reduced.  The  sample  magnetization  i;>  IVl  =  B//i<|— H,  so  the 
flux  density  is  then  B  =  fj^)[H.,pp-(l~7f)H]/r}.  Exactly  this 
behavior  has  been  observed  for  niobium  by  Christen  et 

We  can  akso  make  the  SAN.S  measurements  as  a  function 
of  temperature  in  a  constant  applied  field.  Since 
W  =  -M -FB/Ttp,  then 

B^^„(H,pp+'jM)  (5) 

for  our  experimental  configuration.  As  the  magnetization  is 
negative  and  approaches  zero  near  the  superconducting 
phase  boundary,  the  flux  density  increases  as  the  phase 
boundary  is  approached,  and  so  the  diffraction  peaks  move 
out  from  their  low-temperature  position.  Since  the  magneti- 
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f'lG.  3.  (a)  Intensity  of  the  10  peal;  as  a  function  of  temperature  and  (b) 
linearized  plot  of  f{l)  vs  T*,  showing  the  extrapolation  to  obtain  T,.{H). 

zation  goes  to  zero  at  the  demagnetization  factor  does 
not  affect  the  determination  of  the  upper  critical  field,  and 
the  magnetic  scattering  will  disappear  at  H^pp=Hc2- 

111.  MELTING  OF  THE  FLUX  LATTICE  IN  NIOBIUM 

The  observation  of  irreversibility  lines  and  the  implica- 
tioi't  of  melting  phenomena  occurring  in  the  flux  lattice  of  the 
high-Tj.  superconductors  prompted  a  reexamination  of  “con¬ 
ventional”  superconductors  to  see  if  similar  phenomena  were 
possible  in  these  systems.  Drulis  et  at. '  observed  irreversibil¬ 
ity  effects  from  flux  depinning  in  vibrating  reed  measure¬ 
ments  on  cold-rolled  niobium  foils.  Later  work  by  Schmidt 
et  al.^  demonstrated  the  existence  of  a  magnetic  irreversibil¬ 
ity  line  in  sputtered  Nb  films  that  followed  the  expectations 
for  a  melting  line. 

One  would  naively  expect  that  the  melting  of  the  flux 
line  lattice  might  be  manifested  by  a  sudden  transition  from 
the  low-temperature  hexagonal  pattern  of  Fig.  1  to  an  isotro¬ 
pic  ring  of  scattering  on  the  detector,  indicative  of  an  isotro¬ 
pic  liquid  state.  We  therefore  performed  field  cooling  mea¬ 
surements,  starting  well  above  the  superconducting  transition 
at  constant  //app,  and  then  slowly  (<0.1  K/5  min  and  even 
slower  near  the  H^2  line)  lowered  the  temperature,  collecting 
scattering  patterns  at  various  teicperaturcs.  Care  was  taken  to 
avoia  overshooting  the  new  temperature  set  point  on  chang¬ 
ing  the  temperature.  From  our  discussion  above,  we  expect 
the  intensity  to  appear  just  below  7, .(//),  as  the  magnetic 
contrast  appears,  and  this  is  in  fact  what  happens  [see  Fig. 
3(a)].  We  note  that  since  k  is  small  for  our  niobium  sample, 
vhe  two-fluid  model  does  not  exactly  apply;  however,  we 
have  used  the  T*  behavior  of  the  London  model  to  guide  us 
in  linearizing  the  temperature  dependence  of  the  scattering 


Temperature  (K) 


FIG.  4.  Intrinsic  transverse  (top)  and  radial  (boltoiTii  widths  as  a  function 
of  T. 


intensity,  and  so  allow  the  extrapolation  of  the  intensity  to 
zero  and  the  determination  of  Ti.(H)  [Fig.  3(b)].  From  our 
temperature  scans  we  were  able  to  determine  the  phase 
boundary.  In  addition,  wc  immediately  noticed  that  (i)  the 
temperature  dependence  of  the  scattering  was  smooth,  with 
no  discontinuities;  (ii)  the  scattering  intensity  was  not  lost 
until  just  below  the  extrapolated  line;  and  (iii)  we  al¬ 
ways  had  a  sixfold  pattern — no  ring  of  scattering  ever  ap¬ 
peared.  Not  only  did  the  scattering  from  the  vortices  main¬ 
tain  its  hexagonal  symmetry  at  all  fields  and  temperatures  in 
the  mixed  state,  but  it  was  locked  by  the  crystalline  anisot¬ 
ropy,  since  we  consistently  observed  the  same  orientation  for 
the  sixfold  diffraction  pattern  over  many  different  experi¬ 
mental  configurations. 

If,  however,  we  examined  the  widths  of  the  peaks  in  the 
radial  and  transverse  directions  as  a  function  of  temperature, 
we  found  (see  Fig.  4)  that  at  some  temperature  T,{H)  well 
below  T^{H),  an  intrinsic  width  developed  in  iiic  transverse 
direction.  This  width  determines  the  degree  of  orientational 
correlations.  The  radial  width  remained  resolution  limited 
until  some  higher  temperature  T^{H),  whereupon  it  also  de¬ 
veloped  an  intrinsic  width.  We  also  measured  the  scattering 
pattern  from  the  vortex  lattice  on  the  NIST  BT-7  reflectome- 
ter.  The  spectrometer  resolution  here  is  a  factor  of  3  better 
for  radial  scans  tha  the  corresponding  SANS  resolution  [see 
Fig.  2(d)].  We  observed  the  radial  width  increase  above  the 
resolution  limit  with  the  rcflectometer  at  the  same  tempera¬ 
ture  as  we  had  observed  on  the  SANS,  and  this  therefore 
lends  confidence  the  intrinsic  radial  widths  develop  at  higher 
temperatures  than  the  intrinsic  transverse  widths. 

To  further  clarify  the  nature  of  these  two  transitions,  we 
performed  isothermal  field  sweeps  and  found  that  the  peak 
intensities  and  widths  were  reversible  above  the  T,  line  and 
hysteretic  below.  The  restoration  of  the  reversible  behavior 
above  T,  leads  us  to  believe  that  we  have  observed  the  on.set 
of  a  correlated  flux  fluid  state  above  7, .  This  state  may  not 


J.Appl.  Phys..  Vol.  76.  No.  10,  15  November  1994 


Rosov,  Lynn,  and  Griperelt  6775 


Temperature  (K) 

FIG.  5.  Phase  diagram  W  vs  T  for  Nb  as  determined  by  neutron  scattering. 
The  and  H^2  boundaries  arc  indicated,  as  arc  the  points  where  the  radial 
and  transverse  widths  broaden. 


Momentum  transfer  Q  (A 


FIG.  6.  Radial  sum  of  llic  difference  pattern  between  flcld-coolcd  and  zero- 
field  cooled  Dyl23  at  r=  10  K  and  =0.5  T.  The  peak  position  indicates 
that  the  lattice  is  close  to  triangular. 


be  a  hexatic  phase,  -since  in  hexatic  systems  both  the  trans¬ 
verse  and  radial  widths  appear  to  be  coupled  and  therefore 
the  intrinsic  widths  would  be  expected  to  develop  together.** 

Figure  5  displays  the  experimentally  determined  phase 
diagram  for  our  niobium  crystal.  The  lower  and  upper  critical 
fields  have  been  determined  via  neutrons  by  the  respective 
onset  and  loss  of  scattering  from  the  flux  lattice.  We  can 
estimate  from  the  two-fluid  model  that  k  ^  4Hc2 
^  2.  This  is  larger  than  the  value  of  /<«“0.8  obtained  for  high 
purity  and  defect-free  niobium.'*’'”  Our  sample  and  those  of 
Drulis  et  alP  and  Schmidt  et  alP  are  high  purity  niobium; 
however,  the  various  preparation  methods  created  samples 
with  varying  defect  and  grain  boundary  concentrations,  as 
reflected  by  the  value  of  k.  Those  samples  with  larger  k  have 
a  larger  the  cold-rolled  foil’  higher  than  our 

sample  and  the  k«10  sputtered  film”  still  larger.  The  phase 
diagram  also  shows  Tr(H),  T,{H),  and  the  irreversibility  line 
The  irreversibility  line  and  which  we  identify 

with  a  melting  curve,  are  well  below  that  reported  for  the 
cold-rolled  foils,’  which  is  lower  again  than  the  melting 
curve  for  the  sputtered  niobium  films.”  This  supports  the  rea¬ 
sonable  expectation  that  T i„  depends  on  the  pinning  strength 
and  defect  density. 

The  broadening  is  definitely  dynamic  in  origin,  and  there 
are  two  possibilities  for  the  behavior  which  we  observe.  The 
first  possibility  is  that  the  onset  3f  broadening  in  the  trans¬ 
verse  width  indicates  a  transition  to  an  orientationally  disor¬ 
dered  phase  and  that  the  broadening  of  the  radial  width  at  a 
higher  temperature  is  associated  with  the  loss  of  translational 
order.  In  this  case,  the  low-temperature  phase  is  crystalline, 
the  transition  to  an  orientationally  disordered  phase  occurs  at 
and  a  correlated  flux  fluid  exists  above  Tr{H). 

The  second  possibility  is  that  the  transverse  broadening 
is  “lattice  dynamical”  in  origin,  associated  with  the  same 
soft  shear  mode  of  the  vortex  lattice  that  would  be  involved 
in  melting.  This  would  imply  that  if  much  higher  instrumen¬ 
tal  resolution  were  available,  we  would  see  wings  of  inelastic 
scattering  on  the  sides  of  an  elastic  Bragg  peak.  The  present 
(best  available)  resolution  would  convolve  the  elastic  and 
inelastic  scattering  into  a  single  broadened  peak.  In  this  case, 
we  would  be  observing  the  effect  of  the  inelastic  scattering 
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on  the  linewidth  at  T, ,  and  the  lattice  would  not  melt  until 
the  intrinsic  radial  width  begins  to  develop. 

Given  the  correlation  between  the  onset  of  irreversibility 
in  the  isothermal  scans  and  the  abrupt  onset  of  an  intrinsic 
transverse  width  in  the  constant  field  scans,  we  believe  that 
the  first  explanation  is  the  correct  one.  We  cannot  entirely 
rule  out  the  second;  however,  in  either  case  we  observe  a 
correlated  flux  fluid,  due  to  the  non-negligible  interactions  of 
the  crystal  with  the  vortices.  It  is  interesting  to  note  that 
broadening  in  the  radial  and  transverse  widths,  similar  to 
what  we  have  observed  for  this  two-dimensional  system,  has 
also  been  observed  in  melting  transitions  in  two-dimensional 
colloidal  suspensions." 

IV.  THE  FLUX  LINE  LATTICE  IN  MAGNETIC  DI123 
SUPERCONDUCTORS 

The  coexistence  of  antiferromagnetism  and  supercon¬ 
ductivity  poses  the  question:  What  is  the  effect  of  an  under¬ 
lying  magnetic  order  on  the  vortex  lattice?  The  high-T^  com¬ 
pounds  DyBa2Cu307  and  ErBa2Cu307  are  already  known  to 
have  a  very  well-defined  zero-field  ordering  of  the  rare-earth 
moments  at  low  temperatures  K)  (Ref.  12)  without 

significant  detriment  to  the  superconductivity.  We  have  ob¬ 
served  the  flux  line  lattice  in  a  250  mg  single  crystal  of 
DyBa2Cu307,  at  10  K  in  a  5  T  applied  field  (see  Fig.  6),  well 
above  any  temperature  where  one  would  expect  any  effects 
from  the  ordering  of  the  rare-earth  sublattice.  The  10  peak 
appears  at  2iq=0.0105  A"',  which  is  expected  for  a  vortex 
lattice  that  is  close  to  triangular,  as  has  been  observed  by 
Keimer  ei  c/.'”  in  YBa2Cu307. 

At  lower  temperatures  there  are  several  possible  interest¬ 
ing  behaviors.  Above  the  onset  of  long-range  order,  the  en¬ 
hanced  susceptibility  of  the  rare-earth  moments  would  allow 
a  variation  of  the  rare-earth  moment  alignment  that  would 
decorate  the  vortices.  Since  the  total  magnetic  flux  must  be 
quantized,  the  addition  of  the  Dy  magnetization  M^y  will 
then  give  a  new  momentum  transfer  for  scattering  from  the 
vortex  lattice 
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The  measured  saUitaled  lA  momeni  i*-  .i|ipii>\iii>aU'l\  “  . 

which  implies  that  1  1  In  a  0  1  I  applied  lield.  we 

would  then  expect  that  the  vortex  densiix  would  iiicie.tNe  hx 
roughly  a  factor  of  3  due  to  the  saturated  alignment  ol  tire  Dx 
moments. 

Below  /\  ,  the  l)y  magncti/atioii  w  ill  he  close  to  zero  at 
modest  applied  tields.  and  so  we  would  return  to  the  original 
behavior  for  the  Ilux  lalliee.  However,  another  |>ossihle  Ik 
havior  below  I\  could  be  observed  by  applying  a  fielil 
strong  enough  to  put  the  Dy  nu'i’-enis  through  a  metamag- 
netie  or  spin-flop  transition.  If  the  sample  has  a  nonzero  de¬ 
magnetization  factor,  there  would  then  be  coe.xisience  ol 
“paramagnetic"  domains  that  have  a  net  magnetization,  with 
reflections  as  described  by  Eq.  (b).  and  "antiferromagnelic" 
domains  where  there  is  no  net  magnetization,  as  described  by 
Eq.  (1).'''  Another  possibility  proposed  by  Buzdin  cl  al.  is 
the  existence  of  two-quanta  vortices  in  metamagnetic  super¬ 
conductors,  which  could  occur  if  the  applied  field  for  the 
metamagnetic  or  spin-flop  transition  is  near  //,.|.  In  this  re¬ 
gime,  because  of  the  spatial  variation  of  the  vortex  field,  the 
metamagnetic  transition  could  be  localized  to  a  region  near 
the  vortex  core  and  substantially  affect  the  structure  of  the 
vortex.  Work  is  in  progress  to  experimentally  explore  these 
possibilities. 
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Vortex  structures  in  YBa2Cu307  (invited) 
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Extensive  small  angle  neutron  scattering  experiments  hase  i'ceii  coiuliicteii  on  llie  vortex  system  in 
YBa,C’u,()7  in  a  niagnetic  lieki  range  ot  (1.5  I  '  //  5  1.  aiul  xxiih  xaiioiis  orientations  ot  the 

magnetic  tield  with  respect  to  the  crystallogiaphic  axes  l-oi  //  parallel  to  the  c  axis,  the  vortex 
lattice  is  oblique  with  two  nearly  equal  lattice  constants  and  an  angle  ol  7.^  '  between  piimitixc 
vectors.  One  principal  axis  of  the  vortex  lattice  coincides  with  the  (110)  ilirect’on  of  the  crystal 
lattice.  It  is  shown  that  this  structure  cannot  be  explained  in  the  friunework  of  a  purely 
clcctrodynainie  (London)  model,  and  that  it  is  intimately  related  to  the  in-plane  anisotropy  of  the 
superconducting  coherence  length.  When  the  field  is  inclined  with  respect  to  the  r  axis,  the  uniaxial 
anisotropy  due  to  the  layered  crystal  structure  ol  YHa.('ui()7  becomes  relevant.  The  interplay 
between  the  square  in-plane  anisotropy  and  the  uniaxial  anisotropy  leads  to  both  a  continous 
structural  transition  and  a  reorientation  of  the  vortex  lattice  as  a  function  of  inclination  angle.  I'oi 
the  largc.st  inclination  angles,  the  vortex  lattice  decomposes  into  indeperulent  chtiins. 


I.  INTRODUCTION 

The  vortex  system  in  the  cuprate  superconductors  has 
received  a  high  level  of  attention  nio.stly  because  of  its  novel 
phase  behavior  inferred  from  transport  experiments  at  high 
temperatures  and  high  magnetic  fields.  Small  angle  neutron 
scattering  (SANS)  is  applicable  in  high  magnetic  fields  and 
capable  of  measuring  the  relevant  correlation  lenghts  of  the 
vortex  lattice.  SANS  is  therefore  very  promising  as  a  tool  to 
further  elucidate  this  behavior.  However,  since  the  signal  in¬ 
tensity  at  high  temperatures  is  very  small,  these  experiments 
are  difficult.  Our  approach  has  therefore  been  to  first  acvelop 
a  thorough  experimental  description  of  the  vortex  system  at 
low  temperatures  as  a  function  of  field  strength  and  field 
orientation  with  respect  to  the  crystallographic  axes,  before 
studying  thermal  effects  in  detail.  We  have  found  that  the 
behavior  of  the  vortex  lattice  is  very  rich  even  at  low  tem¬ 
peratures.  In  particular,  our  experiments  indicate  a  close  re¬ 
lation  between  the  structure  of  the  vortex  lattice  and  the  mi¬ 
croscopic  electronic  structure  of  YBa2Cuv07.  The  following 
is  a  preliminary  summary  of  these  studies. 

II.  EXPERIMENTAL  DETAILS 

Our  sample  is  a  disk-shaped  single  crystal  of  Yfja2Cu307 
of  volume  ~2.5  cm’  and  mosaicity  ~1.5°.  The  sample  is  too 
large  to  fit  into  a  superconducting  quantum  interference  de¬ 
vice  (SQUID)  magnetometer,  but  small  pieces  cut  off  from 
samples  prepared  under  identical  conditions  showed  sharp 


superconducting  iransilions  at  K.  I'he  micro, structure  of 
these  samples  has  been  extensively  characteri^ed  by  trans¬ 
mission  electron  microscopy,  I’romincnt  microstructural  fea¬ 
tures  arc  /urn  sized  Y.BaC inclusions  with  a  total  volume 
fraction  lOh}.  twin  boun.  ries  of  tiverage  separation  —900 
A  extending  in  the  ( 1 10)  or  1 1  io)  crystallographic  directions, 
and  stacking  faults  perpendicular  to  the  ((K)l)  direction.  The 
latter  two  features  occur  on  length  sctiles  comparable  to  int- 
ervortex  distances  and  therefore  give  rise  to  background 
small  angle  scattering  in  the  experimentally  relevant  range  of 
scattering  angles.  This  (temperature  independent)  back¬ 
ground  is  comparable  to  or  larger  than  the  magnetic  scatter¬ 
ing  from  the  vortex  lattice  and  must  be  subtracted  from  the 
raw'  data. 

All  experiments  were  performed  on  the  NG-.1  and  NG-7 
SANS  spectrometers  at  the  Cold  Neutron  Research  Facility 
of  the  National  Institute  of  Standards  and  Technology.  We 
mostly  used  the  standard  horizontal-field  scattering 
geometry'  with  the  neutron  beam  almost  parallel  to  the  mag¬ 
netic  field.  Horizontal  magnetic  fields  of  0.5  T  or  less  were 
generated  by  an  electromagnet,  larger  fields  were  achieved  in 
a  horizontal-field  superconducting  magnet.  For  some  experi¬ 
ments  we  also  used  a  vertical-field  electromagnet. 

The  experimental  geometry  is  illustrated  in  Fig.  1.  The  x' 
(horizontal)  axis  in  this  figure  is  the  magnetic  field  direction. 
The  scattered  neutrons  are  collected  as  a  function  of  the  co¬ 
ordinates  y  and  z  perpendicular  to  the  field  by  an  area  detec¬ 
tor  behind  the  sample.  During  the  experiment  the  angle  be- 
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riCi.  t.  C'(X)rdliiiite  system  illustrating  the  experimental  genmctry  ol  nut 
experiments.  11ie  x  axis  is  the  magnetic  held  dircctioh.  I'he  neutron  beam  is 
almost  parallel  to  the  magnetic  held  (i.e.,  the  scattering  angle  is  small).  The 
angle  H  (rotation  angle  around  i  relative  to  the  .x  axis)  cun  he  changed 
during  the  experiment.  The  orientation  of  the  crystalline  axes  with  rcs|rcct  to 
x,y,z  is  chosen  by  orienting  the  crystal  outside  the  cryostat.  Two  different 
crystal  orientations  arc  shown:  (top)  (UXI)  parallel  to  ?  and  (bottom)  (1 10) 
parallel  to  i.  The  axes  y  and  i  perpendicular  to  the  magnetic  held  arc  the 
horizontal  and  vertical  axes  in  the  diffraction  patterns  below. 

tween  the  neutron  beam  and  the  magnetic  field  (i.e.,  the 
scattering  angle  d)  can  be  varied,  and  the  sample  can  be 
turned  around  the  vertical  i  axis  without  remounting  the 
sample,  We  denote  the  angle  between  the  crystalline  ((X)l) 
direction  and  the  magnetic  field  by  6.  The  crystallographic 
direction  coinciding  with  the  z  axis  is  selected  by  orienting 
the  sample  by  x-ray  and  thermal  neutron  scattering  outside 
the  cryostat.  We  chose  three  different  sample  orientations:  (i) 
(100)  parallel  toi  (Fig,  1,  top);  (ii)  (110)  parallel  toz  (Fig.  1, 
bottom);  and  (iii)  a  low-symmetry  crystallographic  direction 
parallel  to  z  (not  shown).  A  uniform  flux  profile  within  the 
sample  is  achieved  by  field  cooling  the  crystal  for  each  crys¬ 
tal  orientation.  Typical  counting  times  for  high  quality  dif¬ 
fraction  patterns  are  several  hours. 

In  order  to  optimize  both  resolution  and  signal  intensity, 
different  spectrometer  settings  were  chosen  at  each  magnetic 
field.  We  mostly  used  neutrons  of  wavelengths  5  or  6  A  and 
wavelength  spread  AX/\=0.31,  source  and  sample  apertures 
of  5  and  1.27  cm  diameter,  respectively,  and  source-to- 
sample  distances  between  11  and  13  m.  A  parameter  of  par¬ 
ticular  importance  is  the  angular  resolution  in  the  plane  of 
the  area  detector  (yz  plane  in  Fig,  1).  At  a  given  wavelength 
and  source  aperture  (chosen  to  optimize  the  neutron  flux  on 
the  sample),  this  quantity  is  primarily  controlled  by  the  dis¬ 
tance  between  the  sample  and  the  detector.^  For  larger  mag¬ 
netic  fields  (corresponding  to  larger  scattering  angles), 
smaller  sample-to-detector  distances  can  be  chosen,  and  (he 
angular  resolution  is  improved.  On  the  other  hand,  because 
of  the  decreasing  form  factor  the  signal-to-background  ratio 
becomes  worse  for  larger  fields.  We  found  that  data  of  opti¬ 
mal  overall  quality  could  be  taken  for  7/ =2  T. 

III.  VORTEX  LATTICE  SYMMETRY  AND  ELECTRONIC 
STRUCTURE 

Early  SANS  experiments  on  YBa2Cu307  for  77=0.8  T 
revealed  a  diffraction  pattern  with  fourfold  symmetry  when 


■  r--. '  '.:v- 


FIG.  2.  Grey  scale  images  of  SANS  iliffraelioii  patterns  taken  for  (top) 
W=().S  T.  0~lt)',  obtained  by  totaling  around  a  low-symmetry  crystallo¬ 
graphic  direction  and  (bottom)  H  =  2  T,  ()=(). 


the  magnetic  field  is  aligned  with  the  (001)  crystalline 
direction.  '  This  patter))  was  subsequently  shown  to  consist  of 
two  .sixfold  symmetric  patterns  with  90°  relative  orientation."* 
However,  the  angular  resolution  of  these  patterns  was  not 
sufficient  to  determine  the  structure  of  the  vortex  lattice  for 
this  field  orientation  in  detail.  We  have  now  used  the  im¬ 
proved  angular  resolution  achievable  in  higher  magnetic 
fields  to  resolve  this  issue  definitively.  The  bottom  panel  of 
Fig.  2  .shows  that  a  total  of  16  weak  and  4  strong  Bragg 
reflections  can  be  resolved  for  fields  of  2  T  and  above.  (Note 
that  all  patterns  shown  here  are  for  fixed.  Since  by  Bragg’s 
law  each  reflection  corresponds  to  a  different  not  all  of  the 
20  .spots  appear  iu  a  single  pattern.  The  remaining  spots  can 
be  moved  into  the  resolution  volume  by  adjusting  -d  appro¬ 
priately.) 

The  real-space  lattice  corresponding  to  this  diffraction 
pattern,  shown  in  Fig.  3,  can  be  regarded  as  intermediate 
between  triangular  (with  an  angle  of  j3=(){)°  between  primi¬ 
tive  vectors)  and  square  (corresponding  to  )3=90°).  In  a  high 
resolution  measurement  at  77  =  2  T  we  obtained  /3=(73±1)°. 
We  also  found  that  the  lattice  constants  differ  by  (5±5)%; 
the  unit  cell  area  satisfies  the  flux  quantization  rule  within 
the  experimental  accuracy.  We  can  therefore  not  distinguish 
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FIG.  3.  Rcal-spacc  stnicturcs  corrc'iponding  to  the  diffraction  patterns  of 
Fig,  2.  The  top  pattern  of  that  figure  is  taken  under  conditions  in  which  only 
two  of  the  domains  are  populated  ( I  and  2,  or  3  and  4).  In  the  hottom  pattern 
all  four  domains  arc  populated. 


experimentally  between  oblique  (unequal  lattice  constants, 
space  group  p2)  or  rectangular  (equal  lattice  constants,  space 
group  c2mm)  vortex  lattice  symmetry.  As  the  figure  indi¬ 
cates,  four  domains  with  different  orientations  of  the  unit  cell 
are  observed.  One  of  the  neare.st-ncighbor  directions  of  the 
vortex  lattice  coincides  with  either  the  (110)  or  the  (110) 
direction  of  the  crystal  lattice.  Superposition  of  the  diffrac- 


FIG.  4.  Numerically  computed  Gibbs  free  energy  density  of  ?  ortex  lattice 
with  space  group  c2mm  and  angle  /3  between  primitive  si.i’iors  (lug,  3), 
relative  to  the  triangular  lattice  (/t=60°).  The  calculations  are  ba.scd  or. 
Eq.  (1)  with  15(K)  A  and  16  A.  The  numerical  errors  arc  much  smaller 
than  the  symbol  size. 


tion  patterns  of  these  four  dttmains  results  in  the  experimen¬ 
tally  observed  pattern  of  Fig,  2;  the  four  strong  reflections 
originate  from  two  domains,  the  16  weak  reflections  from 
one  domain.  \  deconvolution  of  the  patterns  for  //-()..S  T 
and  H=5  T  which  takes  the  appropriate  spectrometer  reso- 
lulioii  into  account  yields  the  same  value  for  fi.  Note  that 
with  the  spectrometer  settings  that  had  to  be  chosen  for 
//=().5  T  two  of  the  weak  spots  could  not  be  resolved  com¬ 
pletely  (Fig.  2,  top). 

When  //  is  preci.sely  aligned  with  the  c  axis,  the.se  four 
domains  are  degenerate  and  occupy  equal  fractions  of  the 
sample  volume.  However,  the  degeneracy  between  the  do¬ 
mains  is  lifted  even  by  u  subtle  inclination  of  the  field  with 
respect  to  the  c  axis.  Tilting  often  favors  two  of  the  domains 
over  the  remaining  two.  as  shown  in  Fig.  2.  Ihe  mechanism 
for  creation  of  this  domain  imbalance  will  be  discussed  in 
the  next  section. 

The  oblique  structure  we  observe  is  manifestly  different 
from  the  triangular  lattice  expected  when  the  vortices  interact 
purely  electrodynamically.  We  have  therefore  evaluated  the 
Gibbs  free  energies  of  vortex  lattices  with  different  /3,  taking 
the  nonzero  extent  t)f  the  vortex  core  into  account.  In  the 
London  approximation,  the  Gibbs  free  energy  density  can  be 
written  as' 


1 


///i 

I  77  ' 


(1) 


where  X'  l.SOO  A  is  the  penetration  depth,  H  is  the  magnetic 
induction,  and  the  sum  runs  over  all  reciprocal  lattice  vectors 
Q.  The  finite  extent  of  the  vortex  core  is  approximated  by  a 
circular  “hard  core"  cutoff  CAuax-^Tr/^.  where  l.S  A  is  the 
in-planc  coherence  length.  At  each  applied  Held  H  and  for 
each  the  magnetic  induction,  //.  is  computed  by  numeri¬ 
cally  evaluating  iXlloli  -0.  While  at  low  magnetic  fields  our 
calculalion  is  insensitive  to  the  size  of  the  vortex  core  and 
reproduces  the  well-known  free  energy  minimum  at  ^=60°. 

becomes  extremely  sensitive  to  the  core  cutoff  in  fields 
of  several  tesla.  Typical  numerical  data  are  shown  in  Fig.  4. 
This  means  that  the  structure  of  the  vortex  core  begins  to 
have  u  significant  inlluencc  on  the  structure  of  the  vortex 
lattice  in  the  field  regime  investigated  in  r)ur  experiments. 
The  shape  of  the  vortex  core  and  the  behavior  of  the  super¬ 
conducting  order  parameter  near  the  core  reflect  the  underly- 


FIG.  .S.  ConUiur  plot  of  SANS  paticrn  for  11  =  2  T,  20°,  obtained  by 
rotating  around  ( 1  HI). 
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ing  microscopic  electronic  structure  of  the  superconductor,  in 
particular  the  spatial  variation  of  the  energy  gap. 

The  link  between  the  microscopic  electronic  structure 
and  the  meso.scopic  structure  of  the  vortex  lattice  is  provided 
by  the  gap  equation  in  a  magnetic  tield.  Even  for  an  i.sotropic 
Bardeen -Coopcr-Schricffer  (B('S)  superconductoi  this 
equation  is  difficult  to  solve  at  a  general  magnetic  field.  Ad¬ 
ditional  difficulties  arise  in  the  cuprates  because  .he  func¬ 
tional  form  of  the  gap  equation  is  still  under  debate.  How¬ 
ever,  as  first  shown  by  Abrikosov,'*  the  equations  simplify 
significantly  near  the  upper  critical  field,  where  the  magnetic 
induction  is  almost  uniform.  While  for  isotropic  supercon- 
dixlors  the  equilibrium  vortex  lattice  structure  is  the  triangu¬ 
lar  lattice  near  a  c2mm  structure  of  the  type  we  ob¬ 
serve  here  has  been  observed  before  in  the  cubic 
superconductor  Nb,**  when  the  field  is  orict.tcd  in  a  fourfold 
crystallographic  direction.  This  observation  was  explained 
theoretically  by  Takanaka,''  who  solved  the  gap  equation  of  a 
superconductor  with  a  cubic  Fermi  surface  and  found  that  in 
general  structures  of  c2mm  symmetry  have  lower  free  ener¬ 
gies  than  the  triangular  lattice.  The  angle  between  primi¬ 
tive  vectors  depends  on  the  degree  of  Fermi  surface  anisot¬ 
ropy  through  the  parameter  (c"**'’),  where  ip  is  the  azimuthal 
angle  in  the  yz  plane  perpendicular  to  the  magnetic  field,  and 
the  brackets  denote  an  average  on  the  Fermi  surface.  We 
have  parametrized  the  Fermi  surface  extracted  from  photo¬ 
emission  experiments'"  by  two  harmonics  invariant  under 
the  point  symmetry  of  the  lattice 

£;,.(<P)  =  F;,.-„ +  /■;,. I  sin’  </>  cos‘  tp.  (2) 

with  and  obtain  According 

to  the  numerical  calculations  of  Ref.  ‘f.  this  value  of  (t*''**'') 
cotres|H)nds  to  (i  0.'^°,  much  clo.ser  to  60°  than  the  angle  we 
observe.  The  origin  of  this  discrepancy  is  likely  to  Iv;  an 
energy  gap  anisotropy  contributed  by  the  pairing  interaction 
m  the  cuprates.  It  is  already  known  that  significant  modifi- 
caiions  It)  the  standard  gap  equation  are  needed  to  account 
for  the  large  directional  variation  of  the  energy  gap  observed 
in  photoemission  experimciit.s  on  BiiSr^C’aCuiOx ,  An¬ 
other  possible  origin  of  the  quantitative  discrepancy  between 
theory  and  our  observations  is  an  in-planc  penetration  depth 
anisotropy,  which  various  authors  have  determined  to  be  be¬ 
tween  ~1.1  (Ref.  12)  and  -I..*;."  While  a  quanlita'ive  ex¬ 
planation  of  our  data  thus  has  to  await  more  elaborate  calcu¬ 
lations  based  on  realistic  gap  equations,  it  is  remarkable  that 
the  symmetry  of  the  vortex  lattice  is  correctly  predicted  by 
an  analysis  who.se  only  ingredient  is  the  fourfold  symmetry 
of  the  vortex  core. 

A  more  extensive  treatment  of  anisotropic  vortex  lattices 
in  type-U  superconductors  with  a  small  ratio  of  penetration 
depth  to  coherence  length  has  been  given  by  Teichler,'^  who 
considered  a  cubic  superconductor  with  an  anisotropic  pair¬ 
ing  interaction.  The  resulting  gap  anisotropy  leads  to  an  at¬ 
tractive  interaction  between  the  vortices,  in  addition  to  the 
electrodynamic  repulsion.  The  magnitude  of  the  att  ictive 
interaction  is  largest  in  the  direction  of  minimum  energy  gap, 
which  i.':  the  (110)  direction  in  Bi2Sr2CaCu20x.,  ,5(Ref.  11) 
and  presumably  also  in  YBa2Cu307.  Teichlei's  analysis  will 
likely  need  substantial  modifications  in  the  case  of 


YBa2C’u,07.  In  particular,  the  energy  gap  in  the  (110)  direc¬ 
tion  is  extremely  small  and  possibly  zero,  which  may  lead  to 
a  long  range  interaction  between  vortices.  Nevertheless,  the 
directional  variation  of  the  energy  gap  in  the  CUO2  planes  is 
a  plausible  explanation  for  the  observed  coupling  between 
vortex  lattice  and  crystal  lattice  orientations. 

We'*  and  others'  had  previously  attributed  this  unique 
orientation  of  the  vortex  lattice  to  pinning  by  twin  bound¬ 
aries.  However,  the  persistence  of  this  orientation  even  as  the 
field  is  inclined  by  up  to  40°  with  respect  to  the  twin  bound¬ 
aries  is  difficult  to  reconcile  with  this  model.  Moreover,  the 
persistence  of  the  same  structure  over  an  order  of  magnitude 
in  magnetic  field  which  wc  have  now  oKserved  argues 
against  a  significant  influence  of  twin  boundaries  on  the  vor¬ 
tex  lattice  structure  and  orientation.  (Whereas  at  T 

the  intervortex  distance  is  comparable  to  the  average  twin 
boundarv  spacing,  at  //  =  .*)  T  it  is  almost  five  times  smaller.) 

Sir.  tear  F/,.,  the  size  of  the  vortex  core  is  negligible 
compana  to  the  intervortex  distance,  vortex  core  effects  can¬ 
not  play  a  role  in  determining  the  vortex  lattice  structure  and 
orientation  in  very  low  magnetic  fields.  Indeed,  Bitter  deco¬ 
ration  experiments  near  H,.\  have  revealed  the  expected  tri¬ 
angular  lattice  with  an  orientation  unrelated  to  any  crystal¬ 
line  high-symmetry  direction.'’  '’  We  thus  expect  a  crossover 
between  an  orientationally  degenerate  triangular  lattice  and 
the  oblique  structure  with  unique  orientation  in  an  interme¬ 
diate  field  range.  There  are  some  indications  that  this  cross¬ 
over  actually  occurs  at  a  very  low  field,  as  expected  for  a 
large  gap  anisotropy:  For  W~(),()()f).‘5  T,  close  to  the  largest 
field  for  which  the  Bitter  decoration  technique  is  applicable, 
Dolan  et  u/,'  '  observed  a  structure  that  is  completely  consis¬ 
tent  with  the  one  we  observed  (Fig.  ?>),  except  that  /3=(65° 
t.S°).  Note  that  these  measurements  were  taken  in  un¬ 
twinned  sections  of  YBa2C'u307  crystals,  further  supporting 
our  argument  for  an  intrinsic  origin  of  the  coupling  between 
the  crystal  lattice  and  vortex  lattice.  The  tield  independence 
of  li  in  the  field  range  we  have  investigated  suggests  that  yS 
has  iilrcady  saturated  at  its  W,.2  value. 

IV.  TILT-INDUCED  STRUCTURAL  TRANSITION 

We  observe  a  potentially  related  structural  transition  as 
th,.  magnetic  field  is  inclined  by  an  angle  0  with  respect  to 
the  c  axis.  This  transition  is  superposed  by  an  overall  distor¬ 
tion  of  the  vortex  laaice  due  to  the  quasi  two  dimensionality 
of  the  elcetronic  structure.'*  ''’  For  inclination  angles  up  to 
()~b()°,  the  structure  of  the  vortex  lattice  remains  dominated 
by  interactions  within  the  CUO2  sheets.  The  vortex  lattice  lor 
small  0  can  thus  be  thought  of  as  the  projection  of  an  isotro¬ 
pic  two-dimensional  lattice  onto  the  field  direction.  This  ef¬ 
fect  gives  rise  to  an  elliptical  distortion  of  the  vortex  lattice; 
the  semimajor  axis  of  the  ellipse  coincides  with  //Xc,  and 
the  aspect  ratio  is  cos  0  for  small  0.  (As  three-dimensional 
interactions  become  relevant  for  larger  0,  the  aspect  ratio 
becomes  '[e"  sin^  ^ccwr^,  where  e~().2  is  the  penetration 
depth  anisotropy.) 

In  addition  to  this  overall  anisotropy,  we  observe  a  con¬ 
tinuous  structural  transition  of  the  in-plane  isotropic  lattice 
as  a  function  of  0:  The  angle  /3=73°  observed  for  (h  i)  de- 
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IHG,  6.  (Top)  contour  plot  of  SANS  pattern  for  H  =(1.5  T,  f)=W)°,  obtained 
by  rotating  around  a  low-symmetry  crystallographic  direction.  (Bottom)  pro¬ 
jection  of  two  isotropic  triangular  lattices  in  the  CuO^  layers  onto  the  ileld 
itirection  for  the  same  geometry.  The  lattices  are  oriented  such  that  nearest- 
neighbor  pairs  point  in  cither  the  (110)  or  the  (lid)  direction.  One  of  these 
domains 's  highlighted. 


creases  continuously  and  reaches  corresponding  to 

the  triangular  lattice,  for  6(~5()°  (Fig.  6),  The  nearest- 
neighbor  direction  remains  the  in-plane  (110)  direction. 

While  the  structural  transition  occurs  for  all  three  experi¬ 
mental  geometries  discussed  in  Sec.  I,  the  domain  structure 
of  the  observed  lattice  depends  on  the  crystallographic  direc¬ 
tion  chosen  as  the  axis  of  rotation.  If  the  field  inclination  is 
achieved  by  rotating  around  (1(K)),  all  four  domains  of  Fig.  3 
coiitinue  to  be  populated.  However,  once  has  reached  6()“, 
domains  1  and  2,  as  well  as  domains  3  and  4,  become  iden¬ 
tical.  If  the  rotation  axis  is  (110),  a  two-domain  lattice  is 
observed  (Fig.  5).  For  the  two  observed  domains,  the  projec¬ 
tion  of  (lio)  is  parallel  to  the  direction  H'x{HXc),  i.c.,  the 
y  axis  in  Fig.  1.  [Note  that  the  diffraction  pattern  can  be 
obtained  from  the  real  lattice  by  a  90°  rotation  and  rescaling, 
and  *hat  because  of  twinning  (110)  and  (1 10)  are  superposed 
in  our  crystal.]  This  is  the  nearest-neighbor  direction  favored 
by  the  uniaxial  anisotropy  reflecting  the  quasi  two- 
dimensional  electronic  structure.*^  The  uniaxial  anisotropy 
can  thus  lift  the  degeneracy  between  the  domains, 

We  have  also  chosen  an  experimental  geometry  in  which 
tne  inclination  is  achieved  by  rotating  around  a  low- 
symmetry  crystallographic  direction  such  that  (110)  and 
(liO)  subtend  identical  angles  with  the  rotation  axis.'*  In  this 
case  we  also  observe  a  two-domain  lattice  for  small  0,  al- 
tliough  the  uniaxial  anisotropy  does  not  distinguish  between 
the  two  domain  pairs.  However,  the  vortices  in  the  two  do¬ 
main  pairs  subtend  different  angles  with  respect  to  both  sets 
of  twin  boundaries."*  Pinning  interactions  between  vortices 
and  twin  boundaries  favor  the  pair  of  domains  subtending  the 


smaller  angle  with  respect  to  the  twin  boundaries,  because 
the  vortices  have  to  bend  less  in  order  to  gain  advantage  of 
the  pinning  energy.  Although,  as  discussed  above,  the  struc¬ 
ture  and  orientation  of  the  vortex  lattice  arc  determined  by 
electronic  energies  that  are  presumably  much  larger  than  pin¬ 
ning  energies,  pinning  effects  appear  to  provide  enough  en¬ 
ergy  to  select  between  othcrw’i.sc  degenerate  domains. 

It  may  not  be  coincidental  that  the  triangular  structure 
observed  in  inclined  fields  is  just  the  structure  expected  in 
the  London  limit,  since  the  in-planc  vortex  lattice  is  only 
sensitive  to  a  reduced  field  component  H  cos  perpendicular 
to  the  CUO2  sheets.  Moreover,  for  large  0  the  effective  core 
size  shrinks  because  of  the  reduced  coherence  length  in  the 
c-axis  direction.  Electrodynamic  effects  should  thus  become 
more  relevant  for  larger  inclinations.  Detailed  numerical  cal¬ 
culations  to  test  these  ideas  are  currently  underway. 

V.  TILT-INDUCED  REORIENTATION  AND  VORTEX 
CHAIN  STATE 

In  agreement  with  this  general  scenario,  wc  observe  a 
reorientation  of  the  vortex  lattice  into  the  unique  orientation 
predicted  by  the  anisotropic  London  model  when  the  incli¬ 
nation  is  achieved  by  rotating  around  (100).  In  this  ca.se  the 
orientation  favored  by  the  in-plane  energy  gap  anisotropy  is 
different  from  the  orientation  favored  by  the  anisotropic  clcc- 
trodynumic  interactions  between  the  vortices.  For  small  0  the 
cicctrodynamic  energies  favoring  the  WX(WXc)  direction 
as  the  nearest-neighbor  direction  arc  small, and  the  in- 
planc  anisotropy  determines  the  vortex  lattice  orientation.  As 
the  shielding  currents  around  the  vortices  begin  to  flow  in  the 
f-axis  direction  for  large  0,  in-plane  anisotropy  elfects  di¬ 
minish  and  the  electrodynumie  effects  associated  with  the 
uniaxial  pcncir;>tion  depth  anisotropy  begin  to  dominate.  The 
crossover  between  these  two  orientations  is  gradual  and  be¬ 
gins  at  0-'  7O°  in  this  geometry,  coming  to  completion  for 

In  the  large- 0  orientation,  the  vortex  lattice  can  be  con¬ 
sidered  as  a  collection  of  chains  with  locked  periodicity  ex¬ 
tending  in  the  //X  (/ifX  c  )  direction.  Because  of  the  penetra¬ 
tion  depth  anisotropy,  the  distance  between  the  chains  is 
much  larger  than  the  nearest-neighbor  distance  within  the 
chains.  Based  on  calculations  in  the  London  limit,  an  ex¬ 
tremely  small  modulus  for  shear  in  the  chain  direction  has 
been  predicted,'**  thus  causing  a  decoupling  of  the  chains 
even  for  very  weak  pinning  disorder  or  thermal  fluctuations. 
This  vortex  chain  state  has  indeed  been  observed  in  Bitter 
decoration  experiments  in  very  low  magnetic  fields.''*  We 
have  observed  the  same  instability  in  fields  of  0.5  and  2  T.  Its 
experimental  signature  is  a  continuous  broadening  of  all 
Bragg  reflections  not  exclusively  associated  with  the  distance 
between  the  chains.  For  f)=8()°  only  the  two  reflections  with 
Bragg  planes  parallel  to  the  chain  direction  remain  sharp  and 
observable.  Note  that  all  of  our  diffraction  patterns  were 
taken  after  field  cooling  the  sample  to  low  temperatures.  The 
disordered  vortex  chain  state  is  thus  presumably  frozen  in  at 
high  temperatures. 

We  huyfe  carefully  measured  the  width  of  the  “rocking 
curves”  of  the  vortex  chain  state  reflections  at  H =0.3  T, 
using  a  vertical-field  electromagnet.  This  measurement  pro- 
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vides  direct  inCormatioii  about  the  “straightness"  of  the  vor¬ 
tices  ill  the  bulk  of  the  sample.  A  temperature  dependence  of 
the  rocking  curve  could  thus  herald  dimensional  crossover 
effects  or  thermal  wandering  of  three-dimensional  vortices. 
We  tind  that  the  rocking  curves,  as  well  as  the  width  of  the 
reflections  perpendicular  to  the  field  direction,  remain  reso¬ 
lution  limited  up  to  at  least  7  =  SO  K.  The  signal-to- 
background  ratio  hecamc  too  low  to  extract  reliable  informa¬ 
tion  from  measurements  taken  at  higher  temperatures.  We 
plan  to  repeat  these  rneasurements  in  higher  magnetic  fields, 
where  we  expect  the  conditions  to  be  more  favorable. 

VI.  CONCLUSIONS 

in  conclusion,  we  have  demonstrated  an  unanticipated 
connection  between  the  vortex  lattiee  structure  in  magnetic 
fields  of  order  1  T  and  the  microscopic  electronic  structure  of 
YBa2C'j^07.  As  a  result  of  the  directional  variation  of  the 
energy  gap  in  the  CuO,  plane,  the  symmetry  and  orientation 
of  tlie  vortex  lattice  is  coupled  to  the  underlying  crystal  lat¬ 
tice  when  the  field  is  applied  in  the  c-axis  direction.  This 
coupling  diminishes  gradually  as  the  field  is  inclined  with 
respect  to  the  c  axis.  As  a  function  of  increasing  inclination 
angle  we  observe  a  two-step  transition  of  the  vortex  lattice 
into  the  symmetry  and  orientation  predicted  by  the  London 
model  with  uniaxial  anisotropy. 
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A  flux-line  lattice  (FLL)  was  observed  in  a  single  crystal  of  Bii nSr,  „;,(’aC'U2()n .  ,  (BSf'C’O)  using 
small-angle  neutron  scattering  methods.  The  sample  has  a  superconducting  transition  at  85  K.  The 
flux-line  lattice  is  observed  to  melt,  evidenced  by  the  rapid  disappearance  of  diffracted  intensity  as 
the  temperature  is  increased  above  a  field-dependent  melting  temperature.  Diffracted  intensity  due 
to  the  vortex  lattice  also  falls  oft  us  the  applied  iicld  is  increased.  It  is  believed  that  this  is  a 
manifestation  of  the  transition  of  the  three-dimensional  flux  lines  into  two-dimensional  pancake 
vortices.  The  Bragg  intensity  of  the  FLL  peak  is  inversely  proportional  to  the  fourth  power  of  the 
London  penetration  depth  (X,  ).  Hence,  the  temperature  (  7  )  dependence  of  the  order  parameter  can 
he  measured  quite  accurately  from  the  intensity  of  the  Bragg  spots  at  different  temperatures.  In 
BSCCO  with  an  applied  field  of  50  mT,  the  measured  7'  dependence  appears  linear.  The  low-/' 
behavior  is  of  great  interest  for  an  understanding  of  the  underlying  mechanism  for  superconductivity 
in  these  materials. 


INTRODUCTION 

In  type-/  superconductors,  an  applied  field  is  completely 
screened  till  the  field  strength  exceeds  the  critical  field.  A 
higher  field  causes  the  superconductor  to  become  ni'rmal, 
that  is,  nonsuperconducting.  In  1057,  Abrikosov'  in  his 
theory  of  type-//  superconductors  predicted  the  existence  of 
the  “mixed"  state,  where  flux  carried  by  quantized  flux  lines 
or  vortices  penetrate  the  bulk  material,  causing  parts  of  the 
superconducting  material  to  become  normal.  This  occurs  for 
applied  fields  (B)  such  that  ,2,  where  77, ,  and 

77,. 2  are  the  lower  and  upper  critical  fields,  respectively. 

The  interaction  between  vortices  is  repulsive,  hence  vor¬ 
tices  form  a  lattice  which  maintains  the  maximum  distance 
oetween  them.  Each  vortex  line  contains  a  total  flux  equal  to 
the  flux  quantum  ^^)-hcl2e,  where  /i  is  Planck’s  constant,  c 
is  the  r:peed  of  light,  and  e  the  charge  of  an  electron.  Hence 
the  total  number  of  flux  lines  in  the  sample  is  determined  by 
the  external  applied  field. 

The  arrangement  of  flux  lines  was  first  observed  in  Bitter 
patterns  or  decoration  experiments.  When  a  thin  layer  of 
finely  ground  ferromagnetic  particles  are  deposited  on  the 
surface  of  a  superconductor  which  is  then  cooled  in  a  field, 
the  magnetic  dust  settles  at  the  normal  cores  of  the  vortex. 
The  resulting  decoration  reflects  the  underlying  field  distri¬ 


bution.  Extremely  clear  decorations  have  been  seen  by  a 
number  of  groups,  both  in  the  conventional  as  well  as  in  the 
high-/’,,  materials.  It  is  also  the  method  by  which  defects  in 
vortex  lattices  were  first  observed.  More  recently,  scanning 
tunneling  micro.scopes  equipped  with  a  magnetic  tip  have 
been  used  to  look  at  the  field  distribution  in  conventional 
superconductors.  The  most  serious  limitation  of  both  these 
techniques  is  that  they  probe  only  the  surface.  Also,  the  fields 
used  to  get  a  good  decoration  must  be  quite  low  to  distin¬ 
guish  between  the  cores.  To  their  advantage,  samples  can  be 
quite  small.  Invariably,  more  perfect  samples  cun  be  obtained 
when  large  size  is  not  required. 

The  properties  of  the  flux  lattice  as  a  function  of  field 
and  temperature  are  important  Inrth  for  a  better  understand¬ 
ing  of  the  nature  of  the  interaction  causing  pair  formation  in 
high-/’,,  superconductors  and  also  for  applications  of  the  ma¬ 
terial  in  devices.  Using  small-angle  neutron  scattering 
(SANS),  the  temperature  (T)  dependence  of  the  London 
depth  is  vital  information  that  can  be  measured.  In  the  Lon¬ 
don  model,  the  intensity  of  the  Bragg  peaks  is  proportional  to 
the  inverse  fourth  power  of  the  Ixrndon  penetration  depth; 
because  of  this  strong  dependence,  this  length  can  be  accu¬ 
rately  determined.  Of  all  the  high-'/',,  superconductors, 
YBa2Cu207  (YBCO)  is  of  particular  interest  in  applications 
since  the  large  pinning,  due  to  twin  plane  defects,  leads  to 
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high  critical  currents.  However,  the  transition  mechanism  in 
high-7',,  superconductors  is  a  topic  of  ongoing  debate  and  the 
high  density  of  the  twin  plane  defects  in  the  samples  of 
YBCO  that  have  been  studied  cast  some  doubt  on  whether  or 
not  the  observed  temperature  dependence  is  tntrinsic  or  due 
to  the  defects  combined  with  the  fact  that  the  temperatures 
involved  are  quite  high  and  thermal  effects  can  be  substan¬ 
tial.  Hence,  measuring  the  temperature  dependence  of  the 
order  parameter  in  a  material  with  relatively  few  defects, 
such  as  our  sample  of  Bii  i>Sri  (jsC'aC'UjOx . ,  (BSCC'Ol,  is 
quite  important. 

In  addition,  it  has  been  clear  for  some  time  that  YBCO 
and  BSCCO  behave  quite  differently.  USCCO  is  much  more 
anisotropic  than  YBCO.  A  variety  of  vortex  structures  that 
have  been  suggested  for  high-7',,  superconductors  in  general 
vortex  lattice  melting  with  increase  in  temperature  and 
2d  dissociation  have  been  invoked  to  explain  experimental 
data.  Although  this  is  expected  in  YBCO  as  well,  the  effects 
in  BSCCO  were  larger  and  occurred  i.t  lower  fields  and  tem¬ 
peratures  because  of  its  larger  anisotr.py.  It  was  apparent 
that  the  B-T  phase  diagram  for  BSCCO  was  not  dull. 

The  anisotropy  of  the  high-T,.  superconductors  is,  in 
general,  nominally  uniaxial  since  the  a-h  (basal  plane)  an¬ 
isotropy  is  fairly  small  and  the  c  axis  is  considerably  larger. 
In  BSCCO,  the  crystal  structure  is  nearly  tetragonal  with  the 
alb  ratio  close  to  unity  and  c«“5.5ti.  Consequently,  the  high 
symmetry  configuration  for  the  observation  of  the  vortex  lat¬ 
tice  is  with  the  applied  field  parallel  to  the  crystallographic  c 
axis  of  the  crystal.  The  information  al'''ut  the  ratio  of  the 
in-plane  effective  mass  to  that  out  of  plane  is  obtained  from 
FLL’s  in  the  geometry  where  the  applied  field  is  at  a  large 
angle  to  the  c  axis  of  the  crystal. 

In  the  last  few  years,  we  have  carried  out  SANS  experi¬ 
ments  in  the  high-T",.  superconductors  YBCO  and  BSCCO.  In 
this  article  we  discuss  the  measurements  that  we  have  made 
of  the  flux  lattice  in  single-crystal  samples  of  BSCCO  both 
with  the  field  parallel  to  the  c  axis  and  with  the  field  at  an 
angle  of  up  to  15°  from  the  <  axis.  We  also  discuss  the 
experimental  technique  and  the  information  that  it  gives  in 
some  detail. 

EXPERIMENT 

Small-angle  neutron  scattering  experiments  were  first 
suggested  by  deGennes  and  Matricon.'  (Since  neutrons  have 
a  magnetic  moment,  they  interact  with  the  field  modulation 
caused  by  an  array  of  flux  lines.)  Shortly  thereafter,  a  Bragg 
diffraction  peak  from  a  flux-line  lattice  corresponding  to  the 
predicted  triangular  arrangement  was  observed  by  Cribier 
and  co-workers‘^  in  a  single-crystal  sample  of  niobium  on 
which  a  magnetic  field  was  applied.  Since  then,  extensive 
measurements  have  been  made  in  Jiilich'*  and  Oak  Ridge."'  on 
niobium  as  well  as  other  conventional  superconductors, 
probing  the  details  of  the  lattice  structure,  the  effect  of  de¬ 
fects,  the  exact  nature  of  the  form  factor  and  of  the 
temperature-dependent  order  parameter. 

The  d  spacing,  d,  of  the  first-order  reflection  of  a  trian¬ 
gular  isotropic  lattice,  determined  solely  by  the  applied  field 
and  the  flux  quantum,  is  given  by 
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where  li  is  the  applied  field  and  <1>||  is  the  flux  quantum.  (The 
interv.ortex  .spacing,  u. -^r//cos  30.)  For  an  applied  field  of 
KM)  m'^f,  this  distance  is  approximately  1351)  A.  correspond¬ 
ing  to  a  ({  value  of  ().()()47  A  '.  Hence,  the  angles  at  which 
this  scattering  can  be  observed  are  small.  The  vortex  is  a  line 
of  magnetic  flux;  the  latertil  extent  of  the  field  distribution  is 
determined  by  the  London  penetration  depth,  \/  .  The  inten¬ 
sity  <*f  a  diffraction  peak,  ,  is  given  by 


“  '4)  r/y,J 

where  /o  is  the  incident  neutron  flux,  yu  the  neutron  magnetic 
moment  in  Bohr  magnetons  (/u=  l.‘)l),  V  the  sample  volume, 
X„  the  neutron  wavelength,  \/  the  lamdon  penetration  depth, 
B  is  the  applied  magnetic  field,  and  d'n  is  the  flux  quantum. 

The  London  depth  is  approximately  the  half-width  at 
half  maximum  of  the  field  distribution  of  a  single  flux  line, 
hence  there  is  le.ss  eontra.st  for  larger  \/  .  For  niobium, 
X,  >«4(M)  A,  whereas  for  the  high  7',.  materials,  it  is  at  least 
three  times  larger.  The  signal  to  be  measured  is  therefore 
lower  by  approximately  two  orders  of  magnitude.  Al.so,  the 
signal  for  the  first-order  reflections,  burring  other  complica¬ 
tions,  is  relatively  independent  of  the  applied  field  except  for 
a  geometrical  1/r/  factor.  On  the  one  hand,  there  is  less  con- 
tra.st  between  the  peak  and  valley  at  a  higher  field  due  to 
larger  number  of  flux  lines;  on  the  other,  the  number  of  scat- 
terers  is  higher  which  balances  the  equation.  However,  there 
is  considerable  gain  in  utilizing  a  larger  field  in  order  to  get 
away  from  the  incident  beam  and  the  metallurgical  scattering 
as  much  as  possible  in  order  to  increase  the  signal  to  noise 
ratio. 

In  tirder  to  obtain  the  integrated  intensity,  the  rocking 
curve  (or  mosaic  width),  AW.  of  the  Bragg  scattering  musl  be 
measured.  This  mosaic  is  a  measure  of  the  straightness  of  the 
flux  lines  along  the  applied  field  direction  ora  measure  of  the 
length  over  which  they  remain  straight.  If  it  is  assumed  that 
the  mosaic  is  endrely  due  to  finite  sample  size  (i.e.,  flux-line 
length),  the  lower  limit  on  this  length  is  determined.  A  scat¬ 
tering  object  of  finite  size  leads  to  an  extended  trbject  in 
reciprocal  space.  If  it  is  assumed  that  the  flux  lines  are 
straight  »)ver  length  /,  the  Fourier  width  on  reciprocal  space 
is  given  by 

(t) 

Because  the  measured  rocking  width  convolutes  this  length 
effect  with  any  meandering  of  the  flux  lines  away  from  the 
field  direction,  /  is  a  lower  limit  on  the  length  of  the  lines. 

Data  were  taken  on  the  small-angle  spectrometer  at  Ris^ 
Naturnal  Laboratory  using  an  incident  neutron  wavelength  of 
nearly  20  A  and  a  oX/X  of  18%.  The  lowest  applied  field  was 
200  niT. 

The  sample  used  for  most  of  these  ineasurements  was  a 
platelike  single  crystal  weighing  180  mg.  This  sample  had  a 
(crystal)  mosaic  width  of  approximately  0.5°.  Other  samples 
were  also  studied  briefly  thus  far;  all  had  a  nominal  compo- 
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FIG.  2,  The  temperature  depeiidciiec  of  the  order  parameter  at  low  tempera¬ 
ture. 


FIG,  1.  The  tlux-lattiee  signal  seen  in  a  difference  measurement  between 
field-cooled  (40  niT)  and  zcro-tield-cooled  data. 


sition  given  by  Bi2.isSii,<)flCaCu20m.  j,.  The  satnples  appear 
to  be  untwinned;  front  and  back  faces  had  the  same  relative 
orientation  of  the  a  axis  in  x-ray  characterizations. 

RESULTS  AND  DISCUSSION 

At  the  lowest  temperatures,  with  the  applied  field  (50 
niT)  parallel  to  the  c  axis  of  the  sample,  the  flux-line  lattice 
was  seen*  in  the  difference  signal  between  field-cooled  and 
zero-field-cooled  runs,  shown  in  Fig.  1.  The  lattice  has  six¬ 
fold  symmetry  and  is  aligned  with  the  crystalline  h  axis  in  all 
the  samples  measured.  It  is  likely  that  the  samples  are  un¬ 
twinned  since  the  flux  lattice  consists  of  only  one  domain.  (A 
twinned  crystal  would  give  rise  to  a  second  domain  rotated 
by  90°. )  The  mosaic  width  of  this  lattice  was  approximately 
1.2(2)°,  giving  a  minimum  flux-line  length  of  approximately 
10  /um.  From  the  integrated  intensity,  the  London  penetration 
depth  obtained  for  BSCCO  at  the  lowest  icmperaturcs  is  ap¬ 
proximately  1800  A,  not  significantly  different  from  YBCO. 

As  the  applied  field  was  increased,  the  signal  intensity 
decreased  faster  than  expected  from  the  (\lq)  factor.  The 
signal  intensity  began  to  decrease  as  the  field  was  raised 
above  50  mT  and  for  fields  above  100  mT.  no  flux  lattice  was 
observed  at  all.  We  believe  this  to  be  a  manifestation  of  the 
dissociation  of  three-dimensional  flux  lines  into  2d  pancakes. 
This  was  also  observed  in  /iSR  measurements’  on  samples 
prepared  by  the  same  method.  The  3d-2d  transition  occurs 
at  the  same  field  that  appears  to  be  independent  of  tempera¬ 
ture. 

The  intensity,  which  is  inversely  proportional  to  the 
fourth  power  of  the  London  penetration  depth,  decreases  lin¬ 
early  at  low  temperatures  in  BSCCO,  as  shown  in  Fig.  2. 
This  is  unlike  conventional  .v-wavc  superconductors  where 
intensity  changes  very  little  for  T  less  than  about  T,./3.  Also, 


there  appears  to  be  no  anisotropy  within  the  measured  errors 
in  the  plane.  That  is,  the  T  dependence  of  the  Bragg  peaks 
aligned  along  h  compared  to  the  peaks  60°  from  b  show  no 
significant  difference.  However,  it  must  be  emphasized  that 
the  linear  slope  at  low  temperatures  does  not  imply  r/-wave 
superconductivity,  the  interpretation  of  the  T  dependence  is 
still  an  open  question. 

At  a  temperature  that  is  dependent  on  the  applied  mag¬ 
netic  field,  we  observe  the  rapid  decrease  of  the  intensity 
associated  with  melting  of  the  flux  lattice.  The  melting  oc¬ 
curs  at  the  same  temperature  at  which  finite  resistance  ap¬ 
pears  within  the  the  superconducting  state.  The  melting  line 
in  the  fl-T  phase  diagram  appears  to  coincide  with  measure¬ 
ments  of  the  irreversibility  line.  The  schematic  B-T  phase 
diagram  from  neutron  scattering  and  magnetic  measurements 
is  shown  in  Fig.  3.  The  solid  line  in  the  figure  is  found  by 
using  the  relation* 


1 


■  t„jt. 


with  the  Lindemann  melting  parameter,  c,  =0.2,  the  mass 
ratio,  ■y^=14()’,  the  in-plane  London  penetration  depth  at 
zero  temperature,  \„(,(0)=  1800  A,  and  tt  =3.3.  This  line  is  in 
good  agreement  with  the  observation  of  flux-lattice  melting 
observed  here  as  well  as  by  the  muon  spin  rotation  measure¬ 
ments.  It  is  reasonable  to  assume  that  this  decrease  in  inten¬ 
sity  represents  the  melting  of  the  ?>-d  lattice.  Careful  analyses 
show  no  broadening  or  any  other  indication  that  the  flux  line 
is  approaching  the  melting  temperature.  We  do  not  see  any 
signal  at  all  above  T,,,  even  though  a  ring  of  scattering  is 
expected,  presumably  because  the  disordered  flux  liquid  is 
not  a  strong  enough  scatterer  to  give  a  measurable  count.  The 
coherent  Bragg  signal  could  not  be  seen  in  the  raw  data  but 
only  in  a  difference  as  stated  earlier.  Hence  it  is  not  unex- 
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FIG.  3.  The  B-T  phase  diagram  for  BSCCO. 

pected  that  a  signal  from  a  dis'ordered  liquid  having  the  same 
total  scattering  contrast  would  be  beyond  what  can  be  mea¬ 
sured  here  in  a  reasonable  time.  Since  the  melting  is  associ¬ 
ated  with  finite  resistance,  applications  may  not  have  advan¬ 
tages  in  using  BSCCO.  Materials  with  lower  anisotropies 
and  stronger  pinning  will  probably  make  better  candidates 
for  devices. 

In  our  earlier  work'*  on  YBCO,  the  effects  of  anisotropy 
were  clearly  seen  as  the  angle  between  the  applied  field  and 
c  axis  of  the  crystal,  was  increased  and  the  effective  mass 
ratio  was  determined.  In  BSCCO,  an  effort  to  measure  this 


ratio  resulted  in  very  odd  behavior.  In  this  system,  when  the 
angle  ©  was  increased,  the  signal  from  the  vortex  lattice 
dropped  sharply  at  a  moderate  applied  field  of  30  mT.  In  fact, 
by  the  time  0  was  increased  to  15°.  no  measurable  scattering 
was  observed.  The  loss  of  intensity  could  arise  due  to  melt¬ 
ing  at  a  lower  temperature  when  0  is  increased,  but  this  is 
inconsistent  with  the  /xSR  data^  in  which  a  three-dimensional 
lattice  is  clearly  seen  for  larger  angles  at  the  same  field.  It  is 
possible  that  the  c  axis  is  a  preferred  direction  for  the  flux 
line  (in  a  manner  similar  to  YBCO,  although  twin  plane  de¬ 
fects  are  thought  to  cause  the  effect  in  that  compound),  per¬ 
haps  because  the  currents  prefer  to  flow  in  the  a-b  plane.  To 
test  this  hypothesis,  we  searched  for  the  scattering  signal 
with  the  q  vector  perpendicular  to  the  c  axis  but  did  not 
observe  any.  (NOTE:  In  the  latter  configuration,  the  field 
direction  was  0  from  the  incident  neutron  direction  and  the  c 
axis  was  now  parallel  to  the  incident  neutrons.)  More  experi¬ 
ments  are  planned  in  order  to  elucidate  this  matter.  Clearly, 
much  more  remains  to  be  learned  about  these  superconduct¬ 
ing  sy.stems. 
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Neutron  diffraction  from  the  vortex  lattice  in  the  heavy  fermion 
superconductor  UPta  (invited)  (abstract) 

R,  N.  Kleiman,  G,  Aeppli,  D.  J.  Bishop,  C.  Broholm,  E.  Bucher,  N.  Stuchelli,  and  0.  Yaron 

AT&T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974 

K.  N.  Clausen,  B.  Howard,  K.  Mortensen,  and  J.  S.  Pedersen 

Risi  National  Laboratory,  Roskilde,  Denmark 

The  heavy  fermion  supcrconduetor  UPt,  is  thought  to  have  a  r/-wave  pairing  ground  state.  The 
principal  experimental  evidence  for  this  consists  of  the  anisotropy  of  the  power-law  behavior 
observed  in  transverse  ultrasound  and  /x‘  SR  measurements.  The  observation  of  a  complex  phase 
diagram  in  the  supcrconductiiig  state  in  ultrasound,  torsional  oscillator,  and  specific  heat 
measurements  may  be  a  further  indication  of  an  unconventional  pairing  state.  Theoretical 
investigations  suggest  the  possibility  of  verrtex  lattices  that  are  unconventional  in  their  symmetry, 
their  quantization,  or  the  structure  of  their  composite  vortex  cores.  Transitions  between  such  exotic 
vortex  lattices  are  in  principle  allowed  and  could  explain  the  observed  features  at  //,.i  (for 

H\\c)  and  //=“(). 3//,.:  (for  Rlc).  Neutron  diffraction  is  an  ideal  bulk  probe  of  the  microscopic 
properties  of  the  vortex  lattice.  We  have  studied  the  vortex  lattice  with  H_Lc  and  T^50  mK  in  the 
field  range  ().75<W<1()  kG.  The  structure  of  the  vortex  lattice  and  the  quantization  of  the  vortices, 
in  addition  to  the  London  penetration  depth,  X./  ,  the  coherence  length,  and  the  effective  mass 
anisotropy  are  all  well  determined  by  our  measurements.'  The  lattice  is  oblique  hexagonal  with 
conventional  quantization.  Its  anisotropy  can  be  explained  by  considering  a  combination  of  Fermi 
surface  and  gap  anisotropy.  However,  the  lattice  does  not  appear  to  change  near  the  transition 
between  superconducting  phases  identified  by  other  techniques. 


'  R.  N.  Kk'iniiin,  C.  Broholm,  0.  Aeppli,  li.  Bucher,  N.  Suichclli.  D.  J. 
Bishop,  K.  N.  Clause'll,  K.  Morlenscn,  J.  ,S.  I’cOcr.scii,  ami  B.  Hov  ard. 
Hhys.  Rev.  Lett.  69,  .tUO  ( 1992). 
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Small  angle  neutron  scattering  from  the  vortex  lattice  In  2H-NbSe2  (invited) 
(abstract) 

P.  L  Gammel,  U.  Yaron,  D.  A.  Huse,  R.  N,  Kleiman,  B.  Batlogg,  C.  S.  Oglesby, 

E.  Bucher,  and  D.  J.  Bishop 

AT&.T  Bell  Lahoratories.  Murray  Hill,  New  Jersey  07974 

T.  E.  Mason  and  K.  Mortensen 

Risi  National  Laboratories,  4000  Roskilde,  Denmark 

We  report  on  small  angle  neutron  scattering  studies  of  the  flux-line  lattice  in  single  crystal 
2H-NbSe2.  For  fields  inclined  with  respect  to  the  c  axis,  we  find  distortions  and  form  factors 
consistent  with  Ginzburg-Landau  corrections  to  the  London  equations  with  a  mass  anisotropy 
r=  10.1  ±0.9.  The  flux  lattice  orientation,  however,  remains  pinned  to  the  crystal  lattice  for  all  tilts 
studied,  in  disagreement  with  the  orientation  defined  by  ani.sotropic  London  theory.'  For  fields 
below  2  kG  parallel  to  the  c  axis,  the  peaks  are  no  longer  resolution  limited.  The  correlation  lengths 
extracted  are  history  dependent,  and  show  that  the  lattice  is  annealed  when  a  current  greater  than  the 
critical  current  is  applied.  This  occurs  both  when  a  direct  transport  current  is  used,  or  an  induced 
current  in  a  zero  field  cooled  experiment.  The  annealing  is  seen  in  both  the  transverse  and 
longitudinal  correlation  lengths,  and  calls  into  question  the  relationship  between  the 
Larkin-Ovchinnikov  correlation  length  and  the  measured  critical  currents  in  this  system. 


'P.  L.  Gammel  et  at.,  Phys.  Rev,  Lett.  72.  27K  (lynU). 
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Giant  magnetoresistance  in  sputtered  Cr-Fe  heterogeneous  ailoy  fiims 

K.  Takanashi,  T.  Sugawara,  K.  Hono,  and  H.  Fujimori 

Institute  for  Materials  Research,  Tohoku  University  Sendai  980-77,  Japan 

We  have  observed  large  negative  magnetoresistance  (MR)  in  Cr-Fe  heterogeneous  alloy  films 
sputter  deposited  on  heated  substrates.  The  largest  MR,  37.3%  at  4.2  K  and  14  T,  appears  around  the 
Fe  concentration  of  20  at.  %.  While  a  large  substrate  temperature  dependence  of  MR  is  observed 
when  the  Fe  concentration  is  lower  than  20  at.  %,  MR  does  not  vary  noticeably  with  changes  in  the 
substrate  temperature  when  Fe  concentration  exceeds  20  at.  %. 


I.  INTRODUCTION 

Recently,  giant  magnetoresistance  (GMR)  in  heteroge¬ 
neous  alloy  films  such  as  Cu-Co,''^  Ag-Co,^'"*  and  Ag-Fe,"*"* 
in  which  ferromagnetic  particles  of  nanometer  size  are  ho¬ 
mogeneously  distributed  in  the  nonmagnetic  matrix,  has 
been  attracting  much  interest.  GMR  was  found  in  multilay¬ 
ered  Cr/F’e  for  the  first  time;’’’*  however  it  has  never  been 
reported  in  Cr-Fe  heterogeneous  alloys.  This  is  the  first  re¬ 
port  on  GMR  behavior  in  sputtered  Cr-Fe  heterogeneous  al¬ 
loy  films. 

Cr-Fe  has  an  isostructure  two  phase  region  below  475  “C 
but  the  solubility  limit  of  Fe  in  Cr  is  considerable.  The  a 
phase  is  present  in  the  temperature  range  from  475  to 
821  °C,  which  makes  high  temperature  annealing  for  induc¬ 
ing  phase  separation  without  an  appearance  of  <r  phase  dif¬ 
ficult.  Above  821  °C,  Cr  and  Fe  are  entirely  miscible.^  These 
features  are  in  contrast  to  the  Cu-Co,  Ag-Co,  and  Ag-Fe 
systems,  in  which  GMR  has  been  reported  in  the  heteroge¬ 
neous  structure.  In  such  alloy  systems,  the  heterogeneous 
structure  can  been  obtained  upon  annealing  nonequilibrium 
solid  solutions  prepared  by  sputtering  or  rapid  quenching.  In 
the  case  of  Cr-Fe,  however,  post-deposition  annealing  is  not 
appropriate  for  phase  separation  because  of  the  slow  kinetics. 
Hence,  in  the  present  study,  we  have  deposited  Cr-Fe  alloy 
films  at  elevated  temperatures.  Sputter  deposition  on  heated 
substrates  is  expected  to  promote  phase  separation  due  to 
surface  diffusion  which  is  many  orders  of  magnitude  faster 
than  the  volume  diffusion  that  would  otherwise  control  the 
kinetics  of  the  post-deposition  annealing.’" 

II.  EXPERIMENT 

Cr-Fe  heterogeneous  alloy  films  were  prepared  by  the  if 
sputtering  method  on  Si  substrates  heated  up  to  200  "C.  For 
comparison,  Cr-Fe  homogeneous  alloy  films  were  also  pre- 
paied  by  rf  sputtering  on  Si  substrates  cooled  by  liquid  ni¬ 
trogen.  The  composition  of  the  alloy  films  was  varied  from  0 
to  40  at.  %  Fe  by  the  number  of  Fe  sheets  (10X10  mm^)  on 
a  Cr  target  (</>100  mm).  The  composition  of  the  films  was 
determined  by  inductively  coupled  plasma  (ICP)  emission 
spectroscopy  analysis.  In  this  article,  the  sample  with  the  Fe 
concentration  of  x  at.  %  deposited  at  the  heated/cooled  sub¬ 


strate  is  denoted  as  /i/c-Cri_^.Fei. .  The  background  pre.ssure 
of  the  sputtering  chamber  was  approximately  1X10“"  Torn 
Sputtering  was  carried  out  in  an  atmosphere  of  Ar  gas  at 
5X10“''  Torr  by  applying  a  power  of  500  W.  The  distance 
between  the  target  and  the  substrate  was  100  mm.  The  depo¬ 
sition  rate  was  typically  1.5  A/s,  and  the  films  were  1-2  /rm 
thick.  The  microstructurc  of  the  samples  was  observed  by  a 
120  kV  transmission  electron  microscope  (TEM),  Philips 
CM  12.  TEM  specimens  were  prepared  by  ion  milling  after 
mechanically  grinding  the  substrate.  The  Ar  ion  current  for 
ion  milling  was  set  to  be  0.5  mA  at  4  kV.  Magnetoresistance 
(MR)  was  measured  at  4.2  K  by  the  conventional  four-probe 
method.  An  electromagnet  was  used  in  a  low  field  range  of 
±0.6  T,  and  a  superconducting  magnet  was  used  in  high 
fields  up  to  14  T.  Magnetization  versus  applied  magnetic 
field  (M-H)  curves  were  measured  at  4.5  K  in  the  range  of 
±5.5  T,  using  a  SQUID  magnetometer  (Quantum  Design, 
MPMS), 


FIG.  I.  Bright  field  THM  images  and  selected  area  diffraction  patterns  of  (a) 
a  Crxi.gFei,,  1  film  sputtered  on  the  heated  substrate  (/i-Cr„,  yFe|„  |)  and  (b)  a 
Ouj  |FC|[,g  film  sputtered  on  the  cooled  substrate  (c-Crsi  iFcki.s)- 


6790 


J.  Appl.  Phys.  76  (10),  15  November  1994 


0021-8979/94/76(1 0)/6790/3/$6.00 


©  1 994  American  Institute  of  Physics 


^  a  1  (  IJ  I  I  c  I 

-•>•>«->»•  h-Ct.-. 


H  (  T  1  H  (  T  )  H  (  T  ) 


FIG.  2,  MR  (upper)  and  M-H  (lower)  curves  of  (a)  a  CraqjFe,,,,  film 
sputtered  on  the  heated  substrate  ()i-Cr«5  7Fcii).i)  and  a  iFeioa  film  sput¬ 
tered  on  the  cooled  substrate  (c-CrjijiFeiii^),  (b)  A-Cr7i)()Fe2i.o  and 
c-Crvs.jFcji.v,  and  (c)  /i-Cr7i  4Fe286  and  c-Crag^Fe,,),.  The  MR  curve  is 
represented  as  the  resistivity  normalized  by  the  maximum  around  zero  field, 
Ap/pma, ,  as  a  function  of  applied  field,  H.  In  the  M-H  curves,  the  values  per 
Fe  volume  arc  shown. 


III.  RESULTS  AND  DISCUSSION 

Figures  1(a)  and  1(b)  show  bright  field  images  and  their 
corresponding  selected  area  diffraction  patterns  (SADP)  of 
/i-Crg3  9Fei5 1  and  c-Crgy  iFcifi<j,  respectively.  The  SADPs  in¬ 
dicate  that  the  films  consist  of  a  bcc  phase.  The  average  grain 
size  is  200  nm  for  /i-Crjjy  9Fei5 1  and  70  nm  for  c-Crgy  iFei^y, 
respectively,  indicating  that  cooling  by  liquid  nitrogen  re¬ 
duces  the  grain  size  remarkably.  For  the  /j-Cr«3  9Fe|(i  | 
sample,  small  specks  can  be  seen  within  a  grain.  The  size  of 
the  specks  is  approximately  2  nm  and  these  distribute  homo¬ 
geneously  within  the  grain.  Such  specks  are  seen  in  many 
grains,  although  the  appearance  of  the  image  varies  depend¬ 
ing  on  the  orientation  of  the  grains.  This  specklike  contrast  is 
probably  due  to  the  presence  of  Fe-rich  ferromagnetic  iso- 
structural  particles.  The  formation  of  these  particles  is  con 
sidered  to  be  a  result  of  the  phase  separation  which  pro¬ 
gressed  during  the  film  growth  on  the  heated  substrate. 

Typical  examples  of  MR  and  M -H  curves  are  shown  in 
Figs.  2(a)-2(c).  The  MR  curves  represent  the  normalized 
resistivity,  Ap/p„,aj,  as  a  function  of  applied  magnetic  field 
H.  In  the  M-H  curves,  the  values  of  magnetization  are  cal¬ 
culated  per  Fe  volume.  The  results  of  two  specimens  with  a 
similar  composition  but  grown  at  different  temperatures  arc 
displayed  in  the  same  figure.  Negative  MR  is  observed  for  all 
the  samples.  Interestingly,  the  maximum  value  of  MR  as 
large  as  37.3%  is  observed  in  /i-Cr7(;oFe2i,().  However,  MR 
does  not  saturate  even  at  14  T  for  all  the  samples.  At  the  Fe 
concentrations  of  jir<10  at.  %,  the  resi.stivity  for  the  films 
grown  on  the  cooled  substrate  decreases  almost  linearly  as  a 
function  of  the  magnetic  field.  On  the  other  hand,  the  re,sis- 
tivity  drop.)  more  steeply  in  the  low  field  region  for  the  films 
grown  on  the  heated  substrate.  As  the  concentration  of  Fe 
increases,  the  discrepancy  between  the  MR  curves  for  the 
heated  and  cooled  substrates  diminishes  and  both  are  almost 
the  same  at  je>25  at.  %.  A  similar  tendency  is  seen  for  the 
M-H  curves.  The  magnetization  for  the  heated  substrate 
saturates  more  easily  than  that  for  the  cooled  substrate  in  the 
low  X  region,  and  the  saturation  of  the  magnetization  for  the 
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FIG.  3.  Fc  concentration,  x,  dependence  of  the  MR  ratio  in  Cr|_  ,  Fe,  alloy 
films  sputtered  on  the  heated  (open  circles)  and  cooled  (closed  circles)  sub¬ 
strates. 


cooled  substrate  becomes  easier  with  increasing  x.  The  con¬ 
centration  dependence  of  the  MR  ratio,  [pn,88—p(W“14 
T)]/Pmax>  shown  in  Fig.  3.  The  MR  ratio  has  a  maximum 
around  a;  =  20  at.  %  for  both  heated  and  cooled  substrates, 
similarly  to  other  systems  such  as  Ag-Fe.^  However,  the  MR 
ratio  for  the  cooled  substrate  is  smaller  than  that  for  the 
heated  substrate  at  x<25  at.  %,  and  no  difference  is  seen  at 
jt>25  at.  %. 

The  negative  MR  behavior  observed  in  samples  grown 
c  1  cooled  substrates  is  considered  to  be  equivalent  to  that 
repo. ltd  ior  various  spin  glasses.""'^  We  have  also  prepared 
homogeneous  bulk  Cr-Fe  alloys  by  the  solution  treatment, 
and  confirmed  a  similar  MR  behavior.'"*  In  the  spin  glass 
state,  single  Fe  atoms  and/or  small  Fe  clusters  with  a  few  Fe 
atoms  distribute  in  a  Cr  matrix  randomly.  The  magnetization 
vectors  of  the  Fc  atoms  and  clusters  lie  in  different  direc¬ 
tions.  Therefore,  the  MR  and  the  magnetization  do  not  satu¬ 
rate  easily.  By  heating  substrate  pha.se  separation  may 
progress  during  the  film  growth.  In  this  case,  large  ferromag¬ 
netic  Fe  particles,  the  average  size  of  which  is  estimated  to 
be  2  nm,  are  formed  as  shown  in  Fig.  1(a).  Consequently,  the 
MR  and  the  magnetization  for  the  heated  substrate  changes 
more  steeply  in  low  fields  than  those  for  the  cooled  substrate; 
the  MR  ratio  for  the  heated  substrate  is  larger  than  that  for 
the  cooled  substrate.  However,  Figs.  2  and  3  indicate  that  the 
shape  of  the  MR  curve  and  the  magnitude  of  the  MR  ratio  do 
not  depend  on  the  substrate  temperature  at  x>25  at.  %.  The 
reason  for  this  is  considered  to  be  as  follows:  In  a  concen¬ 
trated  region,  even  if  Fe  atoms  are  randomly  distributed  in 
the  Cr  matrix,  the  density  of  Fe  atoms  is  so  high  that  a 
coasiderable  amount  of  Fe  atoms  couple  ferromagnetically  to 
form  a  magnetic  cluster.'^  The  size  of  the  magnetic  clusters 
may  be  comparable  to  that  of  Fe  particles  precipitated  by 
heating  the  substrate.  Consequently,  the  difference  between 
the  MRs  for  the  heated  and  cooled  substrates  disappears  in 
the  concentrated  region.  The  fact  that  the  MR  has  a  maxi¬ 
mum  around  a  =20  at.  %  also  suggests  that  ferromagnetic 
coupling  of  Fc  atoms  becomes  dominant  when  x  becomes 
larger  than  20-25  at.  %.  In  fact,  by  neutron  diffraction, 
Burke  et  a/.'^  showed  that  the  onset  of  ferromagnetism  was 
around  19  at.  %  Fe  in  bulk  Cr-Fc  alloys. 
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It  should  be  noted  that  the  MR  does  not  saturate  even  at 
14  T  for  any  samples,  irrespective  of  Fe  concentrations  and 
the  substrate  temperatures,  while  the  magnetization  reaches 
saturation  at  5.5  T  for  a: >25  at.  %  as  shown  in  Fig.  2.  We 
consider  that  this  is  due  to  spin  glass  behavior  of  Fe  atoms 
contained  in  the  Cr  matrix.  The  values  of  magnetization  are 
much  smaller  than  that  of  pure  bcc  Fe,  suggesting  the  phase 
separation  is  incomplete.  Therefore,  a  large  amount  of  Fe 
atoms  is  considered  to  be  dissolved,  forming  a  supersaturated 
solid  solution  in  the  Cr  matrix.  Regarding  the  absolute  mag¬ 
nitude  of  the  saturated  MR  it  has  been  pointed  out  both  theo¬ 
retically  and  experimentally  that  the  MR  is  larger  as  the  size 
of  magnetic  clusters  is  smaller  at  a  certain  concentration  of  a 
magnetic  element.'^"'**  This  may  suggest  that  the  saturated 
MR  could  be  largest  in  the  spin  glass  state.  The  unsaturated 
behavior  of  MR  was  also  observed  for  other  heterogeneous 
alloys."*’^  We  would  like  to  remark  here  that  the  magnitudes 
of  MR  in  heterogeneous  alloys  are  not  necessarily  meaning¬ 
ful  values  because  it  varies  depending  on  the  magnetic  field 
under  which  the  MR  is  measured. 

IV.  CONCLUSION 

We  have  investigated  the  GMR  behavior  of  sputtered 
Cr,  -jfFe^  heterogeneous  alloy  films.  The  MR  ratio  shows  a 
maximum  around  jc= 20  at.  %  both  for  the  heated  and  cooled 
substrates.  However,  the  MR  ratio  for  the  cooled  substrate  is 
smaller  than  that  for  the  heated  substrate  at  jc<25  at.  %,  and 
the  discrepancy  diminishes  with  increasing  x  This  suggests 
that  in  dilute  regions,  the  samples  sputtered  on  cooled  sub¬ 
strates  behave  like  spin  glass,  while  in  concentrated  regions, 
ferromagnetic  interaction  becomes  dominant  even  in  the  ho¬ 
mogeneous  solid  solution. 
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Origin  of  giant  magnetoresistance  effect  in  granular  thin  fiims 

Atsushi  Maeda,  Minoru  Kume,  Satoru  Oikawa,  and  Kazuiiiko  Kuroki 

New  Materials  Research  Center,  Sanyo  Electric  Co.,  Ltd.,  l-I  Dainichi-higashimachi,  Moriguchi,  Osaka 
570,  Japan 

Though  the  dr'magnetization  process  of  granular  Cc-Ag  films  became  steep  by  adding  permalloy 
layer,  slow  saturation  in  the  magnetoresistance  (MR)  curves  was  maintained.  In  addition,  the  MR 
characteristics  of  granular  Fe-Ag  films  prepared  under  a  magnetic  field',  in  which  strong  magnetic 
anisotropy  was  induced,  were  isotropic.  The  disagreement  between  the  MR  and  magnetic 
characteristics  implies  that  ferromagnetic  granules  are  not  responsible  for  the  giant  MR  (GMR) 
effect.  The  MR  ratio  of  the  granular  Fe-Ag  films  considerably  increased  at  thicknesses  less  than  20 
nm.  In  such  ultrathin  films,  the  features  of  the  MR  curves  corresponded  well  with  those  of  the 
magnetization  curves  with  slow  saturation  and  no  hysteresis.  These  results  suggest  that  the  GMR 
effect  in  the  granular  systems  is  attributable  to  superparamag.ietism. 


I.  INTRODUCTION 

Giant  magnetoresistance  (GMR)  effect  in  the  Fe/Cr 
multilayer'  has  stimulated  a  great  deal  of  investigation  of  the 
magnetotransport  properties  in  the  various  multilayered  and 
sandwiched  materials.  Since  the  interlayer  diffusion  strongly 
influences  the  physical  properties  of  such  structures,  the  ori¬ 
gin  of  the  GMR  effect  is  believed  to  be  an  interfacial  spin- 
dependent  scattering. Recently,  it  has  been  observed  that 
the  GMR  effect  is  also  present  in  granular  materials  compris¬ 
ing  mutually  insoluble  magnetic  and  nonmagnetic  metals 
and/or  alloys.'’'^  These  re.sulls  demonstrated  that  the  GMR 
effect  is  not  restricted  to  multilayered  structures  and  that  ad¬ 
ditional  opportunities  exist  for  technological  applications. 
However,  the  transport  phenomena  in  the  granular  systems 
are  not  much  understood.  So  far  a  few  models  have  been 
used  for  an  explanation  of  the  GMR  effect."’'^  Though  mag¬ 
netization  of  the  granular  films  is  saturated  at  low  fields,  the 
MR  curves  show  a  slow  saturation."’  We  consider  that  such 
di.sagreement  between  the  MR  and  magnetic  characteristics 
is  a  key  in  the  understanding  of  the  mechanisms  for  the 
GMR  effect  in  the  granular  systems. 

In  the  present  study,  ba.scd  on  the  experimental  results 
for  Fe-Ag  films  prepared  under  a  magnetic  field,  ferromag¬ 
netic  granules  are  pointed  out  to  be  not  responsible  for  the 
GMR  effect  in  the  granular  systems.  Detailed  thickness  de¬ 
pendence  study  suggests  that  the  GMR  effect  is  dominated 
by  fine  granules  with  superparamagnetic  characteristics. 


II.  EXPERIMENT 

To  study  the  effects  of  the  applied  field,  the  Fe-Ag  films 
were  prepared  by  rf  sputtering  under  a  magnetic  field 
Oe.  The  thickness  dependence  was  studied  on  the 
granular  Fe-Ag  films  that  were  prepared  under  zero  field. 
The  details  for  the  preparation  have  been  described 
previously."  An  electron  probe  microanalyzer  (JEOL  JXA- 
840)  was  used  for  the  elemental  analyses.  Magnetization  (M) 
and  hysteresis  loops  were  measured  usiitg  a  vibrating  sample 
magnetometer  (TOEl  VSM-3S).  The  MR  was  measured  at 
room  temperature,  about  293  K,  in  a  four-terminal  geometry 
with  an  in-plane  direct  current  {./)  between  0.01  and  1  mA.  A 


magnetic  field  {H)  up  to  1.5  T  was  applied  parallel  to  the 
current.  In  the  present  study,  the  MR  ratio  is  displayed  as 
follows; 

AMR=AR/R(1.5),  (1) 

where  AR  is  the  MR  change,  R„,„x-/J(1.5),  and  R{\.5)  is  the 
MR  at  H  =  \.5  T. 

III.  RESULTS  AND  DISCUSSION 

Very  recently,  we  have  indicated  that  the  Co-Ag/ 
permalloy  double-layered  structure  pos.sesses  a  sleep  magne¬ 
tization  change."’  This  occurred  because  the  ferromagnetic 
granules  in  the  granular  Co-Ag  layer  were  magnetically 
dragged  by  the  Permalloy  layer  with  a  soft  magnetic  nature, 
However,  saturation  was  not  observed  in  the  MR  curves  of 
the  double-layered  films  with  a  steep  demagnetization  pro¬ 
cess.  Such  disagreement  between  the  MR  and  magnetic  char¬ 
acteristics  is  also  observed  in  granular  Fe-Ag  films  prepared 
under  a  magnetic  field  (//„„=  130  Oe)  which  was  applied 
parallel  to  the  film  plane.  Figure  1(a)  shows  the  M-H  curves 
measured  under  the  condition  where  the  H  was  applied  nar- 
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F''IG.  I,  M-lt  (a)  and  MR  (h)  curves  at  room  temperature  of  l()l)-nni-tliick 
I'CaKAgs,  film  prepared  under  a  magnetic  field. 
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FIG.  2.  MR  ratios  of  Fc4«Ag52  films  with  various  thicknesses  (r).  The  bro-  FIG.  3.  MR  changes  of  Fe4„Ags,  films  with  various  thicknesses  (f). 

ken  line  indicates  the  critical  diameter  of  Fc  granule  estimated  by  theoretical 

calculation. 


allel  and  perpendicular  to  the  in  the 

film  plane.  Here  the  thickness  of  the  sample  was  100  nm.  Ft 
is  found  that  magnetic  anisotropy  was  induced  in  the  pre¬ 
pared  samples.  This  is  probably  because  the  applied  field 
dominated  the  easy  axis  direction  of  the  ferromagnetic  gran¬ 
ules.  In  contrast,  the  MR  characteristics  were  independent  on 
the  arrangements  between  the  J,  H,  and  H,,, ,  as  shown  in 
Fig.  1(b).  This  indicates  that  the  MR  characteristics  arc 
maintained  to  be  isotropic  in  the  samples  prepared  under  a 
magnetic  field.  These  results  for  the  Co-Ag/Permalloy 
double-layered  films  and  the  Fe-Ag  films  prepared  under  a 
magnetic  field  suggest  that  the  GMR  effect  is  not  attributable 
to  the  ferromagnetic  granules.  In  the  granular  systems,  there¬ 
fore,  other  magnetic  components  must  be  proposed  as  scat¬ 
tering  centers.  In  this  respect,  we  note  small  magnetic  gran¬ 
ules  with  superparamagnetic  characteristics.  Though  the 
contribution  of  the  superparamagnetic  components  are  neg¬ 
ligibly  small  in  the  magnetic  properties  of  the  granular  ma¬ 
terials,  the  transport  properties  are  probably  influenced  by 
them. 

The  magnetic  property  of  granules  changes  from  ferro¬ 
magnetic  to  superparamagnetic  as  the  granule  size 
decreases.'^  Therefore,  the  existing  ratio  of  the  superpara¬ 
magnetic  granules  is  expected  to  increase  with  decreasing  the 
thickness  of  the  granular  films.  This  idea  prompted  us  to 
prepare  the  granular  “ultrathin”  films.  Figure  2  shows  the 
thickness  dependence  of  the  MR  ratio  in  Fe4sAg52  films  that 
were  prepared  under  zero  field.  Here  the  MR  ratio  is  normal¬ 
ized  relative  to  the  MR  ratio  of  the  90-nm-thick  sample.  The 
MR  ratio  considerably  increased  at  thicknesses  less  than  20 
nm.  It  is  interesting  that  this  thickness  is  close  to  the  “critical 
diameter”  of  the  Fe  granule  (25  nm),  below  which  the  Fe  is 
theoretically  estimated  to  be  superparamagnetic. '■’  Here  the 
value  of /?(1.5)  necessarily  increased  with  decreasing  thick¬ 
ness.  Therefore,  it  is  noteworthy  that  the  MR  ratio  increased 
in  spite  of  the  increase  in  the  /?(1.5)  value.  This  means  that 
intrinsic  change  in  the  MR,  which  is  estimated  from  AR  in 
Eq.  (1),  is  extremely  large  in  the  ultrathin  films.  From  a 
quantitative  study,  it  was  found  that  the  MR  change  is  about 
60  times  as  much  as  that  in  the  “bulk”  films  which  are 
thicker  than  90  nm  (see  Fig.  3).  As  shown  in  Fig.  4,  the 


Fe4((Ag52  ultrathin  films  showed  the  M-H  curves  with  slow 
saturation  and  no  hysteresis.  In  addition,  the  features  of  the 
MR  curves  corresponded  well  with  those  of  the  M-H  curves. 
This  is  in  contrast  to  the  disagreement  between  the  MR  and 
M-H  data  in  the  Co-Ag/Permalloy  double-layered  films  and 
the  Fe-Ag  films  prepared  under  a  magnetic  field.  The  above 
results  indicate  that  the  growth  of  the  granules  is  restrained 
with  decreasing  the  thickness  as  we  expected.  It  is  also  sug¬ 
gested  that  the  small  granules  with  superparamagnetic  char¬ 
acteristics  mainly  contribute  to  the  GMR  effect  in  the  granu¬ 
lar  systems.  Figure  5  shows  the  thickness  dependence  of 
saturation  field  associated  with  the  MR  characteristics. 
Here  the  //,  is  defined  as  the  value  of  the  magnetic  field 
corresponding  to  the  MR  ratio  at  a  value  80%  below  each 
MR  ratio  [see  Fig.  5  in  Ref.  11(b)].  The  H,  decreased  with 
increasing  the  MR  ratio  in  the  ultrathin  films.  Toward  the 
application  for  Ihin-fiim  sensor  devices,  it  is  extremely  im¬ 
portant  that  the  MR  ratio  increases  and  W,.  decreases  with 
reducing  the  thickness  in  the  granular  systems. 
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FIG.  4.  M-H  (a)  and  MR  (b)  curves  at  room  Icmpcralure  of  10-nm-lhick 
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FIG.  5.  H,  of  Fc4BAg5^  films  with  various  thicknesses  (t). 


IV.  SUMMARY 

Though  the  interlayer  magnetic  coupling  was  induced  in 
the  Co-Ag/permalloy  double-layered  films,  the  MR  change 
was  maintained  to  be  slow.  In  addition,  the  isotropic  MR 
characteristics  were  observed  in  the  granular  Fe-Ag  films 
prepared  under  a  magnetic  field.  The  MR  ratio  in  the  Fe-Ag 
system  considerably  increased  at  thicknesses  less  than  20 
nm.  In  such  ultrathin  films,  a  slow  saturation  and  no  hyster¬ 


esis  were  observed  in  the  M-H  curves,  whose  features  corre¬ 
sponded  well  with  those  of  the  MR  curves.  These  results 
suggest  that  the  larger  ferromagnetic  particles  are  not  as  ef¬ 
fective  as  the  smaller  superparamagnetic  particles  to  the 
GMR  effect  in  the  granular  systems.  This  is  probably  be¬ 
cause  of  the  small  surface  to  volume  ratio  of  the  former. 
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Structural  and  magnetoresistance  results  on  annealed  sputtered  (NixiFcii),  Ni(,,,Fei,,CoiK)/Ag 
granular  multilayers  are  presented.  Structural  evolution  has  shown  that  highly  (111)  textured, 
discontinuous  layered  structures  can  persist  on  annealing  up  to  400  °C,  The  average  magnetic 
particle  size  is  controlled  by  the  annealing  temperature  and  the  initial  magnetic  layer  thickness.  No 
giant  magnetoresistance  was  observed  in  the  as-deposited  films,  while  significant  MR  was  found 
after  annealing  between  300  °C  and  400  °C.  Magnetoresistance  over  30%,  together  with  a  small 
saturation  field,  was  found  at  4.2  K  for  a  starting  magnetic  thickness  of  4  A.  Increasing  the  magnetic 
layer  thickness  to  20  A  greatly  improves  the  magnetic  thermal  stability,  and  leads  to  high 
magnetoresistive  sensitivities  of  up  to  ().35%/Oe  in  a  field  of  10  Oe  at  room  temperature.  The 
magnetization  hysteresis,  anisotropy,  and  magnetic  interaction  in  such  a  granular  multilayer  are  also 
discussed. 


I.  INTRODUCTION 

Since  the  observation  of  giant  magnetoresistance  (GMR) 
first  in  antiferromagnetically  coupled  multilayers,''"  and  later 
in  uncoupled  granular  alloy  films,’''*  structural  and  magne¬ 
totransport  properties  have  been  intensely  studied  in  a  vari¬ 
ety  of  artificially  inhomogeneous  structures.  High  negative 
GMR,  which  is  essential  for  magnetoresistive  sen.sor  appli¬ 
cations,  is  found  in  these  system  and  is  shown  to  be  related 
to  the  interface  spin-dependent  scattering,  and  is  associated 
with  the  reorientation  of  the  magnetic  moments  in  either  a 
coupled  multilayer  structure  or  an  immiscible  granular 
alloy.''’  However,  the  magnetic  fields  required  to  achieve 
magnetic  saturation  and  a  significant  magnetoresistive  effect 
are  generally  too  large  to  be  useful  in  low-field  device  appli¬ 
cations. 

Annealed  NiFe/Ag  multilayers,  however,  have  shown 
iuw-ficld  GMR.*’”"  We  have  recently  extended  these  studies 
by  annealing  NiFe/Ag  multilayers  containing  ultralhin  NiFc 
laytis.  Larger  enhancements  in  GMR  at  4.2  K  were  found 
for  annealed  multilayers  and  low  saturation  fields  were  also 
observed  by  controlling  the  size  and  shape  of  the  magnetic 
precipitates.**  In  this  paper,  we  report  the  magnetic  layer 
thickness  dependence  of  annealed  (NiFe,NiFcCo)/Ag  multi¬ 
layers  on  the  structural,  magnetic,  and  transport  properties. 


II.  EXPERIMENT 

A  series  of  (Nin,Feiy,Ni(„,Fe|(,Co,n)/Ag  multilayers  with 
individual  magnetic  layers,  ranging  from  4  to  20  A  and  Ag 
layers  of  20-40  A  were  prepared  by  dc  magnetron  sputtering 
at  room  temperature  from  separate  targets  of  Ni^iFen), 
Nif,„Fei5CO|x,  and  Ag  onto  both  glass  and  oxidized  Si  sub- 
rstrates.  The  base  pressure  was  less  than  2X10  ^  Torn  The 
deposition  rales  were  typically  1.4- 1.6  A/s  in  7.5  niTorr  ar¬ 
gon.  The  individual  layer  thicknesses  of  the  magnetic  alloys 


and  Ag  were  adjusted  to  yield  films  of  magnetic  composition 
between  20  and  55  at.  %.  Total  film  thicknesses  were  750- 
1200  A.  The  heat  treatment  was  carried  out,  either  under  a 
vacuum  of  better  than  2X10  Torr  or  under  a  flow  of  5% 
and  05%  Ar. 

The  structural  characterization  of  the  samples  were  per¬ 
formed  using  low-  and  high-angle  x-ray  diffraction  using 
Cu-K„  radiation  and  a  transmission  electron  microscope.  The 
film  compositions,  as  determined  by  electron  microprobe 
measurements,  were  found  to  be  within  4%  of  the  nominal 
values.  The  mugnetoresistance  measurements  were  carried 
out  using  a  four-terminal  geometry  and  a  high-resolution  ac 
bridge.'"  The  current  was  in  the  plane  of  the  film,  with  the 
magnetic  field  either  in  the  film  plane  and  perpendicular  to 
the  current  (transvcr.se  pj)  or  perpendicular  to  the  plane  (per¬ 
pendicular  p, ),  Magnetic  hysteresis  data  at  300  K  were  ob¬ 
tained  usinc.  a  magneto-optic  Kerr  effect  (MOKE)  magneto¬ 
meter  with  the  applied  field  in  the  plane  of  the  film. 


III.  RESULTS  AND  DISCUSSIONS;  NlgiFeis/Ag 
MULTILAYERS 

(Ni«iFe,,,//Ag2l)  A),,,  multilayers  with  /Ni|.^.=4-2()  A 
were  deposited  on  glass  substrates  and  followed  by  anneal¬ 
ing  under  vacuum.  The  h)W-angle  x-ray  reflectivity  spectra 
reveal  supcrlattice  peaks  for  all  the  as-deposited  samples, 
down  to  a  bilayer  thickness  of  A  =  24  A  (with  a  4  A  layer  of 
magnetic  component),  indicating  a  well-defined  composi¬ 
tional  modulation  along  the  growth  direction.  The  corre¬ 
sponding  high-angle  x-ray  iliffraction  and  electron  diffrac¬ 
tion  for  these  samples  show  that  the  multilayer  films  have 
coherent  interfaces  and  a  highly  textured  structure  with  (111) 
orientations  normal  to  the  film  plane.  Figure  1  shows  the 
high-angle  x-ray  diffraction  patterns  for  a  multilayer  with 
/Niii-=2()  A  at  different  annealing  temperatures.  Highly  tex¬ 
tured  Ag(lll)  and  NiFe(lll)  structures  can  be  seen  in  the 
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FIG.  1.  High-anglc  x-ray  dala  for  the  samples  with  form  glass/(Ag20 
A/Nio|Feii)20  A)ioi'Ag20  A,  as-deposited  and  annealed  at  320  °C,  375  °C, 
and  400  °C  for  10  min. 
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FIG.  2.  'I'emperature  dependencic.s  of  (a)  Ap/p  and  (h)  saturation  Held 
for  three  NisiFe,.^  samples  with  layer  thicknesses,  as  indicated. 


annealed  samples.  As  illustrated  in  Fig.  1,  superlattiec  coher¬ 
ence  persists  for  samples  annealed  up  to  400  °C.  Further  an¬ 
nealing  above  450  °C,  however,  dissolved  the  superlattice 
structures,  as  shown  by  the  disappearance  of  the  satellite 
peaks  around  the  two  primary  Bragg  peaks,  indicating  sig¬ 
nificant  interdiffusion  during  annealing.  Similar  structural 
changes  in  annealing,  found  from  high-angle  x-ray  diffrac¬ 
tion,  were  observed  for  all  the  NiFe  thicknesses  studied  here. 
However,  low-angle  x-ray  reflectivitv  data  show  that,  except 
for  very  thin  NiFe  layers  (4-6  A),  the  compositionally 
modulated  layer  structures  persist,  even  after  annealing  at 
450  ®C,  indicating  a  well-spaced  discontinuous  multilayer 
structure.  The  average  NiFe  grain  sizes,  D,  corresponding  to 
different  tMPe,  estimated  from  the  high-angle  diffraction 
peak  width,  range  from  60  to  250  A  for  samples  annealed  at 
450  "C,  as  shown  in  Table  1.  As  the  annealing  temperature  is 
increased,  the  high-angle  NiFe  (111)  x-ray  peak  intensity  in¬ 
creases  and  becomes  sharper,  indicating  the  growth  of  NiFe 
particles.^ 

For  a  wide  range  of  NiFe  thicknesses  (4-20  A)  and  Ag 
spacer  20  A,  the  as-deposited  multilayers  show  no  GMR  at 
room  temperature.  However,  large  MR  was  found  for 
samples  annealed  between  300  and  450  '’C  at  both  4.2  and 
300  K.  Data  obtained  at  4.2  K  are  shown  in  Table  I.  For  the 
samples  with  ultrathin  NiFe  layers  (~4-6  A),  which  is  con¬ 
sidered  as  granular  in  nature,  GMR  as  large  as  30%  was 


found  in  the  samples  annealed  at  300  °C  with  a  saturation 
field  generally  less  than  tho.se  observed  in  cosputtered  granu¬ 
lar  films  of  similar  compositions.^'"*  As  increases  to  20 
A,  a  substantial  decrease  of  the  GMR  is  observed.  This  result 
is  expected,  since  for  high  NiFe  concentrations,  the  surface 
to  volume  ratio  decreases,  thereby  reducing  the  interfacial 
spin-dependent  electron  scattering."  However,  the  saturation 
field  is  greatly  reduced  as  the  magnetic  layer  thickness  is 
increased.  Similar  behavior  was  found  for  samples  annealed 
at  450  °C,  except  that  the  values  of  the  GMR  and  Hu  are 
lower,  due  to  the  growth  of  magnetic  precipitates. 

An  important  aspect  of  increasing  r^ipc  is  the  improve¬ 
ment  of  the  magnetic  thermal  stability.  Figure  2  shows  the 
temperature  dependence  of  GMR  and  //,y.  Cooling  the 
samples  down  from  300  K  to  4.2  K  increased  Ap/p  by  a 
factor  of  7  for  the  sample  with  Inii'c^'^  A,  but  only  by  a 
factor  of  2  for  the  sample  with  / NiFe “20  A.  Interestingly,  the 
MR  values  for  these  samples  are  comparable  at  300  K.  The 
saturation  fields  show  behavior  similar  to  those  of  GMR.  A 
large  increase  of  for  thinner  NiFe  samples  are  seen  at 
temperatures  below  50  K,  compared  to  a  relatively  flat  varia¬ 
tion  for  the  thickest  NiFe  sample.  The  strong  temperature 
dependences  of  the  GMR  parameters  for  the  samples  with 
ultrathin  NiFe  layers  were  shown  to  be  related  to  the  super- 
paramagnetic  properties  of  the  small  magnetic  precipitates.'* 


TABLE  I.  Dependence  of  magnetoresistance  parameters  on  rfiift  samples  annealed  at  .3(K)  °C  and  450  °C,  data  obtained  at  4.2  K.  p,,  and  py  arc  the 
resistivities  at  H=0  and  H  =  ,  respectively. 


Sample 

3(K)  °C 

450  "C 

InII'c 

ft) 

^p 

4p/p.v 

ft) 

Ap 

A/Vpv 

W.V 

I) 

(A) 

(pil  cm) 

(fiil  cm) 

(%) 

(Oc) 

(ftil  cm) 

(pll  cm) 

m 

(Oc) 

(A) 

4 

9.94 

2.30 

30.0 

2(MH) 

5.95 

0.945 

18,8 

14(M) 

60.0 

6 

9.93 

1.98 

25.0 

17(K) 

5.76 

0.6.30 

12.3 

1150 

80,0 

8 

5.49 

0.59 

12.0 

1050 

95.0 

20 

10,93 

(1.296 

2.8 

50 

2.50.0 
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FIG.  3,  Room  temperature  mugnctorcsistance  for  multilayers  with  the  form 
SiOj/NbSO  A/Ag20  A/NiF.;Co2t)  A(Ag40  A/NiFcCo20  hjhfpXS  A/Nbl(K) 
A,  in  different  heat-treutment  slates,  as  indicated.  The  curves  show  one-half 
of  the  MR  vs  H  cycle. 


IV.  LOW-FIELD  GMR  STRUCTURE 

Although  large  GMR  values  have  already  been  obtained 
in  a  variety  of  multilayers  and  granular  alloys,  the  magnetic 
fields  required  are  usually  targe.  In  a  multilayer  structure, 
low  saturation  fields  are  possible  by  choosing  a  structure 
with  small  antiferromagnetic  coupling,'^  A  recent  report  has 
shown  that  very  low  field  GMR  is  obtained  in  an  annealed 
NiFe/Ag  multilayer  structure,  with  a  typical  magnetic  layer 
thickness  of  20  The  large  value  of  the  magnetoresistive 
sensitivity,  over  0.8%/Oe,  was  ascribed  to  the  balance  of 
magnetostatic  and  local  antiferromagnetic  interaction  be¬ 
tween  the  plate-like  islands  in  the  annealed  layer  structures. 
We  have  prepared  similar  structures  by  substituting  the  mag¬ 
netic  component  by  a  magnetically  soft  Nif,f,Fei(,Coi8  alloy. 
Figure  3  shows  the  room  temperature  magnetoresistance  data 
for  multilayer  with  form  SiO2/Nb50  A/Ag20  A/NiFeCo20  A 
(Ag40  A/NiFeCo20  A)4/Ag2()  A/NblOO  A,  at  a  different  an¬ 
nealing  temperature.  No  GMR  was  found  for  the  as- 
deposited  sample,  while  significant  GMR  was  observed  aftei 
annealing  the  samples  between  300  °C  and  400  °C.  Values  of 
^RIR=4%  and  (dRldH)IR=0.35%IOc  were  obtained  for 
the  sample  annealed  at  325  °C.  It  appears  that  the  large  in¬ 
crease  in  A/f/R  is  dominated  by  the  increase  of  AR,  as  the 
sheet  resistances  generally  decrease  by  only  10% -15%  after 
annealing.  We  also  note  that  the  MR  parameters,  particularly 
the  saturation  field  are  extremely  sensitive  to  the  annealing 
temperature.  As  a  consequence,  the  annealing  temperature 
needed  for  maximum  sensitivity  was  found  to  lie  within  a 
very  narrow  window  of  a  few  degrees  around  325  °C  for  this 
particular  structure. 

Finally,  the  magnetization  hysteresis  was  studied  using  a 
MOKE  magnetometer.  Figure  4  shows  the  room  temperature 
MOKE  hysteresis  loops  for  the  same  samples  Indicated  in 
Fig.  3.  A  typical  ferromagnetic  characteristic  is  seen  for  the 
as-deposited  sample  with  relatively  small  Kerr  intensity. 
Upon  annealing  at  a  moderate  temperature  below  370  °C,  the 


FIG.  4.  Magncto-optic  Kerr  effect  (MOKE)  meusurcmcnis  for  the  samples 
shown  in  Fig.  .t,  (a)  as-depositeti,  and  annealed  for  10  min  at  (b)  .125  “C,  (e) 
.150  “C,  and  (d)  .160  °C. 


hysteresis  loop  gradually  tilts  and  the  remanence  magnetiza¬ 
tion  decreases,  sugge.sting  the  formation  of  a  fractional  anti¬ 
ferromagnetic  spin  configuration.  Annealing  above  370  °C 
increases  both  the  remanence  and  the  coercivity;  correspond¬ 
ingly,  the  GMR  sensitivity  decreases.  Although  a  small  in¬ 
plane  anisotropy  was  found  in  the  as-deposited  sample,  the 
hysteresis  loop  difference  of  the  in-plane  magnetic  easy  and 
hard  axes  vanishes  after  annealing  above  300  “C.  Therefore, 
one  could  conjecture  that  under  a  minimum  in-plane  anisot¬ 
ropy,  low-field  GMR  and  high  sensitivity  are  promoted  as  the 
results  of  the  balance  of  magnetostatic  interaction  and  local 
antiferromagnetic  coupling.^ 
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Magnetoresistance  in  (Fe-Co)/Ag  films 
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The  structural  and  magnetotransport  properties  of  (Fej.CO|  ylmo- .lAgv  films  were  studied  as  a 
function  of  composition.  Giant  magnetoresistance  (GMR)  values  were  measured  in  these  granular 
films,  with  the  best  GMR  obtained  for  the  composition  (Fe(,  3,Co„,,7)27Ag7,,  with  values  of  2V%  at 
30  K  and  11.7%  at  300  K.  XRD  and  TEM  results  have  shown  a  fee  crystal  structure  with  a  relatively 
homogeneous  microstructure.  Magnetic  data  for  the  samples  with  the  best  GMR  indicate  a 
superparamagnetic  behavior.  The  narrow  peak  in  thermomagnetic  data  and  low  blocking 
temperature  suggest  a  small  and  uniform  size  distribution  of  magnetic  granules.  A  summary  of  the 
electrical  transport  properties  is  presented,  in  relation  to  the  structural,  microstructural,  and  magnetic 
properties. 


i.  INTRODUCTION 

Giant  magnetoresistance  has  been  recently  observed  in 
transition  metal  multilayers,'  composite  films,^''’  and  in  bro¬ 
ken  multilayers.'*  The  origin  of  GMR  is  attributed  to  spin- 
dependent  scattering  at  the  interfaces  between  magnetic  and 
nonmagnetic  regions.'”’  The  highest  GMR,  of  the  order  of 
150%,  was  observed  in  multilayers,**  but  the  highest  sensitiv¬ 
ity,  about  1.2%/Oe,  was  found  in  broken  multilayers."*  Both 
of  these  systems  require  very  stringent  preparation  tech¬ 
niques,  which  make  them  difficult  to  be  used  for  practical 
applications.  On  the  other  hand,  granular  films  are  much 
easier  to  prepare,  but  the  studies,  to  date,  showed  low  sensi¬ 
tivity  and  high  saturation  fields.  This  study  was  performed  in 
an  effort  to  improve  the  sensitivity  and  lower  the  saturation 
field  in  (Fe-Co)/Ag  films  by  investigating  the  dependence  of 
these  parameters  on  the  composition,  structure,  size,  and 
density  of  magnetic  granules. 

II.  EXPERIMENTAL  PROCEDURES 

(FeyCoi_v)i(u> -vAg,.  granular  films  with  y=0-().4  and 
a:  =30-80  were  prepared  using  magnetron  sputtering  from 
Fe-Co  and  Ag  targets  on  water  cooled  substrates.  Carbon 
coated  copper  grids,  Al  foils,  kapton,  and  glass  were  used  as 
substrates.  The  predeposition  pressure  was  3X10  **  Torr,  and 
sputtering  was  done  in  a  5  niTorr  Ar  pressure.  X-ray  diffrac¬ 
tion  (XRD)  and  transmission  electron  microscope  (TEM) 
studies  were  used  to  determine  the  crystal  structure  and  mi¬ 
crostructure  of  the  samples.  A  SQUID  magne¬ 
tometer,  with  a  maximum  applied  field  of  55  kOe,  was  used 
for  the  magnetic  and  the  electrical  transport  measurements  in 
the  temperature  range  of  10-300  K.  The  four-probe  tech¬ 
nique  with  the  field  parallel  to  both  the  current  and  the  film 
surface  was  used  for  the  GMR  measurements. 

III.  RESULTS  AND  DISCUSSION 

The  XRD  (Fig.  1)  and  TEM  re.sults  (Fig.  2)  have  shown 
a  fee  crystal  structure  with  uniform  microstructure  (grain  size 

“'Prc.scnl  address:  Center  for  Materials  Research  and  Analysis.  112  Brace 
Lab,  University  of  Nebraska,  I’.O.  Box  SSOl  13,  l.incoln,  Nb.  ft4.SSK-l)l  13. 


ranging  from  5  to  50  nm),  irrespective  of  the  Ag  or  Fe-Co 
relative  composition.  All  the  observed  selected  area  diffrac¬ 
tion  (SAD)  reflections  were  .solely  due  to  Ag,  The  absence  of 
diffraction  rings  characteristic  of  elemental  Fe  or  Co  or  some 
FeCo  structure  is  reminiscent  of  Co(Fe)/Ag  granular  films.  In 
the  latter  system,'*  the  absence  of  Co(Fe)  reflections  was  at¬ 
tributed  to  the  very  small  size  of  Co(Fc)  granules  (1  nm), 
which  were  observed  only  when  high  resolution  TEM  was 
u.sed. 

The  dependence  of  GMR  values  on  composition  in  (Fe- 
Co)/Ag  is  shown  in  Fig.  3.  It  is  seen  that  for  a  fixed  ratio 
between  Fe  and  Co  (y),  the  GMR  values  form  a  well-defined 
bell-shaped  curve.  All  these  curves  show  maxima  that  lie  in 
the  region  of  65%-7()%  Ag.  The  magnitude  of  GMR  drops 
significantly  when  the  magnetic  content  becomes  50%, 
which  corresponds  to  the  theoretical  estimation  for  the  per¬ 
colation  point  of  granular  solids."’  For  the  samples  with  a 
small  percent  of  magnetic  material  (less  than  20%),  llte  den¬ 
sity  of  magnetic  granules  is  small,  giving  rise  to  a  small 
.scattering  surface  area  and  a  large  .separation  between  the 
granules,  leading  to  small  GMR  values.  Figure  3  also  shows 
that  the  GMR  values  for  Fe-Co/Ag  films  are  consistently 
lower  than  those  of  the  Co/Ag  films  prepared  under  identical 
conditions.  However,  for  y=0.33  and  .v=0.73,  comparable 
values  were  observed,  with  a  maximum  {[R(//) -/<(())]/ 
R{0)\  of  29%  at  30  K  and  11.7%  at  300  K.  The  prominent 
feature  of  all  Fe-Co/Ag  samples  was  the  lower  magnetic 
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(b) 

FIG,  2.  (ii)  BF  micrograph  showing  a  line  uniform  inicrostructurc,  (b)  cor¬ 
responding  SAD  pattern  sliowing  oniy  tiiu  Ag  tings. 

fields  required  for  the  saturation  of  magnetoresistance,  which 
results  in  sharper  GMR  (H)  peaks  compared  to  their  Co/Ag 
counterparts,  This  poitit  is  clearly  demonstrated  in  Fig.  4, 
The  GMR  vs  H  curves  taken  for  samples  with  different 
magnetic  content  (Fig.  5)  slutw  that  for  a  small  amount  of  the 
magnetic  material,  the  magnitude  of  GMR  smoothly  in¬ 
creases  with  increasing  field,  For  samples  with  a  magnetic 
content  of  about  30%,  it  is  seen  that  the  magnetoresistanee 
iiicrea.ses  and  the  curve  appears  to  have  a  peak  at  around 
H  =0.  The  magnitude  of  the  peak  becomes  smaller,  and  the 
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FIG.  4.  Field  dependence  of  GMR  at  .^0  K. 

slope  of  the  curve  decreases  with  a  further  increase  of  the 
magnetic  content.  The  peak  vanishes  for  the  sample  with 
63%  magnetic  content.  Magnetization  curves  (Fig.  6)  taken 
on  the  samples  with  the  best  GMR,  at  different  temperatures, 
show  small  coercivity  (100  Oe  at  20  K  and  a  negligible  value 
at  3(K)  K)  and  lack  of  saturation,  even  for  fields  up  to  55  kOe 
[the  magnetization  curve  at  300  K  seems  to  achieve  satura¬ 
tion,  because  of  the  higher  signal  from  the  diamagnetic  .sub- 
.slrate  (kapton)].  These  results  are  indicative  of  the  superpara- 
magnetic  behavior  of  the  samples,  having  a  small  grain  size. 
A  notable  feature  here,  however,  is  that  although  the  magne¬ 
tization  does  not  show  complete  saturation,  the  magnetiza¬ 
tion  at  10  kOe  is  95%  of  the  magnetization  at  55  kOc.  This  is 
in  contrast  to  the  Co/Ag  samples  with  the  same  percentage  of 
magnetic  material,  which  never  approached  saturation,  even 
for  fields  as  high  as  55  kOc." 

The  thermomagnctic  data  for  the  samples  showing  the 
highest  GMR  values  (Fig.  7)  confirm  their  superparamag- 
nelic  behavior.  The  low  blocking  temperature,  of  the  order  of 
25  K,  is  suggestive  of  a  very  small  size  of  the  magnetic 
particles,  which  is  consistent  with  the  absence  of  SAD  re- 
llcctions  and  XRD  peaks.  The  narrow  peak  is  indicative  of 
the  uniform  size  distribution  of  magnetic  particles. 

IV.  CONCLUSIONS 

We  observed  high  values  of  GMR  in  Fe-Co/Ag  granular 
films  with  values  of  29%  at  30  K  and  1 1.7%>  at  300  K.  The 
GMR  saturating  fields  arc  lower  than  those  in  Co/Ag.  The 
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FIG.  6.  Magnetization  curves  and  hysteresis  loops  for  (Fe„3jCo„4,)27Ag7). 


origin  of  GMR  in  these  structures  seems  to  be  due  to  the 
spin-dependent  scattering  from  the  surfaces  of  the  Fe-Co 
clusters.  The  percentage  of  the  magnetic  content  and  relative 
Fe  and  Co  composition  play  a  significant  role  in  the  magni¬ 
tude  of  GMR  and  the  saturation  field. 


FIG.  7.  Thcrmomagnetic  data  of  (Fcq  j3Coo.67)27Ag73  on  an  applied  field  of 
SOOc. 
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In  this  paper  AgNiFe  alloy  films  were  examined  both  before  and  after  annealing.  Characterization 
of  the  samples  and  examination  of  interaction  effects  was  carried  out  by  measuring  the  temperature 
decay  of  rcmanence,  initial  susceptibility,  and  magnetoresistance.  The  temperature  decay  of 
rcmancnce  reveals  that  annealing  widens  the  distribution  of  energy  barriers,  which  is  indicative  of 
grain  growth.  The  behavior  of  the  initial  susceptibility  as  a  function  of  temperature  is  analogous  to 
that  found  in  spin  glasses.  From  these  measurements,  it  is  believed  that  interaction  effects  in  these 
systems  are  small. 


I.  INTRODUCTION 


Hecently,  there  has  been  a  growing  interest  in  giant  mag- 
netorcsistance  (GMR)  materials,  which  arc  being  considered 
for  applications  such  as  sensors  and  read/write  heads  in  re¬ 
cording  systems.  Materials  that  exhibit  GMR  may  be  multi¬ 
layers  or  alloys.  In  granular  alloy  films  such  as  AgNiFe,  the 
giant  magnetoresistance  arises  from  spin-dependent  electron 
.scattering  within  and  at  the  boundaries  of  the  grains  con¬ 
tained  within  the  Ag  matrix.  The  size  of  these  precipitates 
and  the  interactions  between  them  affects  the  orientation  of 
the  spins,  and  hence  the  magnitude  of  the  magnetoresistance. 

In  disordered  magnetic  materials,  the  first  step  in  their 
characterization  is  the  measurement  of  the  energy  barrier  dis¬ 
tribution.  This  measurement  is  made  by  cooling  the  sample 
in  the  zero  field  to  the  lowest  temperature,  where  all  the 
moments  are  blocked  and  unable  to  fluctuate  over  their  en¬ 
ergy  barriers  (AE).  Then  the  .saturation  remanence  of  the 
magnetic  compound  is  measured  as  a  function  of  tempera¬ 
ture,  this  variation  is  given  by‘ 

Af,{r)-;V/,(())  f' /(y)dy,  (i) 

where  Mr  =  M ,.IM^  is  the  reduced  remanence  reiatiye  to  the 
saturation  magnetization  of  the  system,  y  =  ^E/^E  is  the 
reduced  energy  barrier  relative  to  the  average  barrier  A£  and 
f(y)  is  the  distribution  function  of  reduced  energy  barriers, 
which,  in  this  formalism  we  assume  to  be  independent  of  T. 
y^ii,  is  the  reduced  critical  barrier  above  which  the  moments 
are  unable  to  fluctuate  on  a  given  time  scale.  Using  this 
criterion  of  the  critical  barrier,  y^i,  is  given  by 


AA'ci,  T 

y  cril  -  ~  ' 

^E  T, 


(2) 


where  A£^.f|,=A7' ln(/, „/(,),  t,„  is  the  measuring  time  and  /„ 
is  a  frequency  factor  associated  with  these  fluctuations.  I'l,  is 
the  average  blocking  temperature  of  the  system,  at  which 
fluctuations  are  taking  place  over  the  average  barrier.  Ac¬ 
cording  to  Eq.  (1),  the  differential  of  the  temperature  decay 
of  remanence  curve  shows  directly  the  distribution  of  energy 
barriers  /(AE/AE)  =  f{T„/T„). 


A  second  useful  measurement  is  the  variation  of  initial 
susceptibility  with  temperature.  For  a  zero  field  cooled  pro¬ 
cess  this  behavior  is  well  known  and  gives  a  peak  at  a  tem¬ 
perature  7’=  }  If  the  distribution  of  energy  barriers  origi¬ 

nates  from  a  distribution  of  precipitate  sizes,  then  well  above 
7’^  and  over  a  limited  range  of  temperature,  the  initial  sus¬ 
ceptibility,  Xi  is  given  by’ 


Xi{'n  = 


fcCo 

7+7-0, 


(3) 


where  —  is  the  total  ordering  temperature  over 

that  limited  range  of  temperature.  To,-  represents  the  contri¬ 
bution  of  interactions  to  7,,  „„  and  7()  m  =  yf/j  „ff  represents 
the  correction  for  the  blocking  effects  that  ari.se,  due  to  the 
fact  that  there  is  a  distribution  of  blocking  temperatures. 
Equation  (3)  was  derived  by  fitting  the  tail  of  the  distribution 
function  to  f{y)  =  ay  ~^  in  the  limited  range  of  temperature 
examined,  where  y-a/b  and  /)=exp(-<r;/2)  and  rr,,  is  the 
.standard  deviation  of /(y),  since  a  lognormal  distribution  of 
energy  barriers  is  assumed. 

According  to  this  analysis  of  the  temperature  variation  of 
the  initial  susceptibility,  and  with  the  help  of  the  energy  bar¬ 
rier  distribution  data  obtained  via  the  decay  of  remanence 
measurement,  the  interaction  effects  in  the  AgNiFe  alloy 
films  can  be  examined. 


II.  EXPERIMENT 

The  films  examined  consisted  of  silver,  which  formed 
the  bulk  of  the  material,  together  with  nickel  and  iron,  the 
ferromagnetic  components  that  form  precipitates  in  the  silver 
matrix.  The  size  of  these  grains,  and  hence  the  GMR,  may  be 
controlled  after  deposition  by  annealing  of  the  film,  which 
causes  growth  of  the  grains. 

The  films  were  produced  by  rf  sputtering  onto  glass  sub¬ 
strates  in  8  mTorr  argon  pressure  from  a  base  pressure  of 
better  than  2X10  ’  Torn  The  films  were  between  2()()-.3()() 
nm  thick  and  the  deposition  time  was  1  min.  The  film  com¬ 
positions  V  re  varied  by  changing  the  configuration  of  the 
sputtering  target.  Films  were  generally  78±5  atomic  percent 
silver,  with  the  rest  consisting  of  nickel  and  iron  in  a  range  of 
proportions.  Annealing  was  carried  out  at  three  different  tem¬ 
peratures:  600  "C,  b.'iO  °C,  and  750  "C  under  vacuum,  using 
halogen  bulbs  as  heaters. 
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FIG.  I,  Temperature  decay  of  remanence  data  tor  the  as-deposited  and 
annealed  films. 


Magnetic  measurements  were  made  with  a  PAR4500 
VSM.  Measurements  of  the  initial  susceptibility  were  made 
after  zero  field  cooling  using  applied  fields  of  ±50  Oe  over  a 
temperature  range  from  room  temperature  to  4  K.  The 
samples  were  cooled  in  zero  field.  Further  susceptibility 
measurements  were  made  at  T>  while  cooling  the  sample 
in  a  50  Oe  field.  Temperature  decay  of  remanence  measure¬ 
ments  were  made  over  the  same  temperature  range,  measure¬ 
ments  of  the  remanence  were  made  after  saturating  in  a  ±  1 .2 
T  field.  Magnetoresistance  v.  as  measured  using  a  four  point 
probe. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  measured  temperature  decay  of  re¬ 
manence  curves  for  two  films  of  composition  78.9%  Ag, 
11.3%  Fe,  and  9.7%  Ni  before  and  after  annealing  at  650  °C. 
We  see  that  the  value  of  M/fi)  can  be  extrapolated  to  0.5, 
i.e.,  the  Stoner-Wolfarth  value  for  a  system  with  randomly 
oriented  easy  axes.'*  Analysis  of  this  data  according  to  Eq.  (1) 
gives  the  energy  barrier  distribution.  Figure  2  shows  the  dis- 
tiibution  of  energy  barriers  or  the  distribution  cf  blocking 
temperatures  obtained  from  the  decay  of  remanence  curves. 


0  100  200  300 


Temperature  (K) 


FIG.  3.  Initial  suso.optibility,  Xi .  fer  as-deposited  and  anncaied  nampics  after 
couiir.g  in  zero  and  50  Oe  fields. 


The  energy  barrier  distribution  for  the  as-deposited  sample 
shows  that  there  is  some  degree  of  bimodality  that  disappears 
when  the  sample  is  annealed.  The  data  also  shows  that  the 
distribution  becomes  broader  after  annealing,  which  may  be 
due  to  precipitate  growth  arising  from  coagulation  of  neigh¬ 
boring  precipitates  or  alloying.  The  analysis  of  the  decay  of 
the  remanence  curve  for  the  annealed  sample  gives  a  value  of 
7’a=10  K  and  oy  =  1.3,  however,  it  is  difficult  to  fit  the  curve 
for  the  as-deposited  sample,  since  a  bimodal  distribution  is 
present. 

Figure  3  shows  the  temperature  variation  of  reduced  ini¬ 
tial  susceptibility:  jt'f(r)  =  ;^,(7')/A/,.(r),  where  Ms(T)  is  the 
saturation  magnetization.  Curves  are  shown  for  cooling  in 
the  zero  applied  field  and  cooling  in  a  50  Oe  field.  The 
samples  exhibit  typical  spin-glass  behavior.  From  the  figure, 
the  values  of  initial  susceptibility  for  the  annealed  sample  are 
larger  than  tho.se  of  the  as-deposited  sample,  and  also  the 
position  of  the  peak  in  the  zero  field  cooled  curve  is  shifted 
to  a  higher  temperature.  This  behavior  can  be  attributed  to 


FIG.  2.  Ttic  energy  barrier  distributions,  for  the  as-dcpo.sitcd  and 

annealed  films. 
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FIG.  4.  Magnctorcsistancc  for  the  two  films. 
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FIG.  5.  Comparison  of  d(6kp)ldH  and  d{^M^)ldH  for  the  annealed  and 
as-deposited  dims. 


the  fact  that  the  precipitates  are  larger  in  the  annealed 
sample. 

Analysis  of  versus  temperature  for  the  annealed 
sample  according  to  Eq.  (3)  gives  a  total  ordering  tempera¬ 
ture  of  ro,o,=  -50  K.  Using  the  data  for  the  energy  barrier 
distribution  obtained  for  this  sample,  we  calculate  a  value  for 
^OBi  of  “55  K.  Subtracting  this  from  TQ^o^  gives  a  value  for 
Toi  of  5  K  that  arises  due  to  interaction  effects.  This  value  of 

indicates  that  the  interaction  effects  in  this  sample  are 
small. 

Figure  4  shows  the  OMR  curves  measured  at  room  tem¬ 
perature  before  and  after  annealing.  We  see  that  the  GMR 
effects  in  the  annealed  sample  with  the  larger  precipitates  are 
greater  than  in  the  as-deposited  film,  and  Ap  increases  from 
1.3%  to  4.5%  as  the  sample  is  annealed  to  650  "C. 

Since  neither  samples  exhibit  remanence  or  coercivity  at 
room  temperature,  we  may  compare  the  field  dependence  of 
^p(H)  and  where  =  This 

comparison  is  based  on  the  model  of  Gittleman  et  al.,^  de¬ 
scribing  the  relationship  between  the  magnetoresistance  and 
the  magnetization  of  the  system.  Figure  5  shows  the  rate  of 


ch.  1,  ’  of  Ap(f/)  and  for  both  samples  examined. 

The  u..ia  clearly  shows  that  the  rate  of  change  of  Ap(//)  is 
greater  for  the  annealed  sample.  This  data  also  shows  that  for 
‘he  as-deposited  sample,  the  variation  of  d[^p{H)]/dH  and 
dH  is  similar,  whereas  for  the  annealed  sample 
the  d[Ap(//)]/r///  curve  deviates  from  the  rf[AM^(//)]/d// 
curve;  this  is  particularly  apparent  at  low  fields.  This  result 
can  be  explained  in  terms  of  recent  calculations,^'  in  which, 
due  to  interaction  effects,  the  Ap(//)  curve  does  not  follow 
the  curve  at  low  fields.  This  is  because  the  magne¬ 

toresistance  is  influenced  by  the  short  range  correlation  be¬ 
tween  neighboring  precipitates,  whereas  the  behavior  of 
AA/^  is  an  average  over  the  whole  system.  The  data  for  the 
annealed  sample  shown  in  Fig.  5  shows  that  the  deviation  of 
the  d[Ap(H)]/dH  curve  from  the  d[^M^(H)]/dH  curve  is 
not  large,  which  again  suggests  that  interaction  effects  are 
small  in  this  sample.  This  result  is  consistent  with  the  mag¬ 
nitude  of  the  ordering  temperature  To,  =5  K,  obtained  from 
the  initial  susceptibility  data. 


In  this  paper,  a  method  of  examining  and  characterizing 
interaction  effects  has  been  presented.  The  temperature  de¬ 
cay  of  remanence  is  found  to  give  useful  information  about 
the  energy  barrier  distribution  that  can  be  used  to  examine 
interaction  effects,  in  conjunction  with  initial  susceptibility 
measurements.  From  the  examination  of  the  initial  suscepti¬ 
bility  data  and  a  comparison  of  the  resistivity  and  magneti¬ 
zation  curves  of  the  annealed  sample,  the  effects  of  interac¬ 
tions  are  found  to  be  small.  These  effects  are  believed  to  play 
a  significant  role  in  the  increase  in  the  GMR  effect  as  the 
sample  is  annealed. 
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Nonferromagnetic  atoms  present  at  Ni/Cu  and  Pcrmalloy/Cu  interfaces  in  sputtered  spin  valve 
magnetoresistive  layered  structures  have  been  shown  to  cause  reduced  magnctorcsistancc.  Here  we 
show  that  a  model  in  which  the  moments  on  the  Ni  atoms  in  the  interfacial  region  of  Ni/Cu  are 
reduced  substantially  by  interdiffusion  with  Cu  is  consistent  with  the  experimental  results.  In 
contrast,  we  believe  that  moments  persist  at  the  permalloy/Cu  interface,  which  first  principle  total 
energy  calculations  suggest  will  be  disordered  at  finite  temperatures.  These  reduced  or  disordered 
moments  are  expected  to  significantly  reduce  the  GMR. 


I.  INTRODUCTION 

It  is  clear  from  experiments'"*  that  an  understanding  of 
the  chemical,  physical,  and  magnetic  structure  of  the  inter¬ 
faces  in  magnetic  multilayers  is  an  important  part  of  under¬ 
standing  the  giant  magnetoresistance  (GMR)  effect  in  these 
systems.  Here  we  report  on  experiments  and  calculations 
aimed  at  elucidating  the  magnetic  structure  of  these  inter¬ 
faces. 

For  some  time,  the  moment  as  a  function  of  the  total 
amount  of  magnetic  material  deposited  in  Cu/Permalloy/Cu 
and  Cu/Ni/Cu  sandwiches,  as  well  as  Ni/Cu  and 
Permalloy/Cu  and  other  spin  valves,  has  been  measured,'”''-'' 
and  the  moment  found  to  be  less  than  expected  from  the 
amount  of  Ni  and  Fe  deposited.  In  particular,  for  nickel 
thicknesses  less  than  riii  (thickness  nonferromagnetic)  no 
moment  w.-s  observed,  but  with  a  further  increase  in  thick¬ 
ness,  the  moment  increased  linearly  with  a  slope  given  by  the 
bulk  magnetization.  This  showed  that  a  nonmagnetic  region 
is  formed  at  the  interface,  and  that  away  from  the  interface 
relatively  undisturbed  ferromagnetic  material  is  pre.sent.  The 
thickness  Tuf  corresponded  to  roughly  one  atomic  layer  of 
Ni()sFe()2  per  interface  for  the  “as  deposited"  sample  and 
increased  to  approximately  four  atomic  layers  after  annealing 
at  320  “C.  For  Ni/Cu,  the  missing  moment  was  equivalent  to 
approximately  2.5  atomic  layers  of  bulk  Ni.  A  direct  corre¬ 
lation  of  with  loss  in  GMR  was  observed,  and  was  inter¬ 
preted  as  arising  from  spin-independent  scattering  caused  by 
the  nonferromagnetic  atoms  near  the  interface.  This  .scatter¬ 
ing  reduces  the  number  of  majority  carrier  electrons  that  can 
traverse  the  interface  unhindered  and  penetrate  into  the  fer¬ 
romagnetic  layer.'-'"'’ 

The  need  to  understand  the  magnetic  structure  of  GMR 
interfaces  takes  on  added  importance  in  light  of  experiments 
in  which  atoms  of  third  elements  added  to  the  interface 
greatly  modify  the  GMR  amplitude;^’  in  particular,  small 
amounts  of  Co  at  the  Permalloy/Cu  interface  greatly  increa.se 
the  GMR  effect.'*  Also,  first  principles  calculations’  predict 
an  extremely  large  GMR  effect  for  multilayer  systems,  such 
as  Permalloy/Cu/Permalloy  or  Co/Cu/Co.  This  large  calcu¬ 
lated  GMR  arises,  because  the  majority  spin  potentials  (and 


majority  r/-wave  phase  shifts)  of  fee  Ni.  Fc.  and  Co  are  all 
similar  and  close  to  that  of  Cu.  As  a  consequence  of  this 
matching  of  potentials,  interfaces  in  these  materials  that  have 
no  imperfections  other  than  a  substitutional  intermixing  of 
the  constituent  atoms  are  predicted  to  scatter  majority  spin 
electrons  only  weakly,  whereas  the  scattering  of  the  minority 
spin  electrons  at  the  interfaces  (and  in  the  bulk  for  Permal¬ 
loy)  is  predicted  to  be  very  strong.  The  GMR  arises  in  part 
because  these  majority  carriers  that  carry  most  of  the  current 
do  not  scatter  strongly  at  either  interface  for  the  case  of  fer¬ 
romagnetic  layer  alignment,  but  scatter  strongly  off  of  one  of 
the  interfaces  in  the  antiferromagnetie  case.  Another  contri¬ 
bution  to  the  GMR  arises  because  of  the  difference  in  ferro- 
magnet  spin  up  and  spin  down  mean-free  paths,  so  that  ma¬ 
jority  carriers  that  traverse  the  interfiice  unhindered  can 
travel  a  large  distance  before  scattering,  but  miitority  carriers 
continue  to  be  strongly  scattered  throughout  the  ferromag¬ 
netic  layer."  In  this  paper,  we  attempt  to  present  a  coherent 
picture  of  the  disorder  present  at  the  Cu/Ni  and  Cu/ 
Permalloy  interfaces  and  its  effect  on  the  GMR  amplitude. 

II.  DIFFUSION  MODEL  OF  NI/CU  CONCENTRATION 
PROFILES 

Ni  differs  from  Fe  and  Co,  in  that  it  loses  its  moment  as 
a  substitutional  impurity  in  Cu.  At  low  temperature,  the  solid 
solution  moment  per  atom  is  observed  both  experimentally'* 
and  theoretically"’  to  decrease  from  its  value  of  in 

pure  Ni  at  about  1/li,j  per  atomic  fraction  Cu.  This  decrease  is 
due  both  to  the  dilution  of  Ni  by  Cu  and  to  the  decrease  of 
the  Ni  moment,  which  vanishes  at  around  b()%  Cu.  At  room 
temperature  the  moment  decreases  faster,  vanishing  at  about 
30%  Cu. 

We  shall  investigate  a  model  in  which  Cu  atoms  migrate 
into  the  magnetic  layer,  where  they  reduce  the  nearby  mo¬ 
ments.  To  model  interfaces  with  different  amounts  of  inter¬ 
mixing,  and  to  make  connection  to  the  annealing  data,  we 
consider  initially  abrupt  interfaces  that  we  allow  to  interdif- 
fu.se  for  increasing  amounts  of  time,  resulting  in  more  inter¬ 
mixing.  For  Ni/Cu,  the  atoms  are  of  similar  size,  and  the 
equilibrium  phase  above  322  °C  is  a  slightly  clustering  solid 
solution.  Therefore,  it  is  reasonable  to  assume  that  hopping 
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probabilities  are  species  independent.  Thus,  the  concentra¬ 
tion  on  a  layer  should  obey  a  one-dimensional  diffusion 
equation  of  the  form 

dc,  (  I  \ 

-^  =  t7Dl  -C*+”(Ct+l  +  C*._i)|,  (1) 

where  c*  is  the  concentration  of  Cu  on  the  ^th  plane  and  ctd 
is  the  number  of  out  of  plane  jumps  per  second  per  site.  This 
equation  is  easily  solved  in  terms  of  the  dimensionless  time, 
T=(Tut,  for  an  initially  perfect  periodic  multilayer  consisting 
of  planes  of  Cu  followed  by  planes  of  Ni.  Unfortu¬ 
nately  (Tfl  is  r'^t  available,  and  since  the  experimental  depo¬ 
sition  and  dling  includes  several  successive  tempera¬ 
tures,  the  mapping  from  t  to  Ms  not  even  linear.  However, 
the  mapping  should  be  independent  of  n^u  and  /iNj.  This 
allows  us  to  qualitatively  compare  our  calculated  loss  in  mo¬ 
ment  and  interfacial  width  with  those  obtained  from  magne- 
tometry  and  x-ray  reflectance.”  Specifically,  we  calculate  the 
concentration  profile  c*(r)  as  a  function  of  t  for  a  periodic 
structure  initially  consisting  of  25  [111]  planes  of  Cu  fol¬ 
lowed  by  riNi  planes  of  Ni.  As  r  increases,  mixing  occurs  and 
the  concentration  profile  evolves. 

We  are  interested  in  fee  [111]  layers,  where  each  atom 
has  six  neighbors  in  its  plane  and  three  neighbors  in  each  of 
the  two  neighboring  planes.  To  obtain  a  rough  picture  of  the 
dependence  of  the  moment  on  the  thickness  of  the  Ni  layer, 
«N|,  we  approximate  the  moment  on  a  Ni  atom  by  the  aver¬ 
age  Ni  moment  in  a  random  alloy,  with  the  same  average 
number  of  Ni  nearest  neighbors  as  the  Ni  atom  under  con¬ 
sideration.  With  this  assumption,  the  total  moment  can  be 
determined  as  a  function  of  intermixing,  calculated  from  Eq. 
(1)  for  different  numbers  of  Ni  planes.  In  Fig.  1(a),  we  show 
the  total  moment  per  unit  cell  of  a  multilayer  consisting  of  25 
Cu  planes  followed  by  planes  calculated  as  a  function  of 
r  using  the  room  temperature  data  for  the  moment  as  a  func¬ 
tion  of  concentration. 

These  results  show  that,  depending  on  t  (i.e.,  intermix¬ 
ing),  when  only  a  few  Ni  layers  are  present,  there  is  no 
moment,  but  that  as  Ni  layers  are  added,  a  point  is  reached 
when  the  moment  appears;  the  moment  then  increases  almost 
linearly.  In  Fig.  1(b),  the  net  moment  versus  the  number  of 
Ni  layers  is  plotted  for  t=5,  along  with  room  temperature 
(RT)  measurements.  The  value,  t=5,  was  chosen  to  give  the 
best  agreement  with  the  measurements.  Based  on  this  quali¬ 
tative  agree  nent  with  experiment,  we  propose  that  our 
simple  diffusion  model  provides  a  plausible  description  of 
the  concentration  profile,  and  may  be  the  explanation  for  the 
missing  moment  at  Cu/Ni  interfaces.  The  intermixed  region 
is  predicted  to  be  somewhat  larger  than  the  number  of  layers 
corresponding  to  the  missing  moment,  in  general  agreement 
with  x-ray  measurements.” 

III.  PERMALLOY/CU  INTERFACES 

In  the  case  of  Permalloy  (Fe()2Ni())()/Cu  interfaces,  the 
situation  is  more  complicated.  Fe,  which  contributes  as  much 
to  the  total  moment  of  Permalloy  as  Ni,  is  unlikely  to  have 
its  moment  reduced  by  mixing  at  the  interface,  since  the 
moment  of  an  Fe  atom  as  an  impurity  in  C u  is  greater  than 
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FIG.  1.  (u)  I'hc  total  spin  magnetic  moment  as  caicuiated  in  the  niodci  is 
shown  us  a  function  of  t  for  various  m^i  •  Tlic  number  of  Ni  planes  goes 
from  2  in  the  lower  left  corner  to  2t)  at  the  top.  (b)  Magnetization  (expres.seil 
in  terms  of  an  equivalent  number  of  planes  with  bulk  moments)  vs  the 
number  of  planes  deposited.  Calculated  and  experimental  results  arc  shown 
for  Cu/Ni/Cu  sandwiches. 

that  of  an  Fe  atom  in  bulk  Fe.  This  picture  is  confirmed  by 
our  calculation  of  the  moments  in  Permalloy/Cu/Permalloy 
sandwiches  with  interfacial  mixing,  as  shown  in  Table  1.  We 
find  that  the  moment  on  Fc  actually  increases  slightly  for 
atoms  in  the  nominally  Cu  layer,  while  the  Ni  moment  de¬ 
creases.  Thus,  although  it  may  be  possible  to  model  the  miss¬ 
ing  moment  at  Permalloy /Cu  interfaces  similarly  to  our  treat¬ 
ment  of  the  Ni/C/u  interfaces,  an  alternative  or  additional 
explanation  for  the  missing  moment  at  Permalloy/Cu  inter- 


TABLE  I.  Calculated  moments  on  Ni  and  Fc  near  Permalloy  Cu  interfaces. 
It  is  assumed  that  three  layers  have  interdiffused  with  a  simple  linear  diffu¬ 
sion  profile. 


Layer  No. 

%Ni 

%Fc 

%Cu 

Ni  moment  (m/i) 

Fe  tnoment 

1 

80 

20 

0 

0.521 

.7.897 

2 

80 

20 

0 

0.478 

2.895 

.1 

60 

1.5 

25 

0..195 

2.914 

a 

40 

10 

50 

0..12I. 

2.935 

5 

20 

5 

75 

0.242 

2.943 

Nicholson  et  al. 


TABLE  II.  Calculated  energy  difference.s  and  moments  for  ferromagnetic  and  disordcred-local-momcnt  Per¬ 
malloy  and  Permalloy  O.SCuO.S. 


System 

Relative  energy  (mHa) 

Ni  moment  (/C;,) 

Fe  moment  (/u^j) 

Ferromagnetic  Ni0.8Fe0.2 

0.00 

0,570 

2.59 

Disordered  local  moment  Ni0.8Fc0.2 

1.70 

0.050 

2.55 

Ferromagnetic  Ni0.4Fc0.1Cu0.5 

0.00 

0,292 

2.54 

Disordered  local  moment  Ni0.4Fc0.1Cu0.5 

0.33 

0.023 

2.51 

faces  is  that  as  an  Fe  atom  becomes  increasingly  surrounded 
by  Cu  and  very  weakly  magnetic  Ni,  its  moment  becomes 
increasingly  decoupled  from  the  moments  of  its  neighboring 
magnetic  atoms,  i.e.,  the  exchange  interaction  is  substantially 
weakened  and  the  spins  disorder. 

In  order  to  test  this  hypothesis,  we  calculate  the  total 
energy  of  Ni,  Permalloy,  and  a  hypothetical  Permalloy-Cu 
alloy,  both  in  the  ferromagnetic  state  and  in  a  state  with 
disordered  local  moments.'^  These  calculations  provide  a 
rough  idea  of  the  relative  energy  cost  for  disordering  the 
moments  in  the  presence  of  the  exchange  coupling,  which 
attempts  to  align  them  ferromagnetically.  These  calculations 
were  performed  using  the  local  density  approximation  and 
the  layer  Koninga-Kohn-Rostoker  coherent  potential  ap¬ 
proximation  technique.''^  Details  of  the  calculations  will  be 
published  elsewhere. 

For  bulk  Permalloy,  we  find  (Table  II)  that  the  ferromag¬ 
netic  state  is  stable  with  respect  to  a  state  in  which  the  mo¬ 
ments  are  completely  disordered  by  1.7  mHa  (1  mHa 
-0.0272  eV  or  1  mHa/l:B=316  K).  For  a  hypothetical 
Permalloy-Cu  alloy,  such  as  might  form  at  the  interface  be¬ 
tween  Permalloy  and  Cu,  we  find  that  the  exchange  forces 
holding  the  moments  in  ferromagnetic  alignment  are  much 
weaker.  The  energy  difference  (“5  mHa~100  K)  between 
the  ferromagnetic  state  and  the  disordered  local  moment 
state  is  smaller  by  a  factor  of  5  for  the  alloy. 

It  is  unlikely  that  a  sharp  ferromagnetic  transition  will  be 
observed  from  any  disordered  moments  near  the  interfaces, 
since  we  expect  that  in  most  samples  there  will  be  a  con¬ 
tinuum  of  environments  and  local  concentrations.  We  expect 
that  even  at  zero  temperature  these  very  small  exchange 
forces  may  be  overcome  by  local  perturbations  due  to 
strains,  local  fluctuations  in  concentration,  crystal  fields,  etc. 
This  is  consistent  with  the  temperature  variation  of  T„(  ob¬ 
served  for  annealed  Permalloy/Cu  spin  valves,  where  only 
about  10%  of  the  moment  lost  at  RT  was  recovered  when 
cooling  to  4  K.^  The  presence  of  disordered  local  moments 
and  of  decreased  local  moments  near  the  interface  is  ex¬ 
pected  to  cause  a  large  reduction  in  the  GMR  effect,  because 
it  spoils  the  very  close  matching  between  the  majority  spin 
potentials  and  leads  to  greatly  increased  scattering. 

The  increased  GMR  observed"*  when  Co  is  added  to  the 
Permalloy/Cu  interface  may  also  be  explained  in  terms  of  the 
reduction  of  disorder  in  the  moments  at  the  interface.  Since 
cobalt  and  Cu  are  mutually  insoluble  below  500  °C,  cobalt 
may  impede  the  mixing  of  the  Permalloy  and  Cu  near  the 


interface.  Probably  more  important,  however,  is  the  ability  of 
cobalt  to  maintain  its  ferromagnetic  alignment,  even  in  the 
presence  of  dilution  by  Cu.  To  test  this  idea,  we  performed 
total  energy  calculations  for  an  equiconcentration  fee 
cobalt-Cu  alloy  in  its  ferromagnetic  state  and  in  the  disor¬ 
dered  local  moment  state.  The  ferromagnetic  state  was  more 
stable  by  2.1  mHa.  Thus,  we  predict  that  the  ferromagnetic 
exchange  interaction  in  fee  cobalt,  even  when  diluted  by 
50%  Cu,  is  stronger  than  in  Permalloy  with  no  dilution. 
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A  theory  of  the  electrical  conductivity  of  homogeneous  random  alloys  based  on  the  Korringa — 
Kohn — Rostoker  coherent  potential  approximation  (KKR-CPA)  is  generalized  to  treat  an 
inhomogeneous  alloy  in  which  the  concentrations  of  the  constituent  atoms  can  vary  from  site  to  site, 
A  special  case  of  such  a  system  is  an  epitaxial  multilayer  .system.  We  develop  the  theory  for  such 
systems  and  show  how  it  can  be  implemented  by  using  the  layer  Korringa — Kohn — Rostoker 
technique  to  calculate  the  electronic  structure.  Applications  to  magnetic  multilayers  and  to  the 
calculation  of  the  giant  magnetoresistance  arc  discussed. 


I.  INTRODUCTION 

Recently,  there  has  been  great  interc.st  in  the  transport 
properties  of  layered  magnetic  materials  because  of  the  dis¬ 
covery  of  a  new  form  of  magnetoresistance,' which  may 
have  important  practical  applications.  The  transport  proper¬ 
ties  of  layered  materials  have  been  the  subject  of  several 
theoretical  investigations  already.  Fuchs,"  and  later 
Sondheimer,'*  obtained  a  solution  to  the  scmiclassical  Boltz¬ 
mann  equation  with  boundary  conditions  appropriate  to  a 
thin  film.  Barnas  and  co-worker.s"  extended  this  approach  to 
the  case  in  which  the  film  has  several  layers  with  differing 
scattering  rates.  Levy  and  co-workers'’"'"  used  the  more  rig¬ 
orous  Kubo-Greenwood  theory,"''"  which  avoids  certain 
conceptual  difficulties  associated  with  the  scmiclassical  ap¬ 
proach,  The  work  described  in  this  paper  also  starts  from  the 
Kubo-Orcenwood  linear  response  formula,  but  it  is  based  on 
quantities  calculable  from  first  principle^',  electronic  structure 
theory.  We  do  not  assume  that  the  scattering  is  weak  or  that 
the  electron  wave  functions  are  those  of  free  electrons.  The 
only  necessary  inputs  to  our  calculations  are  the  atomic  num¬ 
bers  and  concentrations  of  the  atoms  in  each  layer. 

Our  approach  is  ba.sed  on  the  Korringa-Kohn-Rostoker 
coherent  potential  theory  for  transport  in  homogeneous  ran¬ 
dom  alloys.'"  We  first  generalize  this  theory  so  that  it  can  be 
applied  to  the  case  in  which  the  concentrations  of  the  con¬ 
stituent  atoms  can  vary  from  site  to  site,  then  we  treat  the 
particular  case  of  layered  systems.  Finally,  we  show  how  this 
theory  can  be  implemented  u.sing  the  layer  Korringa-Kohn- 
Rostoker  technique.''' 


tential  difference  acrr)ss  the  sample.  For  an  inhomogeneous 
system,  this  may  differ  from  the  average  applied  field  and  it 
may  be  different  for  different  spins." 

For  a  homogeneous  random  alloy,  the  current  and  ap¬ 
plied  field  can  be  assumed  to  be  uniform,  so  that  one  can 
define  a  single  conductivity  that  is  also  uniform, 
=  E,..  This  is  the  conductivity  tl.  d  is  given  by  the 

Kubo-Greenwood  formula"  '" 

(2) 

where  is  the  current  operator,  -  itielm,.)8ltlr ^ ,  fl  is 

the  volume  per  atom,  and  N  is  the  number  of  atoms.  The 
quantum  .states  |a)  in  Eq.  (2)  represent  the  exact  eigenfunc¬ 
tions  of  a  particular  configuration  of  the  random  potential, 
and  the  large  angle  brackets  indicate  an  average  over  con¬ 
figurations. 

In  order  to  define  a  nonlocal  site-dependent  conductivity, 
,  we  define  the  current  density  at  site  i  for  spin  .v  as  the 
average  of  the  current  density  over  the  atomic  cell  at  that 
sitc,y^'  =  flj"  '/iij  dr  y'^(r).  We  also  assume  that  the  local 
field,  £',(r),  is  constant  over  each  atomic  cell.  Thus,  we  write 
Ohm’s  law  in  a  discrete  form,  in  which  the  current  at  site  i  is 
related  to  the  local  electric  field  at  site  j  through  the  two- 
point  conductivity  function,  tr’', 


II.  CONDUCTIVITY  OF  INHOMOGENEOUS  ALLOYS 

We  define  the  nonlocal  conductivity  frjj,,(r,r')  as  the  lin¬ 
ear  response  of  the  current  of  electrons  of  spin  ,v  at  point  r  in 
direction  /j,  to  the  local  applied  field  at  point  r'  in  direction  n, 

Jl(r)=  I  dr'2  </;„(r,r' )/•■;■, (r').  (1) 

Here,  “local  applied  field’’  means  the  change  in  the  local 
electrostatic  field  that  arises  due  to  the  application  of  a  po- 


/'■ 

The  superscript  ,v  on  the  local  field  indicates  that  it  can  be 
spin  dependent,  as  has  been  emphasized  by  Camblong  et  al.^ 
The  local  field  will  be  determined  after  the  nonlocal  conduc¬ 
tivity  is  determined  by  the  requirement  of  current  continuity 
in  the  steady  state,  f?./^(r)/fVr^(=(). 

The  intersite  conductivity,  is  given  by  Eq.  (2),  with 
the  matrix  element  integrals  (o'ly^lor’)  and  (cr'l/j.la)  restricted 
to  sites  ('  and  j,  respectively,  and  can  be  seen  to  depend  on 
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the  imaginary  part  of  Green’s  function,  -e„).  It 

can  be  written  in  terms  of  the  Green’s  function,  G(r,r';c/.), 
by  writing 


where  77  is  infinitesimal,  and  where 

XG^(r',r,Z2). 


Following  Ref.  13,  we  write  Green’s  function  in  terms  of 
the  scattering  path  operator  of  multiple  scattering  theory, 
t/[]  ,  and  the  local  solution  to  the  Schrodingcr  equation  on 
site  i,  Zl;'(r,z), 


G^(r,,r;)=  2  Z{;^{r;)  +  S.'n 


The  scattering  path  operator  r  is  a  “representation”  of 
Green’s  function  within  the  angular  momentum  space,  and 
depends  on  the  atomic  l  matrices,  /J;',  calculated  from  the 
self-consistent  atomic  potentials,  and  on  the  structure  con¬ 
stants,  which  depend  only  upon  the  positions  of  the  atoms. 
The  singular  term  in  the  Green  function  (S.T.),  which  in¬ 
volves  the  irregular  solution  to  the  local  Schrodingcr  equa¬ 
tion,  can  be  omitted  from  the  calculation  of  the  conductivity 
because  it  does  not  contribute  to  Eq.  (4).  Thus,  we  write  the 
conductivity  in  the  form 

— 

^  ,  (^2  1 )  I ) 

^  (7) 

where  the  dipole  matrix  element  is  given  as 
—  ieh  f  , 

M1%(2,,Z2)=— —  t/rZl";(r,z,)V^z;:J(r,Z2). 


So  far,  we  have  not  made  any  serious  approximations  in 
evaluating  the  linear  response  to  the  applied  field.  Under 
certain  circumstances,  it  may  be  computationally  feasible  to 
evaluate  Eq.  (7)  directly,  however,  in  this  paper  we  use  the 
coherent  potential  approximation  (CPA)  to  put  this  equation 
into  a  more  tractable  form.  The  CPA  is  a  technique  for  “self- 
consistently”  averaging  over  the  atomic  configurations.  The 
individual  atomic  t  matrices,  t‘„  are  replaced  in  the  CPA  by 
“coherent”  t  matrices,  /[..  The  self-consistency  condition  for 
determining  these  “coherent”  t  matrices  is  S„c"a:"''=().  Here 
describes  the  scattering  caused  by  replacing  a  coherent  t 
matrix  by  one  for  an  atom  of  type  a  at  site  j,  and  is  given  by 
=  D“^,  where  is  the  difference  between  the 

inverse  of  the  coherent  t  matrix  and  the  t  matrix  for  an  atom 
of  type  a  on  site  j.  Am"-' =  (/(.)”'  ',  and  is  given 

by  = 


We  follow  Ref.  13  to  average  the  two  particle  Green’s 
function  and  obtain  an  expression  for  the  conductivity  of  the 
form 


TTh^O.,  ,,  '  I'C 

where  the  function  is  given  by 
y-'V'’  =  y  ‘•17  V>;>  ni 


where  the  second  term  is  the  vertex  correction,  and  is 
a  particular  average  over  the  matrix  elements  for  the  various 
types  of  atoms  that  may  occupy  site  r, 

=  S  (11) 


Equations  (9)-(ll)  are  the  generalization  of  the  KKR-CPA 
theory  of  transport  to  an  inhomogeneous  alloy.  The  generali¬ 
zation  from  the  results  of  Ref.  13  is  straightforward  because 
the  CPA  self-consistency  condition  is  a  single  site  condition 
and  therefore  can  be  applied  independently  on  each  site.  For 
a  general  inhomogeneous  alloy,  this  theory  would  he  difficult 
to  implement,  because  it  would  be  hard  to  calculate  the  scat¬ 
tering  path  operators  r'J.  However,  for  a  layered  system  that 
retains  a  two-dimensional  periodicity,  implementation  is  fea¬ 
sible,  as  we  describe  in  the  next  section. 


III.  APPLICATION  TO  LAYERED  SYSTEMS 

In  this  section  we  consider  a  special  case  where  the  con¬ 
centration  of  the  alloy  can  vary  from  layer  to  layer,  but  is 
uniform  within  each  layer.  The  CPA  average  is  performed  on 
the  atomic  sites  to  produce  an  effective  layered  system  that 
has  a  two-dimensional  periodicity.  We  use  a  notation  in 
which  a  site  labeled  by  /  in  Sec.  II  and  representing  any 
lattice  site  in  the  three-dimensional  crystal  acquires  two  la¬ 
bels:  where  the  upper  case  I  distinguishes  different 

atomic  layers,  and  the  lower  case  i  labels  a  site  within  layer 
I.  The  probability  of  site  li  being  occupied  by  an  atom  of 
type  a  depends  only  on  the  layer  index,  I.  Thus,  suppressing 
the  angular  momentum,  Cartesian,  and  spin  indices,  we  can 
write  Eq.  (9)  as  a  ^  -  Am],! irh^ Q,  L  The  inter¬ 

layer  conductivity  can  then  be  written  in  the  form 
=  ,  where  N/  is  the  number  of  atoms  per 

layer. 

Because  of  the  two-dimensional  periodicity  (after  the 
CPA  average),  we  can  relate  the  scattering  path  operator  that 
connect.s  any  two  sites  to  a  scattering  path  operator  that 
connects  layers  through  an  integral  over  the  two-dimensional 
Brillouin  zone,  of  area  , 

=  '  [  d"q  T''(q)c>'‘'  <‘‘'~“y>.  (12) 

J  11; 

These  layer  scattering  path  operators  r’J  can  be  calculated 
using  the  layer  KKR  formalism.’^ 


•  1.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Butler  '>(  at. 


6809 


The  final  expression  for  the  conductivity  is  expressed  in 
terms  of  matrices  indexed  by  the  layer  numbers, 
cr''^  =  {- Am^l where 

f  d^q  T'f{q)M'’ri'{q) 

K.a  ■'‘^z 

(13) 

The  local  fields  can  be  determined  after  a  is  obtained, 
by  using  =  and  the  condition  that  the  current 

for  each  spin  must  be  continuous  in  the  steady  state.  Two 
geometries  are  commonly  discussed.  If  the  field  is  applied 
parallel  to  the  layers,  sometimes  referred  to  as  "CIP”  for 
“current  in  the  plane,’’  the  local  fields  will  be  uniform  by 
symmetry  and  equal  to  the  average  applied  field.  Thus,  the 
overall  conductivity  will  be  given  by  o-=t“ 
where  t/  is  the  thickness  of  layer  /  and  t  is  the  total  film 
thickness.  If  the  field  is  applied  perpendicular  to  the  layers, 
will  be  independent  of  I  for  each  spin.  Thus, 
and  the  local  fields  can  be  obtained  by  in¬ 
verting 

£'^■=2  [((7')-‘y''./''  =  2  pf-/'-  (14) 

K  K 

This  allows  the  current  to  be  expressed  in  terms  of  the  volt¬ 
age  difference  across  the  sample,  A  V,  as  J''  =  A 
In  this  ca,se,  the  resistivity  for  each  spin  (neglecting  .spin-flip 
scattering)  is  given  by  p,~  and  the  conductivi¬ 

ties  of  the  two  spin  channels  should  be  added  to  obtain  the 
overall  conductivity. 

The  giant  magnetoresistance  effect  is  observed  in  lay¬ 
ered  films  in  which  ferromagnetic  layers  alternate  with  non¬ 
magnetic  spacer  layers.  If  the  moments  on  neighboring  fer¬ 
romagnetic  layers  are  brought  into  alignment  by  the 
application  of  a  magnetic  field,  the  electrical  resistance  of  the 


film  may  decrease.  This  giant  magnetoresistance  systems  can 
be  calculated  directly  using  the  results  derived  in  this  paper 
by  calculating  the  conductivity  for  the  case  in  which  alter¬ 
nate  ferromagnetic  layers  are  aligned  parallel  or  antiparallel. 
Calculations  that  we  have  performed  for  cobalt — copper — 
cobalt  sandwiches  using  the  formalism  of  this  paper  imple¬ 
mented  within  the  layer-KKR  technique  in  the  “CIP”  ar¬ 
rangement  show  that  the  major  contributions  to  the 
magnetoresistance  arise  from  terms,  a''’,  in  which  /  and  J 
are  atomic  layers  adjacent  to  the  ferromagnetic-spacer  inter¬ 
faces,  and  are  on  opposite  sides  of  the  spacer  layer.  Details  of 
these  calculations  will  be  published  elsewhere. 
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In  this  article  the  effects  of  dipolar  and  exchange  interactions  on  the  magnetoresistance  curves  in 
granular  solids  has  been  calcuiated  using  a  generalized  3-d  Monte  Carlo  model.  This  model  allows 
the  final  configuration  of  magnetic  moments  to  be  calculated  as  a  function  of  concentration, 
temperature,  and  magnetic  field.  The  results  show  that  interaction  effects  give  rise  to  a  finite 
resistivity  in  small  magnetic  fieids.  The  magnitude  of  this  finite  magnetoresistance  is  found  to 
increase  with  increasing  concentration.  Thus  the  maximum  change  in  MR  with  field  is  found  to  be 
lowered  by  the  interaction  effects. 


I.  INTRODUCTION 

The  magnetoresistance  phenomena  have  recently  re¬ 
ceived  major  attention  due  to  its  potential  application  in 
magnetic  sensors  and  recording  heads.  The  first  attempt  to 
obtain  a  simple  description  for  the  magnetoresistance  was 
made  by  Gittleman  et  al. '  who  showed  that  the  change  in 
resistivity  with  magnetic  field  is  directly  proportional  to  the 
moment  to  moment  correlation  of  the  neighboring  grains  av¬ 
eraged  over  all  configurations 


P(W)« 


2 — . 


(1) 


where  /t/  and  fij  are  the  magnetic  moments  of  the  j'th  and  ;th 
neighboring  grains,  respectively. 

For  systems  which  contain  uniform,  noninteracting  su- 
perparamagnctic  particles  (i.e.,  all  the  moments  fluctuate 
thermally)  the  statistical  average  of  </!*,■  along  the 
field  direction  gives 

{(ir(ij)  =  pi\Lib)f  =  M\  (2) 

where  M[  =  M ! M L{h)\  is  the  reduced  magnetization  of 
the  system,  L{h)  is  the  Langevin  function  with  h  —  /j,H/kgT, 
where  H  is  the  field  acting  on  the  grain,  k„  is  Boltzmann’s 
constant,  and  T  is  the  absolute  temperature.  In  Ref.  1  inter¬ 
action  effects  were  represented  by  a  mean-field  term  which 
was  added  to  the  applied  field  (//„),  i.e.,  + 

However,  this  way  of  representing  interaction  effects  has  al¬ 
ways  been  criticized  particularly  when  the  problem  is  related 
to  inhomogeneous  sy.stems  and  hence  the  strength  of  the  in¬ 
teraction  field  is  not  directly  proportional  to  M. 

In  general  and  particularly  at  low  temperatures,  the  mag¬ 
netoresistance  curves  exhibit  hysteresis  effects  and  plots  of 
Ap(//)  =  p(cci) -p(//)  as  a  function  of  field,  give  a  peak 
near  the  coeicivity,  where  p('»)  is  the  maximum  resistivity  in 
a  saturating  field.^”^  In  the  case  where  no  hysteresis  is  ob¬ 
served  Eq.  (2)  has  been  adapted  to  analyze  the  MR  curves 
and  estimate  the  average  volume  of  the  cluster  in  Co-Ag 
granular  sy;  icms.'*  In  other  Co-Ag  systems  the  MR  data  are 
observed  not  to  follow  the  M~  law  particularly  in  the  region 
of  low  fields  which  was  attributed  to  different  magnetic 
phases  within  the  sample.^  However  in  Ref.  5  and  :>t  low 
temperatures  where  hyste  tis  is  observed,  'hw  value  of 
Ap(/7  =  y/,,)  i.e.,  Api„„x  was  observed  to  be  different  from  the 


value  obtained  at  zero  field  (i.e.,  starting  from  a  demagne¬ 
tized  slate).  This  effect  was  attributed  to  interaction  effects 
between  the  so-called  active  magnetic  regions. 

Thus,  in  order  to  provide  an  unambiguous  explanation 
for  the  interaction  effects  on  the  behavior  of  MR  in  granular 
or  quasigranular  systems  we  have  used  a  generalized  3-d 
Monte  Carlo  model  in  which  the  quantity  {fiy/Jt^  can  be 
examined  directly  as  a  function  of  temperature,  field,  and 
other  variables. 


II.  MODEL 

The  model  consists  of  a  cubic  cell  in  which  the  positions 
of  the  particles  are  generated  randomly.  The  particle  sizes 
were  generated  according  to  a  log-normal  distribution  func¬ 
tion  and  fitted  randomly  within  the  cell  without  their  posi¬ 
tions  being  overlapped.  Anisotropy  effects  were  also  consid¬ 
ered  and  the  particles  easy  axes  were  generated  randomly. 
According  to  this  arrangement  the  axis  system  for  any  par¬ 
ticle  within  the  cell  is  described  in  Fig.  1  where  the  total 
energy  of  the  (th  particle  is 

E  —  KV-,  sin^  a-  fly (3) 

where  K  is  the  anisotropy  constant  (uniaxial)  and  fLi-I^gV 
is  the  magnetic  moment  of  the  particle,  with  /,,,  the  satura¬ 
tion  magnetization  of  the  bulk  material,  and  V  the  particle 
volume.  H,{H 1 is  the  total  field  that  particle  i 
experiences  which  is  the  vector  sum  of  the  applied  fleid  and 
the  dipolar  and  exchange  fields  arising  from  neighboring  par¬ 
ticles  j 


Hr=//„f  +  E 

i*i 


3(M/'r,7)r,7 


4 


+  yty. 

i*i 


(4) 


where  the  applied  field  (H^)  is  chosen  to  be  along  the  z  axis. 
The  .second  term  of  Eq.  (4)  represents  the  vector  sum  of  the 
total  dipolar  fields  arising  from  neighboring  particles  while 
the  third  term  represents  the  vector  sum  of  the  exchange 
fields  with  C*  being  the  average  exchange  coupling  between 
the  grains  whose  surfaces  lie  within  a  distance  comparable  to 
the  interatomic  spacing  (==’10  A).  The  range  of  the  dipolar 
field  is  chosen  to  be  at  a  distance  of  30,,,  from  the  particle 
under  investigation  where  D,„  is  the  median  diameter  of  the 
particles.  This  range  is  chosen  because  the  dipolar  field  aris- 


J.  Appl.  Phys.  76  (10),  15  November  1994 


0021  -6979/94/76(10)/681 1/3/$6.00 


©  1994  American  Institute  of  Physics  6811 


FIG,  1.  Axis  system  for  a  particle  within  the  cell. 

ing  from  other  particles  located  outside  this  range  becomes 
very  small  (<4%).  The  calculation  is  based  on  the  energy 
minimization  of  Eq.  (3)  where  the  final  configuration  of  mo¬ 
ments  is  obtained  after  several  hundred  Iterations  for  6  and 
<f>.  Therefore,  the  magnetoresistance  is  calculated  as 
I  p<^{jli,/Xj)  where  the  correlation  range  is  taken  over  the 
neighboring  particles,  i.e.,  the  short-range  correlation.  More 
details  of  this  model  and  how  the  calculation  is  performed 
for  both  superparamagnetic  and  blocked  particles  are  to  be 
published  elsewhere.® 

III.  RESULTS  AND  DISCUSSION 

All  the  calculations  were  made  using  a  primary  cell 
which  contained  400  particles.  The  particles  generated  were 
chosen  to  have  a  median  diameter  of  D„,=6Q  A  with  a  stan¬ 
dard  deviation  of  cr=0.15  and  an  effective  anisotropy  con¬ 
stant  of  /C=2X10®  erg/cc.  These  parameters  were  obtained 
for  a  fine  particle  system  containing  cobalt  particles  in  pre¬ 
vious  experimental  work.’  For  this  system  the  MR  curves 
were  calculated  as  a  function  of  concentration.  One  advan¬ 
tage  of  this  study  is  that  the  distribution  of  particle  sizes  was 
invariant  with  particle  concentration,  thus  any  changes  in  the 
behavior  was  due  entirely  to  interaction  effects.  However,  in 
real  alloy  films  the  distribution  will  not  be  invariant  with 
concentration  and  an  extended  report  on  this  matter  is  in 
preparation.®  In  these  calculations  a  value  of  C*=0,05  was 
used  in  order  to  keep  the  exchange  interaction  effects  small 
and  the  total  interaction  effect  will  then  be  dominated  by 
dipolar  interactions. 

Before  starting  the  calculation  of  the  MR  curve,  the  ini¬ 
tial  configuration  of  the  magnetic  moments  (i.e.,  the  demag¬ 
netized  state)  was  achieved  by  thermal  demagnetization.  This 
technique  produces  demagnetized  states  which  are  equiva¬ 
lent  to  those  obtained  via  an  ac  demagnetizing  technique.** 
Thus  the  demagnetized  state  was  achieved  by  taking  the  sys- 


PIG.  2.  The  calculated  short-range  currclation  of  moments  during  the  ther¬ 
mal  demagnetization  process. 


tern  to  the  Curie  temperature  and  then  cooling  down  slowly 
in  zero  applied  field.  Figure  2  shows  the  temperature  varia¬ 
tion  of  the  short-range  correlation  of  moments  during  the 
thermal  demagnetization  process.  These  data  show  that  there 
is  a  finite  positive  correlation  which  increases  with  concen¬ 
tration  due  to  the  increase  in  the  interaction  strength  within 


Ap(H)=p(oo)-p(H) 


Applied  field  (kOc) 

FIG.  .1.  Calculated  MR  curves  at  T--5  K  for  Co  particles. 
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Ap(H)  and  AM 


FIG.  4.  Calculatiid  room-lemperaturc  MR  curves  for  Co  particles. 


the  system.  This  result  suggests  that  the  moments  have 
formed  a  vortex  structure  where  the  correlation  over  a  short- 
range  compared  to  the  particle  diameter  is  positive,  whereas 
if  this  range  is  extended  further  a  negative  correlation  is  ob¬ 
tained  (see  the  dotted  line  in  Fig.  2  which  represents  the 
correlation  of  moments  over  a  range  of  where  D„  is  the 
average  diameter  of  the  system. 

Figure  3  shows  the  calculated  MR  loops  at  T=5  K  for 
concentrations  e=0.2  and  0.3,  starting  froM  the  demagne¬ 
tized  state  and  increasing  the  field  to  positive  saturation  and 
then  to  negative  saturation.  These  data  for  Ap(W)  are  typical 
and  show  that  the  value  of  Ap(f/=0)  is  lower  than  that  for 
Ap( //),„„  due  to  the  fact  that  there  is  a  finite  positive  corre¬ 
lation  of  moments  in  the  demagnetized  state.  Also,  these  data 
show  that  as  the  concentration  increases  decreases 

which  indicates  that  interaction  effects  in  random  systems 
depress  the  MR  values  and  then  decrease  the  maximum 
change  in  magnetoresistance  for  the  system.  Figure  3  also 
shows  that  due  to  interaction  effects  the  peak  in  the  Ap(//) 
curve  is  shifted  to  lower  Helds  and  bc':ome.s  more  rovmded. 


Figure  4  .shows  the  MR  curves  at  room  temperature  (T 
=300  K)  for  the  .sample  with  c=0.2.  In  this  case  all  the 
particles  are  superpammagnetic  and  the  system  exhibits  no 
temanence  and  coercivity.  Also  on  the  same  figure  AA/^  data 
are  shown  where  AAf^  =  Ay"(oo)-iW“(f/)  and  M  is  the  re¬ 
duced  magnetization  of  the  system.  It  is  clear  from  the  data 
that  the  Ap(H)  curve  starts  to  deviate  from  the  AM^  curve  as 
the  field  is  reduced  and  at  low  fields  the  Ap(//)  exhibits  a  flat 
region  which  is  lower  than  AAf^.  This  result  can  be  under¬ 
stood  since  A  A/ ^  is  a  measure  of  the  average  correlation  over 
the  whole  system  whereas  the  Ap(f/)  data  give  the  degree  of 
short  range  correlation  between  the  neighboring  particles.  At 
low  fields  the  short-range  correlation  is  insensitive  to  field 
changes  and  only  gives  small  changes  in  the  raagnetoresis- 
tance.  These  results  also  shows  that  even  at  room  tempera¬ 
ture  the  short-range  correlation  is  still  significant  which  in¬ 
dicates  that  interaction  effects  in  random  .systems  decrease 
the  values  of  Ap(W),„j„(. 

tv.  CONCLUSIONS 

In  this  article  the  effects  of  interactions  on  the  behavior 
of  GMR  in  idealized  granular  systems  is  examined  using  a 
generalized  3-d  Monte  Carlo  model.  Calculations  of  the 
short-range  correlation  of  moments  as  a  function  of  field  are 
partially  consistent  with  the  observed  MR  curves  in  random 
systems.  These  calculations  show  that  due  to  interaction  ef¬ 
fects  the  Ap(//=0)  is  different  from  that  for  Ap(//)n,„, .  Also, 
when  there  is  no  hysteresis  the  Ap{//)  does  not  follow  an 
law  due  to  the  fact  that  MR  depends  on  the  short-range  order 
whereas  the  magnetization  is  an  average  over  the  whole  sys¬ 
tem. 
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We  report  the  observation  of  the  GMR  effect  in  spinodaiiy  decomposed  Cu-20Ni-20Fe  thin  films, 

A  ^R/R  value  as  high  as  6.5%  was  observed  at  room  temperature.  In  contrast  to  the  commonly 
observed  temperature-dependent  behavior  of  ^R/R  increasing  at  low  temperature;  thin  film  shows 
a  decrease  in  ^R/R  at  4.2  K.  The  dependence  of  the  GMR  effect  on  various  deposition  parameters, 
such  as  substrate  temperature  has  been  studied.  The  observed  giant  magnetoresistance  behavior  in 
Cu-20Ni-20Fc  films  is  most  likely  related  to  the  field-induced  decrease  in  electron  scattering  in  a 
pseudosuperparamagnetic  material,  as  well  as  the  spin-dependent  scattering  at  the  two-phase 
interface  and  in  the  ferromagnetic  phase. 


Giant  magnetoresistance  (GMR)  type  ferromagnetic/ 
nonmagnetic  superlattice  structure  was  first  discovered  in  a 
Fe/Cr  system,'  and  later  in  other  systems,  including  Co/Cu, 
Fe/Cu,  Co/Ag,  etc.^’^  Recently,  negative  magnetoresistance 
in  granular  alloys,  consisting  of  ferromagnetic  particles  dis¬ 
persed  in  a  nonmagnetic  matri.t,  was  also  found  in  Cu-Co 
thin  films,''’*  as  well  as  in  other  thin  film  systems,  for  ex¬ 
ample,  Ag-Co,  Cu-Fe,  and  Au-Co,*"''  While  many  combi¬ 
nations  of  ferromagnetic-nonmagnetic  phases  are  possible  in 
granular  alloys,  the  systems  that  exhibit  the  GMR  effect  are 
restricted  to  those  that  are  essentially  not  soluble  to  each 
other  in  the  solid  state. 

In  our  previous  reports,  giant  negative  magnetorcsis- 
tance  was  created  in  spinodaiiy  decomposed  Cu-Ni-Fe  bulk 
alloys  with  artificial  layer-like  structures,  in  both  the 
ferromagnetic-nonmagnetic  and  ferromagnetic-ferromag¬ 
netic  two-phase  states.**’''  The  superlattice-like  structure  with 
a  size  scale  of  10-30  A  was  obtained,  either  by  anisotropic 
deformation  or  by  proper  heat  treatment  of  spinodaiiy  de- 
compo.sed  Cu-20Ni-20Fe  alloys.  In  this  study,  the  creation 
of  the  ultraflne  and  spinodaiiy  decomposed  microstructure  of 
Cu-20Ni-20Fe  thin  films  by  triode  magnetron  sputtering  is 
reported,  and  the  giant  magnetoresistance  and  magnetization 
results  are  presented. 

The  Cu-20Ni-20Fe  (wt.%)  alloy  thin  films  were  pre¬ 
pared  by  dc  magnetron  triode  sputtering  from  a  57  mm  diam 
target.  The  films  with  a  thickness  of  1000-5000  A  were 
sputtered  onto  Si(lOO)  single  crystal  substrate  under  various 
sputtering  conditions.  The  substrate  temperatures  during 
sputtering  were  changed  from  77  to  500  K.  Various  acceler¬ 
ating  bias  voltages,  applied  between  the  target  and  the  sub¬ 
strate,  ranging  from  75  to  250  V  were  used  in  the  sputtering. 

The  film  thickness  was  determined  by  Rutherford  Back- 
scattering  Spectrometry  (RBS).  The  crystal  structure  and  tex¬ 
ture  of  the  deposited  films  were  investigated  by  x-ray  diffrac¬ 
tion  (XRD)  using  K„  (Cu)  radiation.  The  magnetoresistance 
(MR)  measurement  were  made  using  the  conventional  four- 
point  probe  method  with  a  magnetic  field  applied  in  the  film 
plane.  The  measurements  were  carried  out  at  various  tem¬ 
peratures  (4.2  K-295  K)  and  fields  up  to  60  KOe.  The  mag¬ 


netic  properties  were  studied  by  using  a  vibrating  sample 
magnetometer.  The  microstructurc  of  thin  films  was  studied 
by  high  resolution  transmission  electron  microscopy  (TEM) 
using  JEOL  4000  microscope  operated  at  400  kV,  after 
sample  thinning  by  ion  milling  at  77  K. 

The  Cu-20Ni-20Fe  film  was  first  deposited  onto  a  sub¬ 
strate  at  a  temperature  of  77  K  with  an  Ar  accelerating  bias 
of  200  V  and  under  a  pressure  of  4  mTorr.  Figure  1  shows 
the  room  temperature  and  4.2  K  magnetoresistunce  (MR) 
ratio  versus  the  applied  magnetic  field  for  this  film.  The  MR 
ratio  was  defined  here  as  Ap„,/pj  or  iSRJR,, ,  where  p,.  (or 
R^)  is  the  electrical  resistivity  or  resistance  near  the  satura¬ 
tion  field.  The  electrical  resistivity  of  the  film  in  zero  field  is 
about  24  pil  cm  at  room  temperature  and  14  pfl  cm  at  4.2 
K.  As  the  field  strength  is  increased,  the  electrical  resistivity 
of  the  film  Decreases  continuously.  The  as-deposited  sample 
exhibits  a  negative  room  temperature  magnetoresistance  ra¬ 
tio  of  about  6.5%  at  H=60  KOe.  The  MR  ratio  versus  H 
curve  is  not  saturated  at  the  maximum  applied  field,  and 
hence  the  maximum  magnetoresistance  ratio  attainable  must 
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FIG,  1.  MR  ratio  vs  H  curves  at  room  temperature  and  4.2  K  in  a  Cu- 
20Ni-20Fe  thin  lilni. 


6814  J,  Appl.  Phys.  78  (10),  16  November  1994 


0021-8979/94/76(1 0)/681 4/3/$6.00 


©  1994  American  Institute  of  Physics 


H  (KOe) 


FIG.  2.  M-H  loops  for  the  as-deposited  film  and  bulk  Cii-2()Ni-20Fe  alloy. 


FIG.  3.  Spiiiodally  decomposed  tnicrosirueturc  in  the  as-deposited 
Cu-Ni-Fe  film. 


be  higher  than  6,5%  measured  at  the  field  of  6  T.  The  mag¬ 
netoresistance  ratio  of  the  sample  in  Fig.  1  was  also  mea¬ 
sured  with  magnetic  fields  up  to  2  T,  applied  perpendicular  to 
the  film  surface.  When  the  demagnetizing  field  is  taken  into 
consideration,  essentially  the  same  magnetoresistance  behav¬ 
ior  as  for  the  in-plane  field  orientation  was  observed.  Thus, 
the  possibility  of  significant  anisotropic  magnetorcsistance 
contribution  is  eliminated. 

Shown  in  Fig.  2  is  the  M-H  magnetization  hysteresis 
loop  at  room  temperature,  measured  with  the  maximum  field 
of  2  T  for  the  as-deposited  film.  The  M-H  loop  for  the  bulk 
Cu-20Ni-20Fe  alloy  sample  is  also  shown  as  a  dotted  curve 
for  comparison.  The  as-deposited  film  exhibits  a  relatively 
small  hysteresis  with  a  relatively  lower  coercivity  (He)  of 
less  than  ~20  Oe,  a  remanence  ratio  (Af,./Af ,)  of  ~0.2,  and 
a  saturation  (A/,)  of  130  emu/cm\  which  suggests  a  film 
microstructurc  with  very  fine  particle  size  of  the  ferromag¬ 
netic  phase,  almost  close  to  the  superparamagnetic  regime. 
However,  the  bulk  sample  with  particle  size  of  —500  A  has  a 
coercivity  of  620  Oe,  a  remanence  ratio  of  0.87,  and  satura¬ 
tion  of  200  emu/enr^.  Essentially,  similar  M-H  behavior  is 
observed  at  4.2  K,  except  with  slightly  larger  hysteretic  be¬ 
havior  for  both  samples. 

The  x-ray  diffraction  study  indicates  that  the  main  dif¬ 
fraction  peak  in  the  XRD  pattern  of  this  as-deposited  film 
are,  respectively,  (111),  (200),  and  (220)  in  the  order  of  in¬ 
tegral  intensity  for  both  the  Cu-rich  and  the  (Fe,  Ni)-rich 
phases,  as  their  lattice  parameters  are  very  close  to  each 
other  and  the  pea'rs  overlap  due  to  the  slight  shift  and  broad¬ 
ening  of  the  peakL.  This  suggests  that  polycrystalline  struc¬ 
ture  exists  in  this  as-deposited  Cu-20Ni-20Fe  film,  and  the 
composition  fluctuation  and  phase  separation  in  it  is  small,  as 
indicated  by  diffraction  peaks  without  significant  splitting. 
Figure  3  shows  the  decomposition  structure  with  a  —30  A 
size  composition  modulation  in  the  as-deposited  Cu-Ni-Fe 
film.  T'le  Moire  fringes  in  the  TEM  image  suggests  that  the 
(Fe,  Ni,-rich  phase  (the  darker  phase  in  Fig.  3)  has  a  lattice 
parameti  r  slightly  different  from  that  of  Cu-rich  matrix.  The 
relative  volume  of  the  two  phases  is  approximately  50% 
each.  Tl.e  particle  size  in  the  present  film  is  comparable  to 
the  layer  thickness,  and  the  interlayer  spacing  between  the 
ferromagnetic  layers  in  GMR-type  superlattice  films,  which 


is  on  the  order  of  10-  30  A,  Thus,  the  ob.served  giant  mag- 
netoresistance  in  the  as-deposited  Cu-Ni-Fe  film  is  attrib¬ 
uted  to  the  extremely  fine-scale  spinodally  decomposed 
.structure,  the  presence  of  which  is  further  confirmed  by  mag¬ 
netization  measurement,  as  well  as  by  XRD  and  TEM.  The 
bulk  spinodally  decomposed  Cu-20Ni-20Fe  alloy  (Cunife 
1,  a  common  permanent  magnet  material)  with  a  particle  size 
of  —500  A  was  found  to  exhibit  a  magnetoresistance  ratio  of 
only  about  0.6%  at  room  temperature,  with  fields  up  to  6  T  in 
our  previous  report.*^  Here  we  show  that  the  promotion  of  the 
magnetoresistance  effect  in  the  spinodally  decomposed 
Cu-Ni-Fe  alloy  could  be  achieved  through  microstructure 
modification  by  a  sputtering  process,  in  addition  to  the  an¬ 
isotropic  deformation  or  heat  treatment  methods  reported  in 
the  previous  papers. 

Upon  cooling  from  room  temperature  to  4.2  K,  the  film 
exhibits  a  decrease  of  electrical  resistivity  by  a  factor  of  1 .7 
(from  24  to  14  /ufi  cm).  In  contrast  to  the  resistivity,  the 
Ap,„,  defined  as  (p,|-p,),  decreases  by  a  factor  of  3.3  (from 
1.4  to  0.4  /iXi  cm).  The  net  result  is  that  the  room  tempera¬ 
ture  MR  ra*’3  is  higher  than  that  at  4,2  K  as  shown  in  Fig.  4, 
which  is  opposite  to  the  commonly  observed  tendency  of 
MR  ratio  increasing  at  lower  temperatures. 

Comparing  the  MR  ratio  versus  H  curve  to  the  M-H 
curve,  the  saturation  field  for  the  M-H  curve  appears  to  be 
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FIG.  4.  MR  mtio  ami  resistivity  vs  temperature. 
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FIG.  5.  Substrate  temperature  dependence  of  the  MR  ratio  (for  H  =  2  T)  for 
the  Cu-20Ni-20Fc  film. 


significantly  lower  than  that  for  the  corresponding  magne¬ 
toresistance  curve  (Fig.  1).  Although  the  exact  mechanisms 
not  fully  understood  are  still  obscure,  the  GMR  behavior  is 
believed  to  be  related  to  the  spin-dependent  scattering,  which 
is  reduced  when  the  angle  between  the  magnetization  of  ad¬ 
jacent  layers  of  magnetic  grains  (domains)  is  decreased.  It  is 
thuL.  expected  that  the  GMR  and  magnetization  will  be  di¬ 
rectly  related. 

However,  in  view  of  the  much  lower  saturation  field  for 
the  M-H  curve  than  that  for  the  magnetoresistance  curve,  as 
well  as  the  abnormal  temperature  dependence  of  MR,  it  is 
speculated  that  the  GMR  mechanism  in  the  present  film  may 
be  qualitatively  different  from  the  general  feature  described 
by  previous  investigators.  Similar  to  the  as-deformed 
Cu-Ni-Fe  alloy  wire,  the  observed  MR,  as  well  as  its  tem¬ 
perature  dependence,  could  be  explained  in  terms  of  the 
mechanism  proposed  by  Dieny  et  a/."*  The  magnetic  excita¬ 
tions  in  the  nearly  superparamagnetic  film,  which  is  sup¬ 
ported  by  the  M-H  curve  data,  as  well  as  the  XRD  and  TEM 
observation,  lead  to  strong,  but  not  necessarily  spin- 
dependent,  electron  scattering.  Such  excitations  arc  reduced 
by  an  applied  field,  and  lead  to  the  observed  MR  behavior.  At 
lower  temperatures,  they  are  significantly  reduced,  and  hence 
the  field-related  decreasing  of  resistivity  becomes  smaller 
than  at  higher  temperatures.  This  gives  the  negative  tempera¬ 
ture  dependence  of  the  MR  ratio  for  the  film.  However,  the 
contribution  of  spin-dependent  scattering  at  the  two-phase 
interface  and  in  the  ferroma[  ,etic  phase  to  the  GMR  phe¬ 
nomenon  could  not  be  ruled  out  in  this  study.  Further  studies 
are  necessary  to  verify  the  exact  role  of  various  mechanisms 
involved. 

Figure  5  describes  the  substrate  temperature  (7,.)  depen¬ 
dence  of  the  MR  ratio  measured  at  room  temperature  in 
Cu-2()Ni-20Fe  thin  film  samples,  prepared  with  an  acceler¬ 
ating  bias  of  130  V  and  under  Ar  pressure  of  4  mTorr.  The 


MR  ratio  versus  7,.  curve  shows  a  strong  dependence  of  MR 
ratio  on  7,.  It  increases  from  1.2%  to  3.2%  after  the  sub¬ 
strate  temperature  is  lowered  down  to  200  K  or  below.  The 
measurement  at  room  temperature  indicates  that  higher  coer- 
civity,  magnetization  (at  H  =  2  T)  and  remanence  magnetiza¬ 
tion  ratio  (A/r/Mj)  are  obtained  for  the  films  deposited  at 
higher  7, .  For  example,  the  magnetization  for  the  film  de¬ 
posited  at  500  K  is  —380  emu/enr^  at  room  temperature, 
which  is  about  2.5  times  that  for  the  film  deposited  at  77  K. 
In  general,  the  films  deposited  at  higher  temperatures  show 
more  significant  hysteresis  behavior  of  M-H  loops. 

Higher  substrate  temperatures  tend  to  increase  the  par¬ 
ticle  size  (or  wavelength  in  a  spinodally  decomposed  struc¬ 
ture)  and  compositional  segregation.  The  Cu-2()Ni-20Fe 
film  deposited  at  low  7,.  below  300  K  is  composed  of  small 
particles  (clusters)  with  comparatively  smaller  compositional 
variation,  and  gives  small  coercivity  and  a  remanence  mag¬ 
netization  ratio,  which  indicates  a  superparamagnetic-like 
behavior  at  the  measurement  temperatures.  For  the  substrates 
•It  higher  7j,  the  larger  driving  force  for  the  sputtered  par¬ 
ticles  to  diffuse  and  coalesce  in  the  film  enhances  the  particle 
growth,  and  phase  separation.  It  is  noteworthy  that  the  en¬ 
ergy  (and  mobility)  of  the  impinging  atoms  on  substrate  sur¬ 
face  during  sputter  deposition  is  much  higher  than  that  of 
bulk  materials  at  nominally  the  same  temperature  as  7,. .  The 
magnetorcsistance  ratio  (measured  at  H=2  T)  is  substantially 
reduced  from  3.2%  for  the  film  with  7,  =  77  K  to  1.2%  for 
the  film  with  7,. =500  K.  This  is  most  likely  due  to  the  par¬ 
ticle  coarsening  at  higher  7,. ,  which  will  raise  the  superpara¬ 
magnetic  blocking  temperature  (7/,)  for  the  (Fe,  Ni)-rich 
clusters  and  reduce  the  degree  of  superparamagnetic  fiuctuu- 
tion. 
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Relaxation  of  magnetoresistance  and  magnetization  in  granular  CugoCoio 
obtained  from  rapidly  quenched  ribbons 

R  Ailia,  C.  Beatrice,®*  M.  Knobel,®*  P,  Tiberto,®*  and  F,  Vinai®* 

Dipartimento  di  FLsica,  Politevnko  di  Torino,  1-10129  Torino,  lluly 

Bulk  granular  CuyoCo,,)  systems  displaying  a  negative  giant  rnagnctoresistance  (GMR)  were 
produced  by  submitting  melt-spun  ribbons  to  conventional  annealing  and  dc  joule  heating  in  order 
to  induce  diverse  microstructures.  Room-temperature  GMR  values  up  to  9%  at  20  kOe  were  found 
in  samples  produced  using  both  kinds  of  thermal  treatments.  An  evolution  from  a  superparamagnetic 
towards  a  ferromagnetic  behavior  has  been  observed  in  samples  submitted  to  different  heat 
treatments.  A  long-time,  nearly  logarithmic  relaxation  of  the  magnetic  remanenee  has  been 
measured  after  fast  removal  of  a  itiagnetic  field  of  10  kOe.  The  progressive  randomization  of  the 
magnetic  moments  also  gives  rise  to  a  corresponding  increase  in  the  zero-field  electrical  resistance. 


I.  INTRODUCTION 

A  strong  negative  magnetoresistance  has  been  observed 
in  certain  granular  magnetic  materials  where  clu.sters  of  a 
ferromagnetic  metal  such  as  Co  or  Fc  are  dissolved  in  a 
metallic  matrix  such  as  Cu  or  Ag.''^  Although  the  interest  for 
these  granular  magnetic  systems  is  obviously  enhanced  by 
the  possible  applications  of  the  giant  magnetoresistance  ef¬ 
fect  (GMR),  a  great  research  effort  is  being  focused  on  a 
number  of  open  problems  concerning  their  fundamental 
properties. The  magnetoresistance  behavior  of  these  het¬ 
erogeneous  alloys  was  first  observed  in  deposited  thin 
films. Melt-spinning  techniques  have  been  successfully  ex¬ 
ploited  to  produce  bulk  metastable  solid  solutions  where  su¬ 
perparamagnetic  and  ferromagnetic  clusters  may  be  devel¬ 
oped  by  effect  of  suitable  annealing  treatments.’'*^ 

The  technique  of  joule  heating  under  a  direct  electrical 
current,  where  the  temperature  of  a  metallic  ribbon  strip  is 
dramatically  increased  by  the  joule  effect,  has  recently 
proven  to  be  a  most  effective  method  to  produce  nanostruc- 
tured  ferromagnets  starting  from  compositionally  homoge¬ 
neous,  melt-sp'  n  ribbons.** 

In  this  article,  we  report  on  the  magnetic  and  transport 
properties  of  a  set  of  CuCo  granular  bulk  systems  obtained 
by  submitting  the  rapidly  quenched  alloy  either  to  conven¬ 
tional  annealings,  or  to  dc  joule  heating  under  different  cur¬ 
rents  for  the  same  time.  The  latter  technique  allows  one  to 
easily  produce  materials  with  GMR  comparable  to  the  ones 
found  in  coiwentionally  annealed  materials.  The  superpara¬ 
magnetic  component  of  the  considered  granular  magnetic 
materials  is  particularly  evidenced  by  a  significant  relaxation 
of  the  magnetic  remanenee.  In  correspondence  of  this 
gradual  reduction  in  the  magnetic  order,  the  zero-field  elec¬ 
trical  resistance  of  the  samples  is  observed  to  steadily  in¬ 
crease  with  time. 

II.  EXPERIMENT 

A  rapidly  quenched  Cug„CO|,|  alloy  was  obtained  in  rib¬ 
bon  form  by  planar  flow  casting  in  controlled  atmosphere  on 
a  CuZr  dru.m.  Strips  cut  from  the  ribbon  t width  5x10  m. 


"’istituto  EleUroteenia)  Nazioiwlc  fialiluo  I'erraris,  f..si)  Ma.'.simi) 
D'Azeglio  42.  l-ll)12.S  Torino,  Italy. 


thickness  5X10  m)  were  submitted  either  to  furnace  an¬ 
nealing  in  Ar  atmosphere  at  7,,  =440  and  500  °C  for  1  h,  or 
to  dc  joule  heating  in  vacuo.  The  latter  treatment  was  per¬ 
formed  by  clipping  the  samples  between  copper  electrodes 
(electrode  distance  1X10~'  m),  and  subsequently  applying 
an  electrical  current  I  of  constant  intensity  for  fiO  s.  The 
electrical  resistance  R  was  continuously  monitored  by  mea¬ 
suring  the  voltage  drop  across  a  standard  resistor,  in  order  to 
detect  thermal  and  structural  changes  occurring  in  the 
samples.'"  A  detailed  description  of  the  technique  is  given 
elsewhere." 

Room-temperature  measurements  of  magnetization 
curves  and  magnetoresistance  were  performed  on  both  as- 
quenched  and  annealed  ribbon  strips.  The  magnetic  moment 
of  each  sample  was  measured  as  a  function  of  the  applied 
field  H  by  means  of  a  vibrating  .sample  magnetometer  (LDJ/ 
VSM  model  9500)  up  to  //=  10  kOe.  The  field  behavior  of 
the  electrieal  resistance  was  measured  up  to  7/=20  kOe  in 
the  same  magnetometer  through  a  conventional  four-contact 
technique.  The  magnetic  field  was  applied  cither  in  the  rib¬ 
bon’s  plane,  perpendicular  to  the  bias  current  (transverse 
configuration),  or  normally  to  the  ribbon  plane  (perpendicu¬ 
lar  configuration). 

III.  RESULTS  AND  DISCUSSION 

Hysteresis  loops  give  information  airout  the  development 
of  Co  clusters.  The  values  of  magnetic  remanenee  (M,.)  and 
coercivity  (W,.)  of  kelected  samples  are  reported  in  Table  I 
along  with  the  saturation  magnetization  A-/,  determined  by 


TABU:  I,  Magnetic  hysteresis  paiainclers  ot  various  granular 
samples.  'I'rcatment  times:  joule  heating:  hO  s;  furnace  annealing:  3600  s. 
The  GMR  ratio  is  defined  in  the  text. 
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FIG.  1.  Time  behavior  of  the  reduced  magnetic  remanence  in 

joule  heated  and  conventionally  annealed  Cuij„Com  samples. 

extrapolation  of  the  experimental  curves  to  //—»<»  through  a 
multiple-Langevin  function  fit.  This  fitting  procedure  allows 
one  to  assign  values  of  the  cluster  radii  ranging  between  2 
and  6  nm.  The  values  of  M,  and  of  the  as-quenched 
sample  show  that  the  starting  material  is  not  an  ideal  solid 
solution,  although  the  size  of  quenched-in  clusters  is  so  small 
that  the  system  nearly  behaves  as  a  superparamagnet.  Table  I 
shows  that  all  annealing  treatments  induce  a  growth  of 
with  increasing  either  the  current  density  or  the  annealing 
temperature.  Usually,  the  value  of  //<.  may  be  taken  as  a 
measure  of  the  average  size  of  the  ferromagnetic  clusters 
once  the  value  of  the  magnetic  anisotropy  constant  of  the 
precipitates  is  known. This  is  however  not  the  case  for 
granular  systems  produced  by  high  heating  rates,  where  both 
the  crystalline  structure  and  the  shape  of  the  Co  clusters  are 
still  unknown.  The  evolution  of  the  product  KV  (V  being  the 
average  cluster  volume)  with  changing  the  annealing  param¬ 
eters  is  responsible  for  the  magnetic  behavior  of  this  set  of 
samples.  A  particularly  large  value  of  KV  is  possibly  respon¬ 
sible  for  the  peculiar  magnetic  and  transport  properties  of  the 
sample  submitted  to  4X10^  A/m^  joule  heating. 

A  significant  isothermal  relaxation  of  the  magnetic  rema¬ 
nence  was  observed  in  all  samples.  This  effect  was  measured 
by  first  applying  to  each  sample  a  high  magnetic  field  (10 
kOe)  for  a  fixed  time  (1  h),  and  subsequently  measuring  the 
time  behavior  of  the  magnetic  moment  in  the  range  1-10*’  s 
after  sudden  removal  of  the  field  (stabilized  in  ^5  s).  The 
relaxation  of  is  reported  in  Fig.  1  for  different 

samples.  The  curve  for  the  specimen  treated  at  7^=440  “C  is 
not  shown  because  it  is  identical  to  the  one  observed  in  the 
sample  submitted  to  joule  heating  at  /=8  A.  The  relaxation 
kinetics  is  roughly  of  logarithmic  type  in  all  samples.  How¬ 
ever,  the  intensity  of  relaxation  is  strongly  influenced  by  the 
thermal  treatment,  being  highest  in  the  as-quenched  material, 
where  Co  clusters  are  very  small  and  finely  dispersed  in  the 
Cu  matrix.'^  In  this  case  the  magnetic  field  is  effective  in 
orienting  the  magnetic  moments,  which  are  progressively 
randomized  by  thermal  fluctuation  when  the  field  is  re¬ 
moved.  The  increase  in  the.  average  cluster  size  brings  about 
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FIG.  2.  Intensity  of  the  remanence  ’’daxation,  AAf,/Ar,*[/V/,(0) 
-A/,(I0'  .s]/Af,(0),  as  a  function  of  the  ratio  for  the  .samples  of  Fig. 

1.  In.set;  selected  hysteresis  loops  up  to  //  =  10  kOe. 

both  an  increase  in  the  ferromagnetic  character  of  the  hyster¬ 
esis  loops  (Table  1)  and  a  reduction  in  the  relaxation  inten¬ 
sity,  as  evidenced  in  Fig.  2,  where  Af,(0) -Af  ^(10'”’  s)/A/f(0) 
is  reported  as  a  function  of  the  ratio  MJM^  for  the  considered 
set  of  samples. 

The  magnetoresistance  (MR)  ratio  is  defined  here  as 
where  **  Ihe  maximum  resistance 
value  obtained  in  each  hysteresis  loop.  For  as-quenched 
samples  the  MR  value  obtained  for  a  maximum  field  of  20 
kOe  is  about  1.7%.  After  a  proper  furnace  annealing  or  joule¬ 
heating  treatment,  the  room-temperature  MR  ratio  can  reach 
values  as  high  as  9%,  comparable  to  the  highest  GMR  values 
obtained  in  granular  solids.*’^  Figure  3  shows  two  represen¬ 
tative  GMR  curves,  obtained  for  a  conventionally  annealed 
sample  (curve  a,  10=440  “C)  and  for  a  current-heated  ribbon 
(curve  b,  7=6  A).  The  differences  between  the  curves  of  Fig. 
3  mainly  arise  from  a  different  experimental  procedure. 
Curve  a  was  measured  by  waiting  until  complete  stabiliza¬ 
tion  of  the  resistance  value  was  obtained  for  each  value  of  77 
(■““IS  s  per  point).  Curve  b  was  instead  obtained  during  a 
continuous  hysteresis  loop  (total  time  5  min).  The  curves  do 
not  saturate  up  to  20  kOe,  indicating  the  presence,  in  both 
samples,  of  a  superparamagnetic  phase  responsible  for  the 


-20  -10  0  10  20 


H  (kOe) 

FIG.  3.  Room-tcnipcraturc  giant  niagnctorcsislancc  in  a  conventionally  an¬ 
nealed  and  a  joule-heated  sample  of  granular  Cu.KiCom. 
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PIG.  4.  Time  behavior  of  tlic  zero-field  electrical  resistance  after  applying  a 
transversal  (curve  a)  or  perpendicular  (curve  b)  field  of  20  kOc  for  120  s  on 
a  joule-heated  sample  (/=6  A,  60  s). 

giant  MR  effect.  In  agreement  with  Weeker  et  al.^  we  also 
verified  that  the  R(H}  data  obtained  in  a  loop  are  always 
different  from  the  ones  obtained  on  the  virgin  curve. 

Owing  to  the  close  relation  existing  between  the  magne¬ 
toresistance  and  the  magnetic  order  within  the  material,  a 
change  in  the  electrical  resistance  should  be  measured  along 
with  the  relaxation  of  In  order  to  study  this  effect,  we 
tried  to  follow  the  same  procedure  adopted  for  the  rema- 
nence  relaxation.  However,  we  noticed  that  the  resistance 
values  are  extremely  sensitive  to  very  small  variations  in 
temperature  and/or  magnetic  history  of  the  sample  (the  tem¬ 
perature  coefficient  of  resistivity  being  as  high  as  9>‘ 

K~’  in  this  granular  material),  and  therefore  extrinsic.  !'•  • 
mal  effects  dominate  over  the  true  relaxation  of  R .  ..i  ore 
to  overcome  this  difficulty,  we  applied  a  field  of  '  i  K,  j 
2  min  only.  The  ratio  [R(t)-R^]IRQ,  where  R^)  is  ■"  -ed 
after  suddenly  removing  the  field,  is  reported  in  Fig.  t  as  a 
function  of  the  measurement  time  for  a  joule-heated  sample 
(7=6  A)  in  both  the  transverse  (curve  a)  and  perpendicular 
(curve  b)  field  configurations.  Although  the  effect  is  very 
small,  the  gradual  randomization  of  the  magnetic  moments 
induces  an  increase  in  the  conduction-electron  scattering  and 
in  the  electrical  resistance,  as  expected.  The  relaxation  of  R 
is  about  two  orders  of  magnitude  lower  than  the  relaxation  of 
as  one  should  expect  considering  that  the  effect  of  a 


change  in  the  magnetic  order  must  have  only  a  minor  effect 
on  the  overall  sample  resistance.  Owing  to  the  reduced  mag¬ 
nitude  of  the  observed  effect,  the  differences  found  between 
the  two  measurement  configurations  can  have  several  ori¬ 
gins,  including  anisotropic  magnetoresistance,'  ordinary 
magnetoresistance  of  Cu,  or  even  the  lack  of  complete  sphe¬ 
ricity  of  the  clusters,  as  proposed  by  Xiao  et  al.^ 

In  conclusion,  the  present  results  confirm  that  the  joule¬ 
heating  technique  can  be  adopted  as  a  reliable,  fast,  and  easy- 
to-use  treatment  to  produce  granular  magnetic  materials.  In 
fact,  this  treatment  allows  one  to  produce  a  variety  of  micro¬ 
structures  in  the  CuygCoio  system,  dependent  on  the  value  of 
the  joule-heating  current,  and  characterized  by  very  small 
clusters  displaying  a  magnetic  behavior  gradually  evolving 
from  the  nearly  superparamagnetic  to  a  more  ferromagnetic 
character.  By  properly  choosing  the  treatment  conditions,  not 
only  very  similar  MR  curves,  but  also  nearly  identical  mag¬ 
netic  parameters  may  be  obtained  through  conventional  an¬ 
nealing  and  joule  heating,  indicating  that  the  same  micro¬ 
structures  are  generated  independently  of  the  rate  of  heating 
involved  in  the  thermal  treatments.  Finally,  the  ob.served  re¬ 
laxations  in  both  Mf  and  R,  although  detrimental  to  perspec¬ 
tive  applications  of  granular  magnetic  systems,  are  intrinsi¬ 
cally  very  interesting  and  worthy  of  more  detailed 
investigation  in  the  near  future. 
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The  magnetic  and  magnetotransport  properties  of  granular  Cu^sFeis  prepared  by  mechanical 
alloying  have  been  investigated.  The  sample  was  prepared  by  grinding  fine  powders  of  copper  and 
iron  in  a  high  energy  ball  mill.  Zero  field  cooled  and  field  cooled  susceptibilities  showed  a  behavior 
that  is  typical  of  a  superparainagnet.  The  blocking  temperature  T n  of  20  K  was  determined  from  ac 
susceptibility.  The  magnetoresistance  reached  5.5%  at  4.5  K  in  a  field  of  5  T.  It  was  increased  to 
7.6%  after  the  sample  was  annealed  at  300  “C  for  20  min.  The  hysteresis  loop  was  measured  for 
both  magnetization  and  mugnetoresistancc.  There  was  a  clear  correlation  between  the  two.  The 
magnetoresistance  is  due  to  the  scattering  associated  with  iron  nanooarticlcs  present  in  the  samples 


and  its  dependence  on  particle  size  is  discussed. 


INTRODUCTION 

The  discovery  of  negative  giant  magnetoresistance 
(GMR)  in  Fe-Cr  magnetic  multilayers  by  Baibicli  et  at.'  and 
the  subsequent  finding  that  GMR  occurs  in  many  other 
multilayer  ultrathin  magnetic  film  systems^"^  have  attracted 
much  attention.  Recently,  GMR  was  also  found  in  granular 
structures  where  metallic  ferromagnetic  nanoparticles  are 
dispersed  in  a  nonmagnetic  metal  matrix.^’’’  Not  only  have 
these  discoveries  provided  new  opportunities  for  studying 
the  fundamental  issues  of  spin-dependent  electrical  transport 
phenomena  but  they  may  also  have  an  enormous  impact  on 
the  information  storage  technologies  due  to  the  potential  de¬ 
vice  applications  of  these  materials  in  magnetic  read  heads.’* 
The  fact  that  GMR  also  exists  in  some  granular  systems  has 
provided  opportunities  to  explore  other  preparation  methods 
which  are  capable  of  producing  the  granular  systems  and  arc 
less  expensive  and  more  reliable  than,  for  example,  the  com¬ 
monly  used  sputtering  techniques.  Weeker  et  al.''  have  ap¬ 
plied  the  melt-spinning  method  to  produce  bulk  Cu-Co  al¬ 
loys  by  rapid  solidification.  For  the  optimally  annealed 
samples  the  GMR  was  found  to  be  36%  at  30  K.  Ounadjela 
et  al.  have  studied  GMR  in  the  Ag-Co  granular  system  pre¬ 
pared  by  mechanical  alloying.”'  GMR  of  7.7%  at  5  K  was 
ob.served  in  their  bulk  mechanically  alloyed  Ag7«Co3„ 
sample.  In  this  article,  we  report  the  magnetic  and  magne¬ 
toresistive  properties  of  granular  CuhsFci,  prepared  by  me¬ 
chanical  alloying. 

EXPERIMENTAL  DETAILS 

Cun5Fei5  was  prepared  by  mechanical  alloying  using  a 
high  energy  Spex  8000  mixer/mill.  The  starting  materials 
were  fine  powders  of  copper  and  iron  of  99.9%  purity.  Sto¬ 
ichiometric  amounts  of  the  powders  were  sealed  in  a  grind¬ 
ing  vial  made  of  hardened  steel  under  argon  atmosphere. 
Also  sealed  in  the  vial  were  two  hardened  steel  balls.  The 
weight  ratio  of  ball  to  sample  was  approximately  2:1.  After 
30  h  of  grinding,  the  product  was  shiny,  almost  colorless  and 
in  the  form  of  small  spherical  dots.  A  .SCINTAG  x-ray  pow¬ 
der  diffractometer  with  Cu  Ka  radiation  was  used  for  x-ray 


diffraction  examinations.  The  sample  was  cold  pressed  into 
pellets,  and  some  of  those  were  annealed  at  low  temperatures 
(T =300  and  550  “C)  for  20  min  in  order  to  study  the  effects 
of  such  annealing  on  the  interested  physical  properties. 

The  magnetic  susceptibility  of  the  mechanically  alloyed 
.sample  was  measured  as  a  funetion  of  temperature  under 
both  zero  field  cooled  (ZFC)  and  field  cooled  (FC)  condi¬ 
tions,  and  measured  with  an  ac  field  using  a  Quantum  Design 
SQUID  susceptometer  (Model  MPMS-5S).  The  blocking 
temperature  of  the  superparamagnetic  iron  nanoparticles  em¬ 
bedded  in  the  copper  matrix  was  determined  from  the  data. 
Magnetization  (M  vs  H)  and  hysteresis  loop  of  the  sample 
were  examined  at  4.5  K.  Magnetoresistanee  measurements 
were  carried  out,  using  a  four-point  technique,  at  both  room 
temperature  and  low  temperatures  as  a  function  of  applied 
field.  Magnetoresistive  hysteresis  was  also  studied  and  com¬ 
pared  with  the  magnetic  hysteresis. 

RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  pattern  of  the  Cun^Fe],  sample 
which  was  mechanically  alloyed  for  30  h  showed  only  broad 
peaks  from  fee  copper.  No  peak  from  bee  «  iron  was  observ¬ 
able.  The  diffraction  peaks  of  the  mechanically  alloyed 
sample  were  slightly  shifted  toward  lower  angles  relative  to 
those  of  pure  copper.  This  indicated  an  increase  in  the  lattice 
constant  a  of  the  mechanically  alloyed  sample  as  compared 
to  that  of  pure  copper,  which  implies  that  a  certain  amount  of 
iron  has  been  dissolved  in  the  fee  c<ippcr  matrix.  This  result 
is  consistent  with  the  finding  that  mechanical  alloying  in¬ 
duces  fee  solid  solution  CU|  ^.Fe,,.  for  .v<().6."'''^  However, 
as  will  be  discussed  later,  magnetic  measurements  indicated 
that  our  sample  also  contained  undissolved  iron  particles. 
The  reason  that  peaks  from  the  iron  were  absent  in  the  x-ray 
pattern  is  probably  attributed  to  the  extremely  small  sizes  of 
the  iron  particles. 

Figure  1  shows  the  magnetic  susceptibility  of  the  30  h 
mechanically  alloyed  CuH.sFe|5  measured  under  both  field- 
cooled  (FC)  and  zero-field-cooled  (ZFC)  conditions.  What  is 
obvious  is  the  irreversibility  indicated  by  the  deviation  be- 
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FIG.  1.  dc  magnetic  tiusccptibllilies  of  the  as-niechanieully  alloyed  Cu^^Fcu 
measured  under  both  ZFC  and  FC  conditions.  The  measuring  field  is  2(I0U 
Oe. 


tween  FC  and  ZFC  susceptibilities.  There  is  a  broad  maxi¬ 
mum  in  the  ZFC  susceptibility  at  20-30  K.  This  maximum 
can  be  caused  by  either  a  spin-glass-typc  transition  or  super- 
paramagnetic  iron  particles.  For  a  spin-glass  transition,  the 
peak  in  the  ZFC  susceptibility  is  normally  very  sharp  and  all 
irreversibility  effects  disappear  just  above  the  freezing  tem¬ 
perature.  On  the  other  hand,  in  a  superparamagnet,  the  maxi¬ 
mum  is  broad  and  irreversibility  persists  well  above  the 
blocking  temperature. Therefore,  we  believe  the  observed 
irreversibility  and  broad  maximum  in  the  ZFC  susceptibility 
of  our  sample  is  caused  by  an  assembly  of  superparamag- 
netic  iron  particles  dispersed  in  the  copper  matrix.  In  addi¬ 
tion,  the  absolute  value  of  susceptibility  is  quite  high  even  at 
room  temperature,  which  suggests  that  there  is  a  wide  distri¬ 
bution  of  particle  size  with  blocking  temperatures  ranging 
from  very  low  temperature  to  above  room  temperature.  Fig¬ 
ure  2  shows  the  real  part  of  the  ac  (/=32  Hz)  susceptibility 
X'  of  the  same  sample.  The  inset  shows  the  imaginary  part  )^' 
in  the  low-temperature  region.  The  average  blocking  tem¬ 
perature  T n  determined  from  the  peak  in  the  ac  susceptibility 
x'  is  20  K.  As  seen,  y  shows  a  corresponding  loss  peak  near 
the  same  temperature. 

The  magnetorcsistance  was  measured  as  a  function  of 
applied  field  up  to  5  T  at  4.5,  77,  and  300  K,  respectively. 
Figure  3  shows  such  magnetorcsistance,  defined  as 
[p(«)“P(())]/P(())>  versus  applied  field  plots.  The  niagnctoresis- 
tance  reaches  5.5%  at  4.5  K  in  a  field  of  5  T.  It  is  reduced  to 
3.8%  at  77  K  and  less  than  0.2%  at  300  K.  The  observed 
magnetorcsistance  shows  no  indication  of  saturation  in  a 
field  of  5  T  at  all  temperatures. 

The  as-mechanically  alloyed  sample  was  subsequently 
annealed  for  20  min  at  300  and  550  °C,  respectively.  Figure 
4  is  the  magnetorcsistance  versus  field  plots  at  4.5  K  for 
samples  annealed  at  these  temperatures.  The  as-mechanically 
alloyed  sample  is  also  shown  for  comparison.  The  heat  treat¬ 
ment  at  300  “C  results  in  an  increase  in  magnetorcsistance  to 
7.6%  from  5.5%  of  the  not-annealed  sample.  This  is  attrib¬ 
uted  to  the  precipitation  of  additional  iron  particles  from  the 
copper  matrix,  which  contribute  to  the  .spin-dependent  scat- 


FIG.  2.  The  real  part  of  the  ac  .susceptibility  x'  "f  *hc  as-mccitanically 
alloyed  sample  and  Imaginary  part  of  the  ac  susceptibility  (inset).  Only 
the  low-temperature  portion  of  the  X'  >s  shown. 


teriiig  process.  As  the  annealing  temperature  is  further  in¬ 
creased  to  550  “C,  the  sizes  of  the  iron  particles  grow  and 
become  sufficiently  large  such  that  the  GMR  decreases  sig¬ 
nificantly,  The  effects  of  annealing  at  the  mentioned  tempera¬ 
tures  on  the  particle  size  have  been  well  documented,  for 
example,  see  Ref.  15. 

Shown  in  Fig.  5  arc  the  hysteresis  loops  fur  magnetiza¬ 
tion  and  magnetorcsistance  measured  at  4.5  K.  Unly  data 
below  //=3500  Oe  are  shown.  A  clear  correlation  between 
the  two  hysteresis  loops  exists.  The  coercivity  (at  which 
magnetization  becomes  zero)  is  about  500  Oe,  and  as  cun  be 
seen,  it  is  also  the  field  at  which  magnetorcsistance  becomes 
zero. 
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FIG.  3.  Magnctorcsi.stuncc  of  the  as-mccliunicully  alloyed  iample  vs  applied 
held  measured  at  4. .5,  77.  and  300  K. 
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FIG,  4,  Magnctorcsistancc  ns  a  function  of  applied  field  at  4.5  K  for  the 
as-mcchunically  alloyed  sample  and  subsequently  annealed  at  .300  and 
550  °C  samples, 


CONCLUSIONS 

The  magnetic  and  magnctoresi.stive  properties  of  granu¬ 
lar  CuijjFeij  prepared  by  mechanical  alloying  have  been 
studied.  The  presence  of  magnetic  iron  nanoparticles  in  the 
as-mcchanically  alloyed  sample  is  demonstrated  by  both 
zero-lield-cooled  and  rteld-cooled  susceptibilities.  The  super- 
paramagnetic  behavior  is  also  shown  in  its  ac  susceptibility 
from  which  a  blocking  temperature  7';,  of  20  K  is  derived. 
There  is  a  clear  correlation  between  the  hysteresis  loops  of 
magnetization  and  magnetoresistance.  The  magnctorcsis- 


FIG.  5.  Ily.sicrusi.s  limps  of  inugneti/.utinn  (a)  and  inagnclorcsislancc  (b) 
measured  ul  4.5  K, 


tance  is  5.5%  at  4.5  K  in  a  field  of  5  T.  It  is  increased  to  7.6% 
after  the  sample  was  annealed  at  300  °C  for  20  min.  The 
effect  of  such  heat  treatment  is  to  let  more  iron  particles 
precipitate  out  of  the  copper  matrix.  Further  annealing  at 
higher  temperature  has  a  deteriorating  effect  on  the  magne¬ 
toresistance.  The  largest  magnetoresistance  of  7,6%  found  in 
our  sample  is  smaller  than  reported  elsewhere  using  other 
preparation  methods,*’’^  Improvement  should  be  possible  by 
optimizing  parameters  like  grinding  time,  composition,  and 
annealing  temperature.  As  mentioned  earlier,  x-ray  diffrac¬ 
tion  data  indicate  that  a  part  of  iron  is  dissolved  in  the  fee 
copper  matrix  in  the  as-mechanically  alloyed  sample,  there¬ 
fore  the  actual  composition  of  the  granular  portion  of  the 
sample  which  contributes  to  GMR  is  not  CugsFeu  but  prob¬ 
ably  contains  less  iron.  It  is  interesting  to  note  that  another 
granular  system  prepared  by  mechanical  alloying  Ag7()Co_ni 
exhibits  MGR  of  7.7%  at  5  K,  which  is  almo.st  identical  to 
the  value  found  in  our  sample. 
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Ferromagnetic  resonance  (FMR)  can  reveal  important  information  on  the  size  and  shape  of  the 
ferromagnetic  particles  which  are  dispersed  in  granular  giant  magnetoresistive  (GMR)  materials.  We 
have  investigated  the  FMR  spectra  of  three  different  types  of  granular  GMR  material,  each  with 
different  properties:  (1)  melt-spun  ribbons  of  FesCoisCuuo  and  Co2()Cu8(),  (2)  thin  films  of  Co2oCujio 
produced  by  pulsed  laser  deposition,  and  (3)  a  granular  multilayer  film  of  [Cu(50  A)/Fe(10  A)]x50. 
We  interpret  the  linewidth  of  these  materials  in  as  simple  a  manner  as  possible,  as  a  “powder 
pattern”  of  noninteracting  ferromagnetic  particles.  The  linewidth  of  the  melt-spun  ribbons  is  caused 
by  a  completely  random  distribution  of  crystalline  anisotropy  axes.  The  linewidth  of  these  samples 
is  strongly  dependent  upon  the  annealing  temperature;  the  linewidth  of  the  as-spun  sample  is  2.5 
kOe  (appropriate  for  single-domain  particles)  while  the  linewidth  of  a  melt-spun  sample  annealed  at 
900  °C  for  15  min  is  3.8  kOe  (appropriate  for  larger,  multidomain  particles).  The  linewidth  of  the 
granular  multilayer  is  attributed  to  a  restricted  distribution  of  shape  anisotropies,  as  expected  from 
a  discontinuous  multilayer,  and  is  only  0.98  kOe  with  the  magnetic  field  in  the  plane  of  the  film.’ 


'M.  Rubinstein,  13.  N.  Des,  N.  C.  Koon,  D.  B,  Clirlsey,  and  J.  Horwitz,  I’liys. 
Rev.  B  50,  184  (1094). 
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Magnetoresistance  of  granular  Cu-(Co,Fe)  and  Cu-Co-B  (abstract) 

R.  V.  Helmolt 
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University  of  Augsburg,  86150  Augsburg,  Germany 

J.  Wecker 

Siemens  AG,  Research  Laboratories,  01052  Erlangen,  Germany 

K.  Samwer 

Institute  of  Physics,  University  of  Augsburg,  86159  Augsburg,  Germany 

Giant  magnetoresistance  (GMR)  is  known  to  occur  in  alloys  consisting  of  superparamagnetic 
precipitates  in  a  metallic  matrix.  This  had  been  demonstrated  for  the  first  time  for  Cu-Co  prepared 
as  co-sputtered  thin  films'  and  later  for  rapidly  quenched  alloys.^  For  Cu-Fe  no  GMR  has  been 
reported  even  in  multilayer  systems.  In  order  to  study  the  transition  from  Cu-Co  to  Cu-Fe  in  more 
detail  we  prepared  quasibinary  Cui)()CO|,|_  ,.Fe>.  ribbons  by  conventional  melt  spinning  followed  by 
an  annealing  treatment  to  precipitate  Co-Fe  clusters  in  the  Cu  matrix.  The  particle  sizes  of  the 
ferromagnetic  phase  have  been  determined  by  fitting  the  magnetization  and  magnetoresistance 
curves  with  a  Langevin  function.  The  saturation  magnetization  increases  with  increasing  Fe  content 
X  for  A' ^4  as  expected  from  the  Slater-Fauling  curve.  However,  a  strong  decrease  of  the 
magnetization  is  observed  at  high  Fe  contents.  The  GMR  effect  continuously  decreases  with 
increasing  Fe  content  and  for  a>().7  no  GMR  is  observed,  similar  to  Cu-Fe  multilayers.  Small  B 
additions  were  added  to  Cu-Co  in  order  to  improve  the  homogeneity  of  the  as-quenched  ribbons.  For 
these  samples  the  magnetoresistance  is  suppressed  even  by  small  B  additions  below  3  at.  %.  This  is 
different  from  the  Au-Co  system,  where  B  additions  of  up  to  2{)%  enhance  the  GMR  effect. 


This  work  was  supported  by  tlic  Cktiiiuii  Ministry  for  Uesciircli  iiiitl  Tech¬ 
nology  (BMFD. 
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Evolution  of  recombination  in  a  soiid  HDDR  processed  Ndi4Fe7gB7  alioy 

N.  Martinez,  D.  G.  R.  Jones,  and  O.  Gutfleisch 

School  of  Metallurgy  and  Materials,  The  University  of  Birmingham,  Birmingham,  United  Kingdom 
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Rhone  Poulenc,  Centre  de  Recherches  d’Aubervilliers,  France 

I.  R.  Harris 
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A  high-resolution  scanning  electron  microscope  was  used  to  study  the  microstructural  changes 
occurring  during  the  desorption  and  recombination  stages  in  a  cast  Ndi4Fe79B7  alloy  HDDR 
processed  at  780  °C.  Phase  identification  was  based  on  backscattcred  electron  contrast.  In  the  early 
stages  of  desorption,  the  disproportionated  structure  in  the  matrix  coarsens  to  produce  a  mixture  of 
Nd-rich  (NdH2  and/or  Nd)  and  Fe-rich  (ofFe  and/or  Fe2B)  clusters.  At  the  center  of  the  specimen, 
regions  of  recombined  multicrystalline  Nd2Fei4B  phase  are  observed  associated  with  Nd-  and 
Fe-rich  clusters.  When  desorption  of  hydrogen  is  almost  complete,  the  microstructure  consists  of  a 
Nd2Fei4B  matrix  with  a  few  remaining  Nd-  and  Fe-rich  clusters.  The  subsequent  completion  of 
recombination  results  in  a  multigrained  Nd2Fei4B  structure,  some  grains  being  .separated  by  Nd-rich 
material.  The  magnetic  properties  of  the  Ndi4Fe79B7  alloy  have  been  measured  at  significant  stages 
during  the  desorption/recombination  process  at  600  “C,  the  stages  being  deduced  from  electrical 
resistivity  measurements.  Initially,  the  materiul  is  noncoercive  with  a  high  magnetization  at  1100 
kA/m,  reflecting  the  high  proportion  of  aFe  in  the  sample.  As  recombination  proceeds,  the 
magnetization  drops  and  the  coercivity  increases  as  the  fine-grained  Nd2Fei4B  develops  and  the  ofFe 
disappears. 


I.  INTRODUCTION 

The  Hydrogenation-Disproportionation-Dcsorption  and 
Recombination  proce.ss  (HDDR)''^  transforms  a  coarse¬ 
grained  ingot  (cast  or  homogenised)  into  a  friable,  powdered 
material  with  submicrometer  grain  size.  The  first  stage  re¬ 
sults  in  the  hydrogenation  and  decrepitation  of  the  ingot  (HD 
process).^  The  disproportionation  reaction  occurs  at  elevated 
temperature  and  produces  an  intimate  mixture^''*  of  aFe,  Nd 
hydride,  and  FC2B.  Recombination  occurs  on  hydrogen  de¬ 
sorption  at  high  temperature.  The  main  potential  of  thc.se 
coercive  powders  is  to  produce  polymer  bonded'  and  hot 
pressed'*’  magnets. 

It  is  possible  to  disproportionate  solid  blocks  of  Nd-Fe-B 
based  alloys  without  decrepitating  them  by  using  very  high 
heating  rates  under  hydrogen^’  or  introducing  hydrogen  at 
high  temperature.^  It  has  been  observed  that,  in  Ndi5Fe7f,B),, 
the  disproportionation  process  begins  at  the  grain  boundaries 
at  the  Nd  hydride/Nd2Fei4B  interface  and  then  progresses 
into  the  matrix  phase."''*  The  block  does  not  decrepitate  as  in 
the  HD  process.  The  process  is  referred  to  as  “solid  HDDR” 
and  can  be  usefully  employed  to  study  the  development  of 
the  HDDR  microstructure  because  of  the  modified  reaction 
kinetics. 

II.  EXPERIMENTAL  PROCEDURE 

Differential  thermal  analysis  (DTA)  was  carried  out  in 
order  to  determine  the  starting  temperatures  of  disproportion¬ 
ation  in  a  nydrogen  atmosphere  and  recombination  under 
vacuum.  The  solid  HDDR  was  carried  out  at  780  °C  in  an 
initial  hydrogen  pressure  of  1  bar.  Hydrogen  was  evacuated, 
and  the  samples  held  under  vacuum  for  20,  40,  and  70  min  at 


780  “C.  Finally,  the  samples  were  quenched  in  order  to  fix 
the  recombined  structure.  The  observations  were  carried  out 
with  a  high-resolution  field-emission  scanning  electron  mi- 
cro.scope  (Hitachi  4000)  using  the  buck.scattercd  electron 
mode. 

An  electrical  resistivity  monitoring  method"  was  used  to 
follow  the  average  state  of  three  samples  during  recombina¬ 
tion  at  600  °C  under  vacuum,  after  disproportionation  at 
700  ”C  in  an  initial  hydrogen  pressure  of  0.7  bar.  These  low 
temperatures  were  chosen  in  order  to  slow  the  reaction  and 
study  only  the  transformations  occurring  in  the  matrix  phase 
by  avoiding  the  desorption  and  melting  of  the  intergranular 
Nd-rich  phase.'"  Intrinsic  coercivity  and  magnetization  at 
1100  kA/m  were  measured  with  a  vibrating  sample  magne¬ 
tometer  (VSM). 

III.  RESULTS  AND  DISCUSSION 

A.  Determination  of  the  desorption  temperature 

Figure  1  repre.sents  the  DTA  graph  showing  the  desorp¬ 
tion  of  hydrogen  from  the  disproportionated  material  with 
increasing  temperature.  The  first  peak  starting  at  «“1()0°C 
corresponds  to  the  transformation  from  NdH^  +  v  If’  NdHi  that 
takes  place  within  the  disproportionated  matrix  and  Nd-rich 
intergranular  pha.se.  The  two  peaks,  starting  at  “^fiOO  °C,  rep- 
rc.scnt  first,  desorption  of  hydrogen  from  the  disproportion- 
ated  matrix  and  also  recombination  and  second,  from  the 
Nd-rich  grain-boundary  phase." 

B.  Microstructures  of  samples  desorbed  at  780  °C 

During  solid  hydrogenation  and  disproportionation,  a 
disproportionated  front  moves  from  the  edges  towards  the 
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PIG,  1.  AT*  and  pressure  traces  vs  temperature  of  the  hydrugen  desorption 
of  the  disproportionated  Ndi4Fe7„B7  material. 


center  of  the  specimen.  Because  of  the  hydrogen  diffusion 
during  absorption  and  desorption,  the  microstructure  of  a 
solid  disproportionated  and  recombined  sample,  at  a  given 
temperature  and  initial  hydrogen  pressure,  depends  on  the 
region  observed  in  the  specimen  and  also  the  position  con¬ 
sidered  in  the  original  Nd2Fei4B  grains.  The  evolution  of  the 
microstructure  with  time,  during  the  solid  HDDR  process, 
also  depends  upon  the  total  volume  of  the  specimen.  Times 
given  in  the  present  work  must  therefore  be  considered  in  the 
light  of  these  factors.  It  should  also  be  noted  that  at 
T^C^SS  “C,  the  Nd-rich  material  melts  as  soon  as  the  trans¬ 
formation  of  NdHj  into  metal  Nd  occurs.'^ 

In  the  specimen,  desorbed  for  20  min,  the  distribution  of 
the  original  grain  boundaries,  most  of  which  contain 
NdFe4B4  and  Nd-rich  phases,  has  not  been  altered  by  this 
process  and  appears  to  be  the  same  as  in  the  cast  material. 
Residual  free-iron  dendrites,  present  in  the  cast  .state,  could 
also  be  observed.  The  colony-type  structure,***'^  observed  in 
the  matrix  of  disproportionated  samples,  has  coarsened  as 
shown  in  Fig.  2.  The  microstructure  of  the  matrix,  between 
the  edges  and  the  center  of  the  sample,  consists  of  small 
colonies  of  (a)  lamellae,  which  are  broader  than  those  of  a 
fully  disproportionated  matrix,  indicating  that  coarsening  has 
occurred,  thus  lowering  the  total  interfacial  energy.  This  mi¬ 
crostructure  corresponds  to  the  stage  where  the  desorption 
reaction  is  dominant.  At  the  center  of  the  specimen,  the  re¬ 
combination  of  the  Nd2Fei4B  phase  has  begun  and  Fig. 
illustrates  the  formation  of  (d)  the  recombined,  multicrystal¬ 
line  Nd2Fei4B  phase  from  the  surrounding  (e)  Nd-rich  and 
(f)  Fe-rich  particles.  This  microstructure  is  only  located  at 
the  center  of  the  sample  occupying  a  very  small  volume  frac¬ 
tion  of  the  total  volume.  The  specific  identification  of  aFe 
and  Fe2B  has  not  been  possible  so  far  by  SEM  studies. 

Figure  4  shows  the  microstructure  of  a  sample  desorbed 
for  40  min.  The  structure  is  different  from  that  shown  in  Fig. 
2,  as  the  matrix  consists  now  of  (g)  a  multicrystallinc 
Nd2Fei4B  phase  but  still  contains  some  remaining  (h)  Nd- 
rich  and  (i)  Fe-rich  clusters.  This  inicrostructure  is  similar  to 
that  of  the  Nd2Fei4B  region  shown  iti  Fig,  3  and  was  also 
observed  by  Nakayama  and  Takeshita.*’’  The  scale  of  clear 
regions  indicates  multicrystaliine  Nd2Fe|4B  phase  but  indi¬ 
vidual  crystallites  cannot  be  imaged.  Powder  x-ray- 
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PIG.  2.  Uuckscattured  electron  picture  of  a  Nd  141x7^67  sample  desorbed  at 
780  °C  for  20  min.  (a)  colonies  of  lamellae,  (b)  Nd-rich  cluster,  (c)  Fe-rich 
cluster. 

diffraction  analysis  revealed  that  this  sample  consists  pre¬ 
dominantly  of  the  Nd2Fei4B  phase. 

Fully  recombined  samples  were  obtained  after  70  min  of 
desorption.  This  microsiructure  consists  of  submicrometer 
grains,  some  of  which  are  delineated  because  they  arc  sur¬ 
rounded  by  Nd-rich  phase. 

C.  Desorption  and  recombination  at  600  °C 

Figure  5  represents  the  variation  of  normalized  electrical 
resistivity  [p(0)= resistivity  at  600  ®C  before  desorption]  and 
hydrogen  pressure  with  desorption  time  at  600  ®C.  Approxi¬ 
mately  three  different  stages  could  be  identified  during  re¬ 
combination,  although  in  the  bulk  samples  the  various  stages 
will  overlap.  When  the  temperature  is  lower  than  the  melting 
point  of  Nd  metal  and  the  Nd-rich  phase,  it  is  possible  to 
follow  the  recombination  as  a  completely  solid-state  reaction 
occurring  exclusively  in  the  matrix  phase  and  thus  much  less 
dependent  upon  the  state  and  proportion  of  the  intergranular 
Nd-rich  phase.  Thus,  during  desorption  and  recombination  at 
600  °C,  the  Nd-rich  phase  remains  in  the  hydrided  state.  In 
the  first  stage  (stage  I  in  Fig.  .“5),  the  desorption  of  hydrogen 
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FIG.  3.  Backsciiltcrcil  electron  picture  of  u  NUhFc 71,1)7  sample  desorbed  at 
780  °C  for  20  min.  Id)  rep, ion  of  recombined  Nd,Fe|,|l),  (e)  Nd-rich  cluster, 
(f)  Fc-rich  cluster. 
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FIG.  4.  Backscaltercd  electron  picture  of  u  Nd^Fc^gB-;  sample  dc  iorbctl  at 
781)  °C  for  40  miti.  (g)  NdjFc^B  pliasc,  (It)  Nd-rich  cluster,  (i)  Fe-rich 
cluster. 


from  NdH2,  within  the  disproportioiiatcd  structure,  is  the 
dominant  reaction  and  is  responsible  for  llie  resistivity  drop 
as  this  reaction  transforms  semiconducting  NdHj  into  mcttl- 
lic  Nd,^  The  subsequent  increase  in  resistivity  (stage  II  in 
Fig.  5)  is  due  to  the  consumption  of  aFc  as  the  recombina¬ 
tion  reaction  proceeds,  In  order  to  study  the  mechanism  of 
the  recombination  reaction,  suinpies  were  obtained  by 
quenching  in  vacuum  at  three  stages  (A,  B,  and  C  in  Fig.  5) 
of  the  desorption  and  recombination  process  (stage  II  in  Fig. 
5).  Their  magnetic  properties  were  measured  and  compared 
with  those  of  a  specimen  fully  disproportionated  at  700  °C. 

Figure  6  shows  the  demagnetization  traces  of  the  fully 
disproportionated  specimen  and  the  partially  and  fully  de¬ 
sorbed  samples.  It  can  be  seen  that  the  magnetization  of  the 
fully  disproportionated  material  at  1100  kA/in  is  the  highest 
and  its  coerclvity  is  the  lowest,  as  expected  from  the  pres¬ 
ence  of  aFe  and  the  absence  of  the  Nd2Fci4B  phase.  These 
results  are  in  accordance  with  those  reported  by  Book  ct  al.'^ 
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FIG.  5.  Flcclritiil  resistivity  uikI  pressure  vs  ile.sorptiun  time  at  ()()()“t’  tor  a 
Nd|4Fe,,|B7  alloy.  Stage  1:  desorption  of  hydrogen  from  tlie  matrix  is  the 
dominant  reaetion;  .stage  II:  reeomhiaalion  is  dominant  and  eonsi.sis  of  three 
suhstages.  A,  B,  ami  C. 
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FIG.  6.  VSM  Iraees  of  disproportionated  (Disp)  and  partially  desorbed 
(A,B,C)  Nd|4Fc74B7  samples. 


At  Stage  A,  when  the  specimen  is  partially  desorbed  and 
recombined,  the  coercivity  has  not  been  modilied  signifi¬ 
cantly  and  the  mugnetizulion  has  decreased  but  is  still  high 
compared  to  that  of  the  fully  recombined  sample.  This  indi¬ 
cates  that  the  recombined  Nd2Fci4B  phase  coexists  with  aFe. 
The  second  curve  represents  the  demagnetization  curve  of  a 
sample  quenched  at  stage  B,  when  the  specimen  is  almost 
dc.sorbed  but  still  partially  recombined.  The  coercivity  has 
improved  and  the  magnetization  at  I  UK)  kA/m  has  decreased 
significantly,  llms  indicating  that  the  proportion  of  recom¬ 
bined  phase  is  much  larger  compared  to  stage  A,  At  stage  C, 
when  tlic  .sample  is  fully  desorbed  and  recombined,  the  co¬ 
ercivity  has  improved  considerably,  whereas  the  magnetiza¬ 
tion  at  1100  kAym  has  decreased  slightly  compared  to  that  of 
the  previous  sample.  This  indicates  tliat  the  remaining  ttFe 
was  removed  between  stages  B  and  C.  The  mierostructures 
of  all  these  .specimens  are  currently  under  investigation  and 
will  be  reported  at  a  later  date.*'’ 
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Effects  of  HDDR  treatment  conditions  on  magnetic  properties  of  Nd-Fe-B 
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It  is  reported  that  Nd-Fc-B  magnetic  powders  prepared  by  utilizing  the  HDDR  (hydrogenation, 
disproportionation,  desorption,  and  recombination)  phenomena  exhibit  high  coercivity,  and  the 
addition  of  Co,  Ga,  and  Zr  induces  magnetic  anisotropy  in  these  powders.  HDDR  phenomena  are 
caused  by  the  heat  treatment  in  hydrogen  (H  treatment)  and  sub.scquently  in  vacuum  (V  treatment). 

Present  works  describe  the  effects  of  V-treatment  conditions  on  magnetic  properties  of 
Ndi2(,Fei,ui,Co.vB<,,,]  U =0-17.4)  alloys.  The  powders  V-treated  at  lower  temperature  show  lower 
remanence  and  no  noticeable  magnetic  anisotropy.  V  treatment  at  higher  temperature  enhances 
remanence  and  increases  the  differences  of  remanence  between  the  powders  aligned  with  and 
without  magnetic  field.  Higher  values  are  obtained  in  Co  added  alloys.  This  result  suggests  that  a 
selective  grain  growth  of  NdjFci^B  grains  during  V  treatment  plays  an  important  role  for  the 
inducement  of  magnetic  ani.sotropy  in  HDDR-trcated  powders.  The  temperature  for  complete 
recombination  reaction  under  evacuating  condition  decreases  with  increasing  Co  content.  It  can  be 
said  that  Co  addition  enhances  recombination  reaction  and  results  in  acceleration  of  grain  growth. 


I.  INTRODUCTION 

Hydrogenation,  disproportionation,  desorption,  and  re¬ 
combination  (HDDR)  phenomena''^  in  Nd-Fe-B  alloys  arc 
caused  by  the  heat  treatment  in  hydrogen  (H  treatment)  and 
further  treatment  in  vacuum  (V  treatment).  Nd2Fe|4B  com¬ 
pound  disproportionates  into  a  mixture  of  NdH2,  tr-Fc,  and 
Fe2B  at  an  elevated  tcmpcniture  of  around  800  °C  in  M  treat¬ 
ment.  Removal  of  hydrogen  in  the  mixture  by  subsequent  V 
treatment  reforms  the  Nd^FctaB  compound  with  homoge¬ 
neous  and  fine  grains  of  about  O..!  /rm  in  diameter,  which  is 
close  to  the  single  domain  size  of  Nd2Fei,iB.  This  results  in 
high  coercivity  in  HDDR-trcated  Nd-Fe-B  powders. 

Since  it  has  been  reported  that  Co,  Ga,  Zr,  and  Nb  addi¬ 
tion  induces  magnetic  anisotropy  througli  (liis  piicnomcna,'^ 
Nd-Fe-B  powders  produced  by  utilizing  HDDR  phenomena 
have  been  candidates  as  powders  for  high  performance 
bonded  magnets.  But  the  mechanism  for  inducement  of  mag¬ 
netic  anisotropy  is  still  unclear.  One  of  the  proposed  mcchti- 
nisms  has  been  reported,  in  which  the  role  of  Co  is  to  depress 
the  disproportionation  reaction  during  11  treatment  especially 
at  high  temperature.  The  origin  of  anisotropy  is  due  to  the 
undecomposed  fine  particles  which  inherit  a  crystallographic 
relationship  with  newly  formed  grains."'  These  works  arc 
only  concerned  with  H  treatment  conditions  on  magnetic 
properties  and  microstructure.  But  the  magnetic  anisotropy 
might  be  varied  not  only  with  11  treatment  but  with  V  treat¬ 
ment.  Then  the  purpose  of  this  study  is  to  investigate  the 
effects  of  V-treatment  temperatures  on  magnetic  anisotropy 
in  Ndi2,,,FeK, .^Co^.B,,,|  (jr  =0-1 7.4)  alloys. 

II.  EXPERIMENTAL  PROCEDURE 

The  diagram  of  the  experimental  procedure  is  shown  in 
Fig.  1(a).  The  compositions  of  studied  alloys  were 
Nd|2(,Fcni  4  ,.Co^B,,,|  (A=(),.‘i.8,l  1.0,17.4).  The  alloys  were 
induction-melted  from  high-purity  elements  under  an  Ar  at¬ 
mosphere  and  then  were  homogenized  at  1 100  “C  for  20  h. 
The  homogenized  ingots  were  ground  into  powders  of  <0.1 


yum  and  pressed  into  compacts.  These  compacts  were  used 
for  investigating  the  hydrogen  absorption  and  desorption 
characteristics,  which  were  measured  by  monitoring  the  dif¬ 
ference  between  the  flow  rate  in  front  and  in  the  rear  of  the 
furnace  (called  AQ  hereafter).  Details  on  AO  measurement 
are  described  elsewhere.''  H  treatment  and  further  V  treat¬ 
ment  (referred  to  as  HV  treatment)  was  performed  on 
crushed  ingots  and  sintered  bodies  which  were  magnetically 
anisotropic.  The  process  of  MV  treatment  is  schematically 
illu.strated  in  Fig.  1(b)  and  details  of  HV  treatment  are  de¬ 
scribed  elsewhere.^  11  treatment  was  carried  out  at  H5i)  °C  for 
2  h  which  was  the  same  condition  as  used  in  Ref,  1.  .Subse¬ 
quent  V  treatment  was  made  at  7()0-9.‘)()  °C  for  1  h. 

HV-treated  samples  were  ground  into  powders  of  <6.1 
yum  by  hand  milling.  These  powders  were  mixed  with  molten 
paraffin  and  were  solidilied  with  or  without  applying  a  mag¬ 
netic  lield  of  12  kOe.  Magnetic  properties  were  measurerl  by 
a  vibrating  sample  magnetometer  with  the  maximum  applied 
lield  of  l.S  kC)e  after  applying  a  pulsed  lii  td  ol  .SO  kOe  to  the 
sample. 

X-ray  diffriictions  with  Fe  Ka  radiation  were  carried  out. 


III.  RESULTS  AND  DISCUSSION 

The  characteristics  of  hydrogen  absoiplion  and  desorp¬ 
tion  of  Nd|2,,Fexi  4  |C’o,B„||  t.v  -0,1 1.(),17.4)  on  heating  at 
a  rate  of  41)0  °(7h  arc  shown  in  Fig.  2.  It  consists  ol'  two 
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FIG.  1.  Hydrogen  absorption  and  desorption  characteristics  of 
Ndi2,6FcB|  4.  jCOjBju  (jf=0,l  I.fi,17.4)  on  heating  at  u  rate  of  4t)()  °C/h. 


absorption  peaks  and  two  desorption  peaks.  X-ray-diffraction 
analysis  reveals  that  the  characteristics  of  hydrogen  absorp¬ 
tion  and  desorption  correspond  to  the  phase  changes  during 
the  heat  treatment  in  hydrogen,  and  that  the  peaks  indicate 
the  reaction  as  follows;  Absorption  peaks  at  around  250  “C 
correspond  to  interstitial  hydrogen  uptake  to  form 
Nd2(Fe,Co)i4BHj^,  and  the  desorption  peaks  covering  250- 
650  ®C  indicate  hydrogen  atoms  leaving  the  interstitial  site. 
Hydrogen  absorption  peaks  at  around  700  °C,  corresponding 
to  a  disproportionation  reaction  into  a  mixture  of  NdH2, 
a(-(Fe,Co),  and  (Fc,Co)2B  phases.  The  desorption  peaks  ob¬ 
served  above  900  ®C  correspond  to  tlie  recombination  reac¬ 
tions  to  the  original  compound.  The  results  described  above 
arc  in  good  agreement  with  the  reported  ones  by  Harris'*  and 
Tukeshita.^  The  shape  of  the  peaks  corresponding  to  the  dis¬ 
proportionation  reaction  is  narrow  in  both  alloys  with  and 
without  Co.  Co  added  alloys  show  the  recombination  reac¬ 
tion  at  lower  temperature.  It  can  be  considered  that  the  dis¬ 
proportionation  reactions  are  very  drastic  in  the  both  alloys. 
It  can  also  be  said  that  the  Co  contained  disproportionated 
mixture  is  less  stable  under  an  atmospheric  pressure  of  hy¬ 
drogen,  and  tends  to  form  Nd2(Fc,Co)i4B  compounds  at 
lower  temperature. 

Figure  3  shows  the  V-treatment  temperature  dependence 
in  magnetic  properties  of  HV-treated  Nd|2,f,Feni  4_^Co,B4o- 
Coercivities  increase  with  increasing  V-treatment  tempera¬ 
ture  and  exhibit  maximum  values  at  850  and  800  °C  in  the 
alloys  without  and  with  Co,  respectively.  Co  added  alloys 
show  higher  coercivity  at  lower  V-treatment  temperature 
than  the  alloys  without  Co.  In  both  alloys,  remanence  in¬ 
creases  with  increasing  temperature  and  shows  highest  val¬ 
ues  at  850-860  “C,  which  then  decreases  at  above  880  °C. 
The  alloys  aligned  with  a  magnetic  field  exhibit  higher  re¬ 
manence  than  the  half  values  of  saturation  magnetization  of 
each  homogenized  alloy,  which  correspond  to  the  remanence 
of  isotropic  alloys  and  are  shown  by  the  dotted  lines  in  Fig. 
3,  in  the  temperature  range  between  800  and  900  °C.  The 
differences  of  remanence  between  the  alloys  aligned  with 
and  without  a  magnetic  field  become  larger  at  above  800  °C. 


FIG.  3.  V-treutment  temperature  dependence  in  magnetic  properties  of  IIV- 
treated  Nd|2.(,Fc^|  4  where  (ti)  .v  =  (),  (b)  17.4.  (Dotted  line  indi¬ 

cates  half  values  uf  .saturatiun  magnetizutinn  of  eacli  liomogetii/.cd  alloy.) 


Judging  from  the  magnetic  properties  shown  in  Fig.  3,  the 
inducement  of  anisotropic  aspect  proceeds  by  the  V  treat¬ 
ment  above  800  “C. 

Figure  4  shows  x-ray-dilTraction  patterns  of 
Ndi2,pFcm  4_jCo^B(,()  (x=0,  11.6,  17.4)  alloys  V-treated  at 
700  ‘C,  which  is  a  relatively  low  tempt 'aturc  of  V  iieatment. 
X-ray  reflections  from  NdH2  and  «-Fe  pha.ses  are  dominant 
in  Nd,2.f,Fegi4Bf,,,)  powders.  The  intensity  oi  reflections  from 
the  Nd2(Fe,Co)i4B  phase  increa.scs  with  increasing  Co  con¬ 
tent.  It  can  be  said  that  Co  added  alloys  tend  to  form 
Nd2(Fe,Co)i4B  compound  under  evacuation  condition.  This 
results  in  higher  coercivity  at  lower  tcmpciatine  in  Co  addeil 
alloys. 

Figure  5  shows  x-ray-diffraction  patterns  of  HV-treated 
Nd|2,(,Fcni  48,,!)  powders  which  were  pressed  with  a  mag 
nctic  field  of  12  kOe.  The  x-ray-diffraction  pattern  of  the 


FIG.  4.  X-ray-diffriicliDil  patterns  of  Nd|.,,Fe„|  4  ,('o,B,,||  (a-  ^0,1 1.(),17,4) 
V-lrcaled  at  7(Ki  'C. 
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FIG.  5.  X-ray-tliffraclion  patterns  iil  NUiji.t'c,,  V-treatcO  at  (a)  H(K)  and 
(h)  880  °C,  which  were  milled  Id  2  ;aiii  and  tlien  pressed  in  a  magnetic  field. 


V-treated  green  compact  at  800  °C’,  where  reiiianencc  equals 
to  tlie  value  of  isotropic  alioy  and  exhibits  no  difference 
between  tiie  alloy.s  aligned  witli  and  without  magnetic  field, 
shows  isotropic  cliaracterislics.  But  the  V-treated  one  at 
880  “C  exliibits  intensive  reflection  from  (006)  which  indi¬ 
cates  alignment  of  grains  in  the  powders.  This  feature  is 
closely  telalcd  to  tlic  difference  in  rcmanettcc  at  Itigher  tem¬ 
perature  sliown  in  Tig.  .1  and  it  would  he  due  to  grain  align¬ 
ment. 

In  order  to  investigate  the  texture  change  during  V  treat¬ 
ment,  x-ray  diffraction  wtis  performed  on  anisotropic  sin¬ 
tered  bodies  after  HV  treatment.  X-ray-diffraction  patterns  of 
Nd|2.f,Fe(,4CO|7.,lj(,„  sintered  bodies  (a)  befon  HV  treatment 
and  (b)  after  V  treatment  at  880  “C"  arc  shown  in  Fig.  6.  The 
diffraction  pattern  of  an  as-siiucrcd  sample  shows  an  aniso¬ 
tropic  cliaracteristic  since  intensive  rcffijctions  from  (006) 
and  (iO.S)  are  observed  in  l-'ig  6(a).  High  intensities  of  re¬ 
flections  from  (006)  and  (106)  are  also  observed  in  the 
sample  after  V  treatment  at  880  sliown  in  Fig.  6(b).  It  is 
considered  tlial  the  V-lreated  powders  at  itigher  temperatures 
tend  to  form  the  same  texture  as  tile  original  samples  before 
HV  treatment. 

Taking  account  of  tire  rc.sulis  shown  in  Fig,  5,  it  can  be 
said  that  magnetic  anisoiropv  in  HV-treated  powders  is  in¬ 
duced  by  liigli-temperalmc  V  treatment.  It  suggests  that  in¬ 
ducement  of  magnetic  aiiisoiiopy  proceeds  through  a  selec¬ 
tive  grain  growOi  of  Nd2Fei4B  grains.  Uehara  el  al. 
concluded  that  residual  NdiFc^B  grains  among  the  dispro- 


FiO.  6.  X-ray-diffraction  patterns  of  Nd|2nFCf4,)Co|7  4B,,i,  .sintered  bodies 
(a)  before  HV  treatment,  and  (b)  after  V  treatment  al  880  “C. 

portionated  mixture  after  H  treatment  are  the  nuclei  of  re¬ 
combination  during  V  treatment  and  Co  makes  this  tendency 
noticeable."*  Since  the  disproportionation  reaction  is  very 
drastic  and  no  difference  can  be  observed  in  hydrogen  ab¬ 
sorption  and  desorption  characteristics  below  900  °C  in  all 
the  studied  alloys  from  Fig.  2,  it  is  anticipated  that  no  re¬ 
sidual  Nd2Fei4B  phase  exists  after  H  treatment  at  850  °C.  If 
the  oriented  nucleation  had  been  dominant,  magnetic  anisot¬ 
ropy  would  be  induced  by  V  treatment  at  lower  temperatures. 
But  in  our  results,  shown  in  Fig.  3,  the  remancnce  of 
Ndi2.f,Fe)(i, 486.0  powders  V-treated  at  800  ®C  and  solidified 
with  a  magnetic  field  is  almost  the  same  as  that  without  a 
magnetic  field.  The  main  effect  of  Co  addition  is  to  enhance 
the  recombination  reaction. 
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The  use  of  polytetrafluoroethylene  in  the  production  of  high-density 
bonded  Nd-Fe-B  magnets 

C.  Tattam,  A,  J.  Williams,  J.  N.  Hay,  and  I.  R.  Harris 

School  of  Metallurgy  and  Materials.  University  of  Rirmingham,  Birmingham  .  .'5  271',  United  Kingdom 

S.  F.  Tedstone  and  M.  M.  Ashraf 

Penny  and  Giles  Blackwood,  Ltd.,  Blackwood,  Gwent  NP2  2YD,  United  Kingdom 

Rotary  forging  has  been  used  to  produce  high-density  bonded  magnets  from  rapidly  quenched 
Nd-Fe-B  based  ribbons  [MQP-D,  of  nominal  composition  28%Nd-56%Fc-15%Co-l%B  (wt  %)]. 
Polytetrafluoroethylene  (PTFE),  when  used  as  an  additive  (5%-15%  by  volume)  has  been  found  to 
act  as  an  effective  binder  and  greatly  enhances  the  forgeability  of  the  MOl,  allowing  higher  forging 
pressures  to  be  used.  Densities  of  up  to  98%  of  the  fully  dense  composite  have  been  achieved.  The 
forging  process  can  be  undertaken  in  air  at  room  temperature.  Magnetically,  the  compacts  are 
comparable  to  conventional  epoxy  resin  bonded  MQI,  with  energy  products  of  up  to  84  kJ/m^ 
Equivalent  volume  fractions  of  MQI  (~83.5  vol  %)  have  been  achieved  in  the  compacts  with 
increased  PTFE  content  due  to  the  displacement  of  pores  by  the  PTFE.  The  effect  of  PTFE  content 
on  the  mechanical  strength  of  the  compacts  has  been  assessed  and  it  has  been  found  that  strength 
increases  with  increasing  PTFE  content,  consistent  with  the  reduction  in  porosity. 


I.  INTRODUCTION 

There  are  two  principal  methods  used  for  processing  Nd- 
Fe-B  alloys  into  permanent  magnets.  The  first  is  a  conven¬ 
tional  powder  metallurgy  process  which  is  similar  to  that 
employed  for  the  production  of  rare-earth  cobalt  magnets. 
The  second  involves  the  rapid  quenching  of  the  alloy  from 
the  nielt.'^'''  The  ribbons  that  result  from  rapid  quenching 
have  a  high  coercivity  which  can  be  attributed  to  the  ex¬ 
tremely  fine  grained  microstructure.  Magnets  can  be  pro¬ 
duced  using  rapidly  quenched  material  by  grinding,  mixing 
with  a  binder,  and  then  pressing.  Various  binders  have  been 
employed  for  this  purpose  including  epoxy  resins,'"'  and  more 
recently,  polytetrafluoroethylene  (PTFE).^’ 

It  has  been  shown  that  high-density  magnets  can  be  pro¬ 
duced  by  rotary  forging  MQI  with  or  without  a  soft  metal 
binder.’  *^  MQI  compacts  forged  with  no  bind.cr  were  found  to 
have  poor  mechanical  integrity.  PTFE  was  chosen  as  an  ad¬ 
ditive  to  enhance  the  flow  of  ilie  Hakes,  due  to  its  low  coef¬ 
ficient  of  friction,  during  forging.  The  PTFE  was  subse¬ 
quently  found  to  act  as  an  effective  binder  as  well  as 
allowing  the  forging  of  ribbon  in  air,  where  previously  it  was 
necessary  to  forge  in  an  inert  atmosphere.*^ 

It  has  been  shown'’  that  densities  of  6.2  g/enr^  can  be 
achieved  by  the  compression  moulding  of  anisotropic  Nd- 
Fe-B  powder  (prepared  by  the  hydrogen  decrepitation  of  hot 
deformed  overquenched  ribbon)  with  2.1  wt  %  PTFE  at  a 
temperature  of  250  °C  under  an  argon  atmosphere.  The  sub¬ 
ject  of  this  paper  is  the  formation  by  rotary  forging,  in  air  at 
room  temperature,  of  hivh-density  compacts  of  isotropic 
melt  spun  ribbon  using  PTFE  as  a  binder. 

II.  EXPERIMENT 

Melt  spun  flake  material  was  mixed  with  5,  10,  and  15 
vol  %  PTFE  powder  using  a  powder  blender.  15  g  batches 
were  loaded  into  the  die  cavity  of  a  rotary  forging  machine 
(Fig.  1).  The  contact  area  between  the  upper  tool  and  the 
workpiece  rotates  around  the  top  surface,  producing  a  shear¬ 


ing  action.  The  relatively  small  contact  area  means  that  lower 
overall  loads  are  required  to  produce  a  given  compaction 
compared  with  uniaxial  pressing.  The  forging  pressure  in  the 
hydraulic  ram  was  varied  to  ascertain  the  optimum  condi¬ 
tions  with  respect  to  compact  density.  Ejection  of  the  com¬ 
pacts  from  the  die  was  facilitated  by  the  presence  of  PTFE. 

The  magnetic  properties  were  measured  by  demagnetiz¬ 
ing  the  compacts  in  a  permeameter.  The  second  quadrant 
demagnetization  loop  was  obtained  after  pulse  magnetizing 
the  sample  in  a  field  of  4.5  T.  The  mechanical  strength  of  the 
compacts  was  assessed  using  a  method  based  on  the  ball  on 
ring  test."^  Samples  were  supported  around  the  edge  of  their 
base  by  a  ring  of  15  mm  diameter  while  a  load  was  applied 
to  the  center  of  the  top  surface  via  a  steel  sphere  of  1 1  mm 


I'Ki.  1.  A  schcnii.lic  ol  the  riitary  loryinn  priivcss. 
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FIG.  2,  The  effect  of  forging  pressure  on  the  volume  fruction  of  MOl. 


8.50 


■f"  800  1 

t  5  i 

ti  «  J 

g  H  750 -i 

a 


-  1000 


§  I 


BHmax 


-  -i-  -  -  * 

Coereivlty 


700  ' 

-i 

i.  --4^ 

1 

10 

20  30 

40  50 

(j() 

900 


r> 

a 


800  n, 

•7 

700  Z 


600 


500 


70 


Forging  Pressure  (bur) 


FIG.  4.  The  varialion  of  magnetic  properties  with  forging  pressure  for 
MOl  +  1 .5  vol  %  PC^E  com|)acts. 


diameter.  The  cross  head  speed  employed  was  0.05  cm/min. 
The  load  required  for  fracture  of  the  specimen  was  recorded 
on  a  chart  recorder. 

III.  RESULTS  AND  DISCUSSION 

The  effect  of  varying  the  forging  pressure  on  the  volume 
fraction  of  MQI  within  the  compact  is  shown  in  Fig.  2.  Rela¬ 
tive  densities  were  determined  by  dividing  the  actual  density 
by  the  theoretical  maximum  and  converting  to  a  percentage. 
The  volume  fraction  of  MQI  ''as  then  calculated  by  multi¬ 
plying  the  relative  density  by  „ie  volume  fraction  of  MQI  in 
the  original  composition,  It  can  be  seen  from  Fig,  2  that  there 
is  little  difference  in  the  maxima  obtained  for  these  three 
compositions,  the  largest  MQI  content  being  83.8±0,5%  for 
10  vol  %  PTFE  and  the  lowest  being  83.3±0.5%  for  15 
vol  %  PTFE. 

For  all  three  compositions,  to  the  left  of  the  maxima,  the 
lower  volume  fraction  of  MQI  is  due  to  the  lower  forging 
pressure,  producing  compacts  of  lower  density  and  hence 
higher  porosity.  The  porosity  within  the  compacts  for  the 
three  compositions  as  a  function  of  forging  pressure  is  shown 
in  Fig.  3.  At  forging  pressures  higher  than  those  at  which  the 
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maxima  in  volume  fraction  occur,  values  decrease  due  to  the 
onset  of  cracking  at  these  pressures.  The  presence  of  cracks 
means  that,  despite  the  probability  of  there  being  regions  of 
higher  density  within  the  compact,  the  overall  density  is 
lower  than  the  maximum. 

The  traces  shown  in  Fig.  3  are  consistent  with  the  data 
shown  in  Fig.  2.  It  can  be  seen  that  the  higher  the  PTFE 
content,  the  lower  the  porosity.  This  displacement  of  the 
pores  by  PTFE  during  forging  accounts  for  the  near¬ 
equivalent  volume  fractions  of  MQI  being  obtainable  in 
compacts  with  higher  PTFE  content.  From  these  investiga¬ 
tions  it  appears  that  the  optimum  forging  pressure  for 
MQI +5  vol  %  PTFE  samples  is  30  bars  and  for  10  and  15 
vol  %  PTFE,  40  bars. 

The  effect  of  varying  the  forging  pressure  on  the  mag¬ 
netic  properties  of  MQI -f- 15  vol  %  PTFE  compacts  is  shown 
in  Fig.  4.  It  can  be  seen  that,  us  expected,  the  remancnce 
curve  follows  the  same  trend  as  the  volume  fraction  of  MQI 
curve  obtained  for  these  compacts.  Variations  in  the  forging 
pressure  appear  to  have  little  effect  on  the  coercivitics  of  the 
compacts.  The  maximum  energy  products  are  also  shown 
and  it  can  be  seen  that  the  highest  CW(max)  obtained  was 
~84  kJ/m’  for  samples  forged  at  40  bars. 

A  typical  demagnetization  loop  for  an  MQl+15  vol  % 
PTFE  magnet  is  shown  in  Fig.  5.  A  curve  for  an  epoxy 
bonded  magnet  of  equivalent  density  is  included  for  com¬ 
parison.  Both  magnets  have  comparable  remanences  but  it 
can  be  seen  that  the  epoxy  bonded  sample  has  a  somewhat 
lower  cocrcivity.  This  trend  has  been  observed  in  all  the 
magnets  tested,  and  could  be  due  to  possible  modification  of 
the  ribbon  microstructure  during  forging.*^  The  energy  prod¬ 
uct  of  the  PTFE  bonded  magnet  is  slightly  higher,  84±  1 
kJ/m^  compared  to  8 1  ±  1  kJ/nr’  for  the  epoxy  bonded  mag¬ 
net. 

Table  1  shows  the  load  required  for  mechanical  failure  of 
PTFE,  zinc,  and  epoxy  bonded  compacts.  An  MOl+15 
vol  %  PTFE  compact  was  also  produced  by  compression 
moulding  at  3  tons/cm^  but  this  crumbled  prior  to  testing, 
exhibiting  a  much  inferior  mechanical  integrity  compared 
with  that  of  the  rotary  forged  compacts.  The  zinc  bonded 
.sample  was  fabricated  using  an  identical  procedure  to  that  of 
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FIG.  5.  Demagnetization  curves  for  PTFIi  and  epoxy  bonded  magnets. 


the  rotary  forged  PTFE  bonded  samples  and  the  epoxy 
bonded  sample  was  fabricated  using  a  compression  moulding 
technique  and  a  low  viscosity  resin.  All  compacts  tested  had 
the  same  thickness. 

It  can  be  seen  that  the  load  required  for  fracture  in¬ 
creases  almost  linearly  with  increasing  PTFE  content.  Both 
zinc  and  epoxy  bonded  compacts  required  a  higher  load  to 
fail;  indeed  the  epoxy  bonded  sample  appears  to  be  over  6X 
as  strong  as  the  MQI+15  vol  %  PTFE  sample.  However,  a 


TABLE  I.  Loud  required  fur  the  fracture  of  vurittus  compacts. 


Sample 

Load  to  fractureW 

MOI+5  vol  %  PTFE 

88 

MQI +  10  vol  %  PTFE 

177 

MOI+15vol%  PTFE 

284 

MOI  +  15  vol  %  zinc 

373 

Heat  treated  MQI  r  15 

726 

vol  %  PTFE 

MQI  +  15  vol  %  epoxy 

1766 

subsequent  heat  treatment  of  the  PTFE  bonded  samples  can 
substantially  improve  their  mechanical  integrity."’ 

IV.  CONCLUSIONS 

When  PTFE  is  present  during  the  rotary  forging  of  MQl, 
it  greatly  increases  the  forgeability  and  also  acts  as  a  binder. 
The  PTFE  content  can  be  increased  without  loss  of  MQI 
content  due  to  the  displacement  of  pores  by  the  PTFE.  Den¬ 
sities  of  up  to  98%  of  the  fully  dense  composite  can  be 
achieved  resulting  in  energy  products  of  up  to  84  kJ/m^  for 
the  isotropic  ribbon. 

The  mechanical  testing  of  compacts  indicates  that  by 
increasing  the  PTFE  content  the  mechanical  integrity  in¬ 
creases.  The  non-heat-lrcated  compacts,  however,  are  not  as 
strong  as  either  zinc  or  epoxy  bonded  compacts.  Heat  treat¬ 
ment  of  the  PTFE  bonded  samples  improves  substantially 
their  mechanical  strength. 
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Addition  of  tungsten  (1-2  at.  %)  is  very  effective  in  improving  coercivity  of  (Nd,Dy)-(Fe,Co)-B 
sintered  magnets  both  at  room  temperature  and  elevated  temperatures  in  addition  to  improving 
thermal  stability.  Transmission  electron  microscopy  shows  that  there  exists  a  WFeB  precipitate 
phase  inside  the  Nd2Fci4B  (2-14-1)  matrix  grain.  The  WFeB  phase  is  plateletlike,  and  occasionally 
appears  to  have  its  largest  dimension  running  parallel  to  the  c  axis  of  the  2-14-1  matrix  pha.se.  The 
orientation  relationship  between  the  WFeB  precipitate  and  the  matrix  is  found  (o  be 
(102)wrd)lk22())2.i4.i,  and  [01()]wFcBi|[B02]2.i4.|.  Domain  walls  jump  from  a  position  alongside  the 
WFeB  particles  to  a  new  position  alongside  others  upon  turning  on  magnetic  field  of  the  objective 
lens,  as  evidenced  by  l^rentz  microscopy,  denoting  the  ability  of  domain-wall  pinning  by  the  strain 
field  around  the  WFeB  precipitate.  As  a  result,  this  provides  extra  hindrance  to  domain-wall  motion 


and  leads  to  enhanced  coercivity  and  thermal  .stability. 


I.  INTRODUCTION 

The  high-temperature  properties  of  Nd-Fe-B  magnets 
have  been  found  to  improve  dramatically  by  doping  with 
some  elements.' When  alloying  both  Co  and  Dy  in  the 
Nd-Fe-B  magnets,  addition  of  a  third  clement  such  us  Al,  Ga, 
Nb,  V,  or  Mo  has  been  studied  extensively  and  was  shown  to 
be  effective  in  improving  high-temperature  magnetic  proper¬ 
ties  of  Nd-Dy-Fe-Co-B  magnets."*"'’  The  Nb-rich  precipitates 
dispersed  in  the  matrix  were  suggested  to  be  responsible  for 
the  coercivity  increase  of  Nb-containing  magnets.^  The  com¬ 
bined  substitutions  of  (Nb,Ga)  or  (Nb,AI)  for  partial  Fe  con¬ 
tent  are  effective  in  reducing  the  irreversible  thermal  loss  and 
the  temperature  coefficient  of  remancncc.**  Sagawa  el  al.  and 
Hirosawa  el  al.  have  shown  that  the  addition  of  V  or  Mo  is 
effective  in  improving  the  thermal  stability  of  sintered  Nd- 
Fe-B  magnets,  and  a  working  temperature  of  over  2{)()  "C 
may  be  possible.^''’ 

The  effect  of  W  addition  on  magnetic  properties  of  Nd- 
Dy-Fe-Co-B  magnets  have  been  reported  by  us  in  a  previous 
paper.**  The  observation  of  W-rich  inclusions  and  precipitates 
in  W-containing  Nd-Fe-B  magnets  has  also  been  reported 
elsewhere.'"  However,  the  crystallographic  relationship  be¬ 
tween  these  precipitates  and  the  matrix  phase  has  never  been 
studied.  In  this  paper,  the  results  of  microstructure  study  of 
W-containing  magnets  are  presented  and  the  reason  for  en¬ 
hanced  coercivity  is  delineated. 

II.  EXPERIMENT 

Alloy  ingots  of  Nd|4Dy ,  3l'e7i  .j.Co,,W,.Byj,  (.v=()  or  2) 
were  prepared  by  induction  melting  under  Ar  protection,  then 
made  into  sintered  magnets  (sintering  at  1090  "C  for  1  h)  and 
heat  treated  (at  900  °C  for  2  h  then  530  °C  for  1  h)  under  Ar 
atmosphere  by  conventional  powder  metallurgy  processes  as 
described  in  the  previous  paper.'*  Magnetic  properties  of  sin¬ 
tered  specimens  were  isothermally  measured  at  temperatures 


particularly  at  elevated  temperatures. 


between  25  and  150  °C  by  a  B-M  tracer  after  specimens  were 
magnetized  by  a  5  T  pulse  field.  The  microstructurc  was 
.studied  by  transmission  electron  microscopy  in  a  JEOL  2000 
FX  scanning  transmission  electron  micro.scope  (STEM) 
equipped  with  a  LINK.  AN  10000  energy  dispersive  x-ray 
analyzer. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  coercivity  versus  temperature,  up 
to  150  °C,  for  the  optimally  heat-treated 
Nd|4Dyi  5FC71 ..  ^Co,,W,.B7  3  (x’=0,  the  blank,  undA‘==2)  mag¬ 
nets.  The  W-containing  alloy  shows  remarkable  intrinsic  co¬ 
ercivity  (iHc)  as  compared  to  the  blank  alloy.  Furthermore, 
itlc  values  of  the  W-containing  alloy  are  twice  as  large  as 
that  of  blank  alloy  even  at  temperatures  higher  than  100  °C, 

It  was  speculated  that  the  increased  coercivity  and  ther¬ 
mal  stability  might  be  due  to  an  intrinsic  enhancement  of 


I-’Ki.  t.  Cucrcivily  of  simeruU  Nil,  .Dyi  ,W,t'u„l)-,  s  iiiimncls  (  v  0, 

llic  blank  iilliiy,  nml  21  v.s  Iciiipernturc. 
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FIG.  2.  WFeB  pliitcli;t  prccipiliiles  dispersed  in  Nd2Fe|4B  matrix  of  ii  2 
at.  %  W-containIng  sintered  magnet,  the  Inset  is  the  mictudiffi  action  pattern 
(the  marker=2()()  nni). 


inagnetocry.stalline  anisotropy  field  (//^)  arising  from  W  al¬ 
loying.  However,  experintents  on  for  both  the  blank  and 
the  2%  W-containing  alloys  showed  the  .same  value  of  7.8  T. 
That  is  to  say,  the  improvement  might  be  due  to  extrinsic 
reasons. 

It  has  been  reported  that  W  is  not  completely  dissolved 
into  the  matrix  2-14-1  phase,  and  W-rich  inclusions  and  pre¬ 
cipitates  exist  in  the  W-containing  magnets.'''"’  In  other  re¬ 
ports  in  which  V-  or  Mo-containing  Nd-Dy-Fe-Co-B  alloys 
were  studied,  V2FeB2  or  Ma2FeB2  phases  were  observed, 
respectively."'’^ 

Figure  2  shows  the  platelet  precipitates  dispersed  inside 
the  2-14-1  matrix  grains  of  W-containing  magnet.  Since  the 
precipitates  are  generally  .smaller  than  200  nm  in  thickness, 
the  microdilfraction  method,  in  which  a  focused  electron 
probe  is  used  to  acquire  the  diffraction  patterns,  was  per¬ 
formed  in  order  to  reduce  the  contribution  from  the  sur¬ 
rounding  2-14-1  matrix  phase.  The  precipitates  were  indexed 
as  orthorhombic  W-Fe-B  (1-1-1)  phase  with  lattice  param¬ 
eters  a=Q.5^2  nm,  fc=0.31b  nm,  and  c  =0.681  nm.  A  dif¬ 
fraction  pattern  is  shown  as  the  inset  of  Fig.  2.  By  analyzing 
diffraction  patterns  taken  from  the  junction  between  the  pre¬ 
cipitate  and  matrix  phase,  it  is  found  that  there  exists  an 
orientation  relationship  between  them,  that  is 


(1  0  2)wfcbII(2  2 

0)2.14-1 , 

(1) 

[0  1  ()Jwi:cnll[()  0 

2]2-I4-1  • 

(2) 

Crystallographically,  the  platelet  precipitate  is  found  to 
be  identical  to  the  larger  W-containing  inclusions  present  at 
grain  boundaries,  even  though  their  dimension  is  one  order 
of  magnitude  larger  and  their  morphologies  arc  quite  differ¬ 
ent  from  each  other.  The  inclusions  on  the  grain  boundaries 
are  usually  equiaxed  as  shown  in  Fig.  3.  These  two  ki.uds  of 
particles  are  suggested  to  appear  at  different  stages  in  the 
manufacturing  processes.  The  inclusions  are  the  broken  bits 
of  W-rich  dendrite  in  the  cast  ingot  as  evidenced  by  an  opti¬ 
cal  microscope.  The  platelets  inside  the  matrix  grains  are 


FlCi.  .1,  Large  inelu.siori  phase  on  the  grain  knirulary  (the  marker -2  /am). 


believed  to  precipitate  out  of  supersaturated  W-containing 
matrix  pha.se  during  the  heat-treatment  stage  (9()()-.‘).50  °C). 

It  was  occasionally  observed  that  the  largest  dimension 
of  these  precipitates  runs  parallel  to  the  c  axis  of  the  2-14-1 
phase,  as  identified  by  the  electron-diffraction  pattern  taken 
from  the  matrix  phase  near  the  precipitate  (Fig.  4).  The  pre¬ 
ferred  orientation  of  the  precipitate  thus  results  in  aligning 
their  largest  dimension  parallel  to  the  domain  wall,  us  .shown 
in  Fig.  5(a).  Therefore  the  precipitates  can  very  effectively 
act  as  domain-wall-pinning  sites,  as  clearly  shown  by  the 
Lorentz  microscopy  micrographs  in  Figs,  5(a)  and  5(b).  In 
the  micrograph  shown  in  Fig.  5(a),  taken  with  the  TEM 
specimen  experiencing  virtually  no  externally  applied  field, 
the  domain  wall  (white  line  in  the  middle  of  the  micrograph) 
is  straight  and  sits  alongside  two  precipitates  (arrowed).  The 
micrograph  in  Fig.  5(b)  is  taken  after  turning  on  the  objective 
lens  of  the  electron  microscope;  the  domain-wall  jumps  left 
over  the  middle  larger  precipitate  and  bowed  around  the 
other  precipitates  (arrowed).  Thus  the  dispersed  platelet  pre¬ 
cipitates  are  effective  as  domain-wall-pinning  sites.  How- 


I  Ki.  4.  l  lii;  elcL-Irdn-ililiraetioii  piitlcrn  taki'ii  I'roiii  llii:  malrix  phase  near  the 
WI'eB  preeipilate  (the  markei  21)0  nm). 
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FIG.  .“i.  Uircntz  micrascopy  showiiiB  doii\iilii-wall  motion  nearby  WFeU 
precipitates,  (a)  A  straight  domain-wall  site  alongside  arrowed  precipitates, 
without  external  Held,  (b)  tlic  doniain-wali  jump  to  the  left  and  rest  along¬ 
side  other  arrowed  precipitates  upon  turning  on  an  external  Held  (the 
murker  =  I  /iim). 

ever,  the  WFcB  pha,se,  being  nonniagnctic,  is  nnt  abic  to 
interact  with  domain  wuli  itscif.  It  is  bciicvcd  that  the  strain 
field  around  the  fine  coherent  precipitates  inside  the  2-14-1 
grains  are  responsible  for  the  pinning  action  to  the  domain 
walls. 

For  a  sintered  Nd-Fe-B  magnet,  it  is  proposed  that  nucle- 
ation  of  reverse  domain  prevails  and  the  domain  wall  of  a 
reverse  domain,  once  nucleated,  can  sweep  across  the  grain 
without  difficulty.’’  The  fine  WFeB  precipitate  provides  ex¬ 
tra  hindrance  to  domain-wall  motion  across  the  grain  tluough 
the  strain  field  around  them,  hence  is  responsible  for  the 
extremely  high  coercivity  and  thermal  stability  of  the 
W-containing  magnets.  On  the  other  hand,  but  to  a  lesser 
extent,  the  W-rich  inclusions  present  on  the  grain-boundary 
regions  might  impede  the  grain  growth  of  the  2-14-1  phase 
during  sintering,  giving  rise  to  a  fine  grain  structure  which  is 
also  essential  for  high  coercivity.  Since  the  refractory  WFcB 
phase  is  thermally  stable  at  elevated  temperatures,  the  ability 
of  acting  as  domain-wall-pinning  sites  sustains  to  high  tem¬ 
perature. 
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IV.  CONCLUSIONS 

Coercivity  of  (Nd,Dy)-(Fe,Co)-B  sintered  magnets,  both 
at  room  temperature  and  elevated  temperatures,  and  thermal 
stability  can  be  very  effectively  improved  by  the  addition  of 
tungsten  (1-2  at.  %).  Transmission  electron  microscopy 
studies  show  that  there  exists  a  WFeB  precipitate  phase  in¬ 
side  the  Nd2Fe|4B  (2-14-1)  matrix  grain.  The  WFeB  phase  is 
platcletlike,  and  occasionally  appears  to  have  its  largest  di¬ 
mension  running  parallel  to  the  c  axis  of  the  2-14-1  matrix 
phase.  The  orientation  relationship  between  the  WFeB  pre¬ 
cipitate  and  the  matrix  is  found  to  be  (I()2)w(.j,i3||(22())'..i4.i, 
and  1()1()]w,.,„||[()()2]2.,4.,.  Domain  walls  jump  from  a  posi¬ 
tion  alongside  the  WFeB  particles  to  a  new  position  along¬ 
side  other  WFeB  particles  upon  turning  on  magnetic  field  of 
the  objective  lens,  as  evidenced  by  Lorentz  microscopy,  de¬ 
noting  the  ability  of  domain-wall  pinning  by  the  strain  field 
around  the  WFeB  precipitate.  Consequently,  this  refractory 
precipitate  provides  extra  hindrance  to  domain-wall  motion 
and  leads  to  cnhiinecd  coercivity  and  thermal  stability,  par¬ 
ticularly  at  elevated  temperatures. 
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The  magnetic  propcrtie.s  of  the  tetragonal  ThMiiii-typc  /<CO|,)Mo2  compounds  have  been 
investigated  by  means  of  magnetic  measurcmenl  and  x-ray  diffraction.  It  is  found  that  the  Co 
moment  is  roughly  the  same  in  ail  WCn|„Mo2  compounds  (0.9  /Lt;,/Co),  excepting  CeCoioMoi  (0.7 
/X/j/Co).  It  is  also  found  that  the  Co  sublattiee  displays  easy  c-axis  magnetization.  Nonaxial  behavior 
at  room  temperature  is  observed  only  for  SmCoioMoi,  whereas  in  ErCO|„Mo2  a  spin  reorientation 
occurs  from  axial  to  planar  magnetization  upon  cooling  below  7’,r  =  12.5  K.  These  results  suggest 
that  the  A'i  term,  mainly  responsible  for  the  rare-carth-sublattice  anisotropy  has  the  same  sign  as  in 
the  R2Vl5^,^B  series  (A'JX)).  This  is  in  contrast  to  other  ThMni2-type  compounds  (WFe|,|V2,  /^FcnTi) 
where  it  is  generally  assumed  that  A2<().  The  intersublatticc  coupling  of  ErComMoT  has  been 
determined  by  means  of  the  high-held  free-powder  method. 


I.  INTRODUCTION 

Many  novel  Fe-rich  rare-earth-based  permanent-magnet 
materials  have  comparatively  low  Curie  temperatures  and 
hence  require  Co  substitution  for  Curie  temperature  enhance¬ 
ment.  Well-known  examples  are  NdiFe^B,  SmFC||Ti,  and 
SmFe|,)Mo2.  In  order  to  study  the  effect  of  Co  substitution 
on  Curie  temperature,  magnetization,  inter.sublattice- 
coupling  constant,  and  anisotropy  held  in  /'(Fe,|,Mo2  com¬ 
pounds,  we  have  studied  the  magnetic  properties  of  the 
/JCo|,|Moi  series  in  pure  form. 

II.  EXPERIMENT 

The  compounds  of  the  /<CO|(|Mo2  type  were  prepared  by 
arc-melting  stoichiometric  mixtures  of  the  metallic  constitu¬ 
ents  of  at  least  99.9%  purity.  After  arc  melting,  the  polycrys¬ 
talline  specimens  were  wrapped  in  tantalum  foil,  .sealed  into 
evacuated  quartz  tubes,  and  annealed  at  lOOO  °C  for  4  weeks. 
The  samples  were  quickly  cooled  to  room  temperature  after 
annealing  by  breaking  the  quartz  tubes  under  water.  Subse¬ 
quently,  the  samples  were  investigated  by  x-ray  powder  dif¬ 
fraction  and  found  to  be  approximately  single  phase.  The 
x-ray  patterns  were  indexed  on  the  basis  of  the  ThMn|2-lype 
of  structure.  For  each  compound,  the  free-powder  magneti¬ 
zation  was  measured  at  4.2  K  as  a  function  of  applied  mag¬ 
netic  fields  up  to  .^5  T,  using  the  High-Field  Installation  at 
the  University  of  Amsterdam,'  In  order  to  investigate  the 
presence  of  spin-reorientation  transitions  between  4.2  K  and 
room  temperature,  ac-susceptibility  measurements  were 
made  on  several  compounds  in  the  /JCoidMot  series. 


III.  EXPERIMENTAL  RESULTS 

From  x-ray-diflraction  experiments  on  magnetically 
aligned  powders,  it  was  derived  that  at  room  temperature  the 
easy-magnetic  direction  in  the  /<C0||)M02  compounds  is  par¬ 
allel  to  the  c'-uxis.  The  only  exception  is  SmCO||)Mo2  where 
the  casy-magnetization  direction  is  perpendicular  to  the 
c-axis.  These  results  confirm  earlier  observations  by  Xu  and 
Shaheen." 

ac-susceptibility  measurements  show  no  temperature- 
induced  spin  reorientations  except  in  ErromMo,  and 
Er,iHY(i2Coi,|Mo2  (see  Fig.  1).  The  sharp  cusp  observed  for 


I  (K) 

I'lCi.  I.  rcinpiTimire  ik'iwiulcnci.'  (if  lllc  ;ic  sus(.'(plil)ility  lor  lirComMdj 
(solid  line)  mu!  Iirii„Y|i  .('oinMii.  (ilaslieil  liiu.'). 
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FIG.  2.  Magnetic  isotherms  at  4.2  K  measured  on  mugnutically  aligned 
powders  of  PrC0|,|M02  and  NdConjMo  j.  Open  circles  correspond  to  the 
field  parallel  to  the  alignment  direction  and  filled  circles  to  perpendicular  to 
the  alignment  direction. 


both  materials  is  taken  as  evidence  of  spin  reorientations 
from  MLc  (at  low  temperature)  to  M\\c  (at  high  tempera¬ 
ture),  at  125  K  in  ErCoi()Mo2  and  at  115  K  in 
Ero,i,Y()2CoioMo2.  From  the  magnetic  measurements  on 
f?Coi()Mo2  compounds  by  Xu  and  Shaheen,^  it  can  be  de¬ 
rived  that  the  moments  of  the  light  rare  earths  couple  parallel 
to  the  Co  moments  and  that  the  moments  of  the  heavy  rare 
earths  couple  antiparallel  to  the  Co  moments,  as  is  u.sually 
observed.^  Therefore  no  information  on  the  intcrsublatticc- 
coupling  strength  can  be  derived  by  means  of  the  high-field 
free-powder  (HFFP)  method'*"’  for  the  compounds  with  the 
light-rare-earth  elements.  The  isotherms  of  these  compounds 
were  therefore  studied  only  in  fields  up  to  20  T. 

The  magnetization  at  4.2  K  of  magnetically  aligned 
powders  of  PrCoi()Mo2  and  NdC0|(|M02  is  shown  in  Fig.  2. 
The  anisotropy  field  fof  PrCoi(|Mo2  equals  approximately 
25  T.  In  NdCo|()Mo2  there  is  a  field-induced  change  of  the 
magnetization  direction,  the  critical  field  being  equal  to 
6.5  T. 

The  saturation  moments  M(0)  at  4.2  K  were  derived 
from  the  free-powder  magnetization  curves  by  extrapolation 
to  fl=0.  These  values  ar  listed  in  Table  1.  The  anisotropy  in 
CeCo,()Mo2  and  GdCo,(,Mo2  is  predominantly  that  of  the  Co 


TABLE  I.  Magnetic  properties  of  WComMoj  compounds. 


Compounds 

M(0) 

Mk 

M,-.. 

YC0|||M02 

«.5 

(1 

H.5 

CeCon)Mo2 

6.5 

0 

6.5 

PrCO||)Mo2 

11.2 

3.2 

H.() 

NdCO|,|M()2 

10.6 

3.2 

7.4 

SmCO||,Mo2 

9.5 

0.7 

H.8 

OdCoi(,Mo2 

1.9 

7.0 

7  0±t.9 

TbCoiiiMoi 

0.1 

9.0 

9.0±0,1 

DyCo„|Mo2 

0,3 

10.0 

10.0±0,3 

]1oCoh)Mo2 

0.3 

UI.O 

10.0±0.3 

Effi  hYh  ^CoifiMoi 

1.4 

7.2 

7.2±  1.4 

ErC:'.,|Mo2 

0.0 

9.0 

9.0 

FIG.  3.  Magnetic  isotherms  at  4.2  K  of /<Co|i,Mo2  compounds  (R  =Gd,  Tb, 
Dy.  Ho,  and  Er)  measured  on  powder  particles  that  arc  free  to  rotate  in  the 
sample  holder. 


sublatlice  since  Ce  is  tetravalent  and  Gd  is  an  S-state  ion. 
The  deviating  valence  of  Ce  follows  from  the  lattice  con¬ 
stants. 

In  order  to  obtain  experimental  information  on  the 
intersublattice-coupling  strength  we  have  studied  how  the 
low-field  ferromagnetic  state  is  affected  by  an  applied  field 
by  measuring  the  magnetization  of  free  single-crystalline 
powder  particles  of  the  compounds  formed  with  the  heavy 
rare  earths  in  applied  fields  up  to  35  T.  Results  obtained  on 
the  /iCoi()Mo2  compounds  with  R=Gd,  Tb,  Dy,  Ho,  and  Er 
are  shown  in  Fig.  3.  The  observation  that  the  magnetic  iso¬ 
therms  pass  almost  through  the  origin  for  the  compounds 
with  /<=Tb,  Dy,  Ho,  and  Er  means  that  the  R-sublattice 
magnetization  M/j  and  the  Co-sublattice  magnetization  Me,, 
arc  nearly  equal  to  each  other  in  these  materials. 

In  practically  all  R-T  intcrmetallics  previously  investi¬ 
gated  by  means  of  the  HFFP  method,’  the  T-sublatticc  an¬ 
isotropy  is  much  smaller  than  the  /f-sublaftice  anisotropy.  In 
the.se  cases,  the  former  can  be  ignored  and  the  R  sublatlice 
magnetization  can  be  parallel  to  the  casy-magnetization  di¬ 
rection  and  to  remain  so  during  the  bending  process.  The  free 
energy  is  given  by 

E  =  +  cos  a-BM.  (1) 

The  magnetization  M  is  given  by  + 

+  2M a,  cos  tr)'^*. 

In  iicriving  the  magnetization  by  minimizing  the  free 
energy,  only  the  last  two  terms  in  Eq.  (1)  need  to  be  taken 
into  consideration.  In  this  case,  the  intersublattice-coupling 
constant  «/(•/•  can  be  obtained  straightforwardly  from  the 
magnetization  in  the  region  where  the  bending  process  from 
the  ferrimagnetic  configuration  to  the  forced  ferromagnetic 
state  occurs  (n,(/  =  [M/B] ' ‘). 

In  the  RCokiMot  compounds,  however,  it  is  no  longer 
legitimate  to  neglect  the  Co-sublattice  anisotropy.  If  only  the 
first-order  anisotropy  constants  and  K\"  are  taken  into 
account,  the  free-energy  expression  reads 
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FIG.  4.  Schematic  representation  of  the  orientations  of  unci  Mc„  in  an 
external  field  for  a  free  single  crystal. 


E=K'^  sin^(&+ a)  +  «/jco'W«A/c„  cos  a-BM. 

(2) 

The  angles  0  and  a  are  defined  in  Fig.  4.  Due  to  the  presence 
of  the  two  anisotropy  terms  in  Eq.  (2)  neither  of  the  two 
sublattice  magnetizations  will  remain  oriented  along  the  cor¬ 
responding  casy-axis  direction  during  the  process  that  the 
two  sublattice  magnetizations  bend  towards  each  other  under 
influence  of  the  external  field.  This  leads  to  a  nonlinear  be¬ 
havior  of  the  magnetic  isotherm."’’" 

By  minimizing  the  free  energy  given  in  Eq.  (2),  the  fol¬ 
lowing  expression  for  the  magnetization  can  be  derived: 

B  IK^Kl 

77  =  «/iB  -  .7  (3) 


=  cos  2a]"^ 

By  fitting  the  experimental  magnetization  curves  to  this  ex¬ 
pression,  details  about  n and  the  anisotropy  constants  can 
be  obtained. 

As  an  example  we  analyzed  the  magnetization  curve  of 
ErCoioMo2.  The  result  of  the  fitting  procedure  is  shown  in 
Fig.  5.  The  parameters  obtained  ar  -4.32X  10“^^  J/f.u., 
13X10““  J/f.u.,  and  nE,co=3.06X10“  Tf.u./Arn^ 
A/e,=9.0  /Xfl/f.u.,  and  Afc„=8.3.5  ju,/)/f.u.  When  expressed  by 
means  of  the  Hamiltonian  H=2  JEtCo^Er  Soi.  Ihe  value  of 
-JErco/^  is  equal  to  6.7  K.  One  can  see  in  Fig.  5  that  the  Br¬ 
and  Co-sublattice  moments  will  become  parallel  at  about  60 
T.  In  the  bending  process,  the  Er-sublattice  moment  oscil¬ 
lates  around  its  easy  direction  (basal  plane). 


FIG.  S.  (a)  Cumpurison  of  the  cxperiiiiciilal  and  calculated  tnagiictizations 
of  ErCoiiiMoj  (b)  calculated  field  dependence  of  the  orientations  of  the  Br¬ 
and  Co-.sublatticc  moments. 


It  should  be  mentioned  that  in  order  to  obtain  the  infor¬ 
mation  about  the  magnetic  coupling  between  R  and  Co  sub¬ 
lattices  for  the  other  /(Coi()Mo2  compounds,  all  the  magne¬ 
tization  curves  shown  in  Fig.  2  should  be  analyzed  taking 
into  account  the  anisotropy  of  the  two  sublattices.  This 
analysis  which  presently  is  carried  out  may  be  very  different 
for  the  different  rare-earth  ions,  For  instance,  for  /?  =  Ho, 
high-order  anisotropy  ctinstants  have  to  be  taken  into  ac¬ 
count. 
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Magnetic  hardening  by  crystaliization  of  amorphous  precursors  using  very 
high  heating  rates 
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The  dependence  of  the  treatment  parameters  of  the  coercivity  of  PrNdFcB  samples  prepared  by 
crystallization  of  melt  spun  amorphous  precursors  is  investigated.  The  crysiallization  treatments 
were  carried  out  at  high  temperatures  and  using  very  high  heating  rates  (“fla.sh  crystallization"). 

From  the  analysis  of  the  temperature  dependence  of  the  critical  field  of  the  sample.*.,  it  is  concluded 
that  this  kind  of  crystallization  treatment  leads  to  very  fine  and  homogeneous  microstructures  which 
result  in  a  significant  enhancement  of  the  hard  magnetic  properties. 


I.  INTRODUCTION 

The  crystallization  of  amorphous  alloys  is  usually  de¬ 
scribed  by  specifying  the  fraction  of  material  which  is  trans¬ 
formed  either  after  a  certain  time  at  a  given  temperature  (iso¬ 
thermal  crystallization)  or  after  a  certain  time  when  the 
material  is  heated  up  at  a  constant  rate  (continuous  heating 
crystallization).’  Nevertheless,  for  a  given  percentage  of 
transformed  material  and  depending  on  the  concrete  values 
of  the  treatment  parameters,  both  the  phase  distribution  and 
especially  the  microstructure  of  the  crystallization  product 
can  be  significantly  different.^  This  is  due  to  the  different 
kinetics  of  the  elemental  processes  (i.e.,  nucleation  and  grain 
growth)  involved  in  the  crystallization  and  has  a  very  inter¬ 
esting  consequence:  the  possibility  of  optimizing  the  hyster- 
etic  properties  of  the  crystallized  material,  which  depend 
very  sensitively  on  the  microstructurc.  As  it  is  shown  in  a 
previous  work,^  the  use  of  high  heating  rates  up  to  the  treat¬ 
ment  temperature  allowed,  in  the  case  of  NdDyFeB  melt 
spun  samples,  optimizes  the  phase  distribution  of  the  crystal¬ 
lization  product  through  the  inhibition  of  the  precipitation  of 
the  excess  of  a-Fc.  Also,  the  accomplishment  of  crystalliza¬ 
tion  at  high  temperatures  favors  the  increase  of  the  nucle¬ 
ation,  which  results  in  homogeneous  microstructures.'  In  the 
present  work,  the  coercivity  of  amorphous  melt  spun 
PrNdFeB  samples  cry.stallized  by  using  a  high  heating  rate 
and  short-time  anneals  (“flash  crystallization”)  is  experi¬ 
mentally  studied  and  correiated  to  the  treatment  parameters. 

II.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Samples  with  nominal  compo.sition  NdyPiv,Fe7,,B,j  were 
prepared  by  means  of  the  single  roller  melt  spinning  tech¬ 
nique  (tangential  speed  of  the  roller,  20  m  s  ’).  According  to 
x-ray  diffraction  (XRD)  the  as-quenched  samples  were  amor¬ 
phous.  From  differential  scanning  calorimetry  (DSC)  ther¬ 
mograms  carried  out  at  160  °C  min' tv/o  consecutive  crys¬ 
tallization  stages,  respectively,  taking  place  at  620  and 
690  °C  were  observed.  The  crystallization  product  consisted 
of  a  majority  2:14:1  phase. 

The  flash  crystallization  treatments  were  carried  out  by 
sandwiching  some  flakes  of  the  amorphous  precursor  in  be¬ 
tween  two  ribbons  of  resistive  alloy  through  which  it  was 
possible  to  flow  electric  current  pulses  (sec  Fig.  1).  Current 


densities  typically  in  the  range  from  1.6  to  1.9X10'’ 
A  cm  and  pulse  time  widths  ,  going  from  1  to  12  s,  were 
used.  In  order  to  protect  the  samples,  and  also  to  improve  the 
homogeneity  of  the  temperatures  distribution,  the  flakes  of 
the  amorphous  precursors  were  wrapped  in  a  Ta  foil  which, 
in  turn,  was  electrically  isolated  from  the  heating  elements 
by  means  of  mica  foils.  The  whole  setup  was  maintained 
under  dynamic  Ar  atmosphere. 

In  Fig.  2  we  present  the  time  evolution  of  the  tempera¬ 
ture  of  the  samples  (measured  by  means  of  a  low-mass  ther¬ 
mocouple  which  was  in  good  thermal  contact  with  the  Ta 
foil)  v/hen  16  A  current  pulses  flow  through  the  heating  ele¬ 
ments  (cross  .section  0.01  cm^)  for  different  pulse  widths  t). , 
The  maximum  temperature  T’.y/  achieved  for  the  different 
treatments  increased  with  the  width  of  the  current  pulse  (up 
to  1200  °C  in  the  case  of  the  8  s,  19  A  pulse).  The  maximum 
heating  rate  (approximately  15  000  °C  min'  ')  was  achieved 
2,5  s  after  the  beginning  of  the  pulse.  The  inset  in  this  figure 
presents,  as  a  function  of  the  pulse  width  the  total  time 
17, K)  for  which  the  temperature  of  the  sample  was  above 
700  "C  (.slightly  above  the  temperature  of  the  peak  associated 
to  the  second  crystallization  stage  as  measured  from  DSC 
thermograms  carried  out  at  160  "C  min  ').  Since,  due  to  the 
dissipation  characteristics  of  the  system,  the  T  vs  t  curves  of 
all  the  difl'erent  treatments  showed  the  same  the  initial  heat¬ 
ing  regime,  in  the  following  we  will  use  /7„„  in  addition  to  7^ 
(or,  equivalently,  the  current  intensity  /,)  to  characterize  our 
flash  crystallization  treatments. 


Low  mass  Ihormocouple 


Electric  current 
pulses 


Electric  current 
puises 


FIG.  1,  Setup  used  for  the  Hash  eryslalli/atiiin  treatments. 
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FIG.  2.  Tcmporuturc  of  thu  saniplus  vs  time  obtained  with  /.,=  lb  A  and 
different  pulse  widths  t . 


The  niicrostructure  of  the  crystallized  samples  was  de¬ 
pendent  on  the  treatment  parameters.  For  short-time,  low  in¬ 
tensity  pulses,  the  samples  were  partially  crystalline  (accord¬ 
ing  to  the  XRD)  as  one  would  expect  from  the  iticreasc  with 
increasing  heating  rate  of  ihe  crystallization  processes.'^  A 
scanning  electron  micrograph  (SEM)  of  a  typical  fresh  frac¬ 
ture  surface  taken  in  the  sample  crystallized  by  using  16  A 
for  4  s  is  shown  in  Fig.  3(u).  In  it  an  inhomogeneous  two- 
phase  niicrostructure  characterized  by  the  presence  of  voids 
and  domes  can  be  observed.  In  contrast  with  this,  the 
samples  Teated  by  means  of  longer  pulses  wore  fully  crys¬ 
tallized,  a  homogenous  microstructurc  [similar  to  that  .shown 
in  Fig.  3(b)]  being  observed. 

The  study  of  the  hysterctic  properties  of  the  samples  was 
carried  out  by  means  of  a  SQUID  magnetometer.  Since  our 
samples  were  isotropic,  some  reversible  demagnetization  oc¬ 
curred  along  the  branches  of  the  hysteresis  loops  correspond¬ 
ing  to  the  first  and  .second  quadrants.  Then,  and  in  order  to 
characterize  the  irreversible  demagnetization,  we  con.sidcrcd 
the  so-called  critical  field  ,  defined  as  the  demagnetiza¬ 
tion  field  for  which  the  maximum  susceptibility  is  observed. 
In  Fig.  4  we  have  plotted  the  dependence  on  of  the 
room-temperature  critical  field.  From  this  figure  it  is  possible 
to  observe  that  the  critical  field  of  the  fully  crystallized 
samples  decreases  with  the  increase  of  r7,x).  The  deterioration 
of  the  critical  field  was  basically  related  to  the  rt-Fc  segre¬ 
gation  (which  increases  with  T^).  Slightly  lower  values  of 
the  critical  field  than  those  achieved  for  the  samples  treated 
with  /7(k)'*4  s  were  obtained  for  the  samples  crystallized  by 
means  of  the  shortest  current  puhses,  which  were  only  partly 
crystalline."'  The  optimum  magnetic  hardness  corresponded 
to  the  samples  treated  with  r7(H)=4  s,  which  were  completely 
crystallized  and  presented  a  critical  field  of  22  kOe. 

The  temperature  dependence  of  the  critical  field  of  the 
samples  is  shown  in  Fig.  5.  We  have  analyzed  these  data  in 
terms  of  the  law  proposed  by  Kromiiller,** 

Wcri,=  T)  -  T),  ( 1 ) 

where  HaiT)  and  Af  ,.(7’)  are,  respectively,  the  anisotropy 
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(b) 


FKi.  .1.  (u)  .SUM  microgruph  of  the  t'rush  i'niclure  surfiicu  ol'u  sample  Iruuled 
for  r,=4  ,s  willi  =  A.  (b)  SEM  inicnigruph  of  ii'.i;  fresh  fracture  surface 
of  a  sample  treated  for  (,  =  12  s  with  /,  =  lb  A. 

field  and  the  saturation  magnetization  of  the  samples  at  a 
given  temperature;  a^i,  relleets  the  intlucnce  on  coercivity  of 
the  easy  axes  misalignment;  is  related  to  the  local  reduc¬ 
tion  of  ani.sotropy  at  the  defects  and  gives  the  magnitude 
of  the  stray  fields  originated  by  the  inhomogeneitics  in  the 
distribution  of  magnetization.  In  samples  with  strong  intcr- 


FlCi,  4,  Dependence  of  Ihe  room-lemperaUirc  critical  Held  vs  (i,,,  for  the 
samples  with  optimum  iniigaelic  hartleiiirig. 
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Temperature  (K) 

PIQ.  5.  Tcmperiiturc  dupcnduncc  of  the  criticul  Held  of  the  samples. 

granular  coupling,  the  magnetization  reversal  proceeds  from 
those  grains  whose  orientation  with  respect  to  the  applied 
Held  has  associated  the  lowest  criticul  field.  In  this  case  aq, 
can  be  replaced  by  its  minimum  value  a^»niiii  which  depends 
on  the  anisotropy  constants  as  reported  in  Ref.  5.  Consider¬ 
ing  this,  from  the  fits  of  the  experimental  results  for  H„n{T) 
to  Eq.  (1)  the  parameters  %  and  can  be  obtained.  Figure 
6  presents  the  results  of  these  fits  for  the  samples  crystallized 
by  means  of  /.(  =  A.  These  plots  were  carried  out  by  taking 
into  account  the  temperature  dependence  of  the  anisotropy 
field  and  magnetization  of  the  Nd2Fe;4Bi  and  Pr2Fci4Bi 
phases  reported  in  Refs.  5  and  6. 

The  dependence  of  our  results  for  %  and  N^(f  on  is 
shown  in  Figs.  7(a)  and  7(b),  respectively.  It  is  interesting  to 
see  how  %  presents  a  maximum  value  [only  slightly  lower 
than  the  ideal  value  of  Eq.  (1)  in  the  case  of  the  .samples  with 
optimum  properties].  Also,  and  according  to  these  results,  the 


FIG.  6.  Plot  of  the  experimental  Wi.,i|(7’)  data  in  term.s  of  tiq.  (1). 


*700 


FIG.  7.  (a)  Variation  of  rr^-  witli  /•/,)„.  (I>)  Variation  of  with  /7|,||. 

treatments  curried  out  by  using  16  A  current  originated  larger 
deteriorations  of  the  local  anisotropy  than  those  correspond¬ 
ing  to  treatments  carried  out  by  means  of  19  A  pulses. 

Finally,  increases  with  (yixi,  which  reflects  the  pro¬ 
gressive  evolution  in  shape  of  the  hard  phase  grains^  from 
rounded  original  nucleus  (predominant  in  the  partly  crystal¬ 
lized  samples)  to  the  well  developed  polyhedral  grains  with 
edges  and  corners  which  can  be  ob.servcd^  in  fully  crystal¬ 
lized  samples.  Also,  the  inhomogencities  of  the  microstruc- 
turc  arising  from  the  precipitation,  for  long  tyoo  values,  of 
a-Fc  contribute  to  the  increase  of  that  parameter. 

To  .summarize,  we  can  say  that  optimum  critical  fields 
(larger  than  those  achieved  in  as-quenched  crystalline  melt 
spun  samples)  cun  be  obtained  by  flush  crystallizing  amor¬ 
phous  precursors  using  treatment  times  (f7()())  of  the  order  of 
a  few  seconds  (long  enough  to  complete  the  cry.stallization 
and  short  enough  to  avoid  significant  «-Fe  segregation). 
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The  magnetic  properties  of  (Y,Nd)Co4B,  Y(Co,Fc)4B,  and  YCo4(B,C)  compounds  have  been 
investigated.  The  spin-reorientation  temperature  of  YC04B  increases  with  substitution  of  Nd  for  Y 
and  Fe  for  Co,  but  decreases  with  the  replacement  of  B  for  C.  The  Curie  temperature  of  YC04B 
decreases  upon  substitution  of  Nd  for  Y  and  C  for  B,  whereas  it  increases  upon  the  introduction  of 
Fe,  The  magnetic  phase  diagrams  arc  given  for  (Y,Nd)Co4B,  Y(Co,Fe)4B,  and  YCo4(B,C).  The 
results  show  that  the  temperature  range  of  the  easy-axis  anisotropy  in  YC04B  is  increased  by  C 
substitution,  and  decreased  by  Nd  and  Fe  substitution.  The  saturation  magnetization  of  YC04B 
increases  by  the  introduction  of  Nd  and  Fe.  Substitution  of  C  for  B  changes  the  magnetic  moment 
of  Co  only  slightly.  The  magnetic  anisotropy  is  increased  by  substitution  of  C  for  B. 


I.  INTRODUCTION 

YC04B  and  the  corresponding  p.seudotcrnary  compounds 
crystallize  in  the  CcCo4B-typc  structure,  which  is  derived 
from  the  CaCuj  structure  by  partial  substitution  of  B  for  Co 
in  every  two  Co  layers.'  The  structure  and  the  magnetic 
properties  of  both  Fe-  and  Co-based  compounds  of  the 
CCC04B  type  have  been  studied  extensively  in  the  past  few 
years  because  of  their  potential  of  being  used  in  permanent 
magnets.^'"  Previous  results  have  shown  that  in  YC04B  the 
Co-sublattice  anisotropy  is  complex  at  low  temperature,'*’’'*  In 
this  compound,  a  spin-orientation  occurs  at  about  150  K 
which  has  been  attributed  to  a  change  of  the  easy- 
mugnetization  direction  of  the  Co  sublatticc  from  c  axis  at 
high  temperature  to  basal  plane  at  low  temperature.  Another 
anomaly  is  observed  at  about  60  K,  the  origin  of  which  is 
still  unknown.  In  order  to  understand  the  magnetic  behavior 
of  the  Co  sublattice  in  this  type  of  compound,  we  have  per¬ 
formed  a  detailed  study  of  the  magnetic  phase  diagrams  of 
(Y,Nd)Co4B,  Y(Co,Fe)4B,  and  YCo4(B,C). 


II.  EXPERIMENTAL  PROCEDURE 

The  compounds  Y|_^Ndj.Co4B  (a:= ().(), 0.1, 0.2, 0.3), 
YCo4_^Fe,B  U-=0.0,().l,0.2,().3,0.4),  and  YCo4B,...,.Cj,. 
(x=0.0,0.1,0.2,0.3),  were  prepared  by  melting  in  an  arc  fur¬ 
nace  in  an  argon  atmosphere,  followed  by  annealing  in  an 
atmosphere  of  highly  purified  argon  at  900  °C  for  2  weeks. 
Subsequently,  the  materials  were  quenched  into  ice  water. 
X-ray-diffraction  results  showed  that  only  negligible 
amounts  of  impurity  phases  were  present. 

The  temperature  dependence  of  the  a.e,  susceptibility 
was  measured  on  bulk  samples  in  the  temperature  range  from 

4.2  to  600  K.  The  high-field  magnetization  was  measured  at 

4.2  K  in  the  high-lield  facility  at  the  University  of  .Amster¬ 
dam  on  magnetically  aligned  samples.  These  samples  were 
prepared  by  mixing  fine  powder  of  the  compound  with  epoxy 
resin  and  letting  the  mixture  c.ub.sequcntly  solidify  in  a  field 
of  about  1  T. 
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FIG.  2.  Magnetic  phase  diagf.im  of  Yj  .jN(liC04B  compounds. 

III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
A.  Y,_^Nd,Co4B 

Substitution  of  Nd  for  Y  markedly  affects  the  anisotropy 
of  YC04B.  Figure  1  shows  the  temperature  dependence  of  the 
a.c.  susceptibility  of  the  Yi_;,Nd^Co4B  compounds.  The  spin 
reorientation  at  150  K  in  YC04B  and  the  anomaly  around  60 
K  are  both  strongly  influenced  by  the  introduction  of  Nd. 
The  spin-reorientation  temperature  is  found  to  increase  with 
increasing  Nd  content.  In  the  sample  with  jk  =  0.3,  the  tran¬ 
sition  even  occurs  above  room  temperature,  at  310  K.  The 
anomaly  at  60  K  shifts  to  lower  temperatures  in  a  rather 
random  way.  The  high-temperature  parts  of  the  a.c.  suscep¬ 
tibility  show  that  the  Curie  temperature  of  YC04B  slightly 
decreases  from  375  K  for  YC04B  to  350  K  for 
Nd()3Y(i,7Co4B.*’  Since  NdC04B  has  easy-plane  magnetiza¬ 
tion  at  room  temperature,'^’  the  magnetization  in  the  Nd- 
containing  compounds  can  also  be  expected  to  change  from 
easy  axis  at  high  temperature  to  easy  plane  at  low  tempera¬ 
ture.  Therefore  we  tentatively  conclude  from  the  composition 
dependence  of  the  spin-reorientation  temperature  in  the 
Y]  ..;tNd^.Co4B  system  that  the  transition  at  150  K  in  YC04B 
is  also  an  axis-to-plane  transition.  The  magnetic  phase  dia¬ 


X 


FIG.  4,  Magnetic  phase  diagram  of  YC()4..  ,Fe,B  compounds. 


gram  of  the  (Y,Nd)Co4B  system  constructed  on  the  basis  of 
these  experimental  results  is  .shown  in  Fig.  2.  The  easy-axis 
region  is  only  found  in  the  Y-rich  part  and  its  width  decreases 
strongly  with  increasing  Nd  content. 

B.  YC04-xFexB 

Substitution  of  Fe  for  Co  in  YC04B  strongly  influences 
the  magnetic  anisotropy  of  the  3d  sublattice.  Figure  3  shows 
the  temperature  dependence  of  the  a.c.  susceptibility  of 
YCo4__j.Fe4B  compounds  between  4.2  and  300  K.  The  spin- 
reorientation  temperature  increases  with  increasing  Fe  con¬ 
tent  and  for  a: =0.2,  no  spin  reorientation  is  observed  up  to 
the  Curie  temperature.  As  YFe4B  also  has  easy-plane  mag¬ 
netization  at  room  temperature,^  this  composition  depen¬ 
dence  of  the  transition  temperature  can  be  taken  as  evidence 
that  the  transition  is  from  easy  axis  at  high  temperature  to 
easy  plane  at  low  temperature.  Substitution  of  Fe  for  Co 
strongly  enhances  the  easy-plane  ani.sotropy.  With  increasing 
Fe  content,  the  Curie  temperature  increases  strongly  from 
375  K  for  YC04B  to  490  K  for  YCoj  ^Fco^B.^  This  means 
that  the  3d-3d  exchange  interaction  is  strongly  increased 
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FIG.  3.  Temperature  dependence  of  ac  suseeplibilily  of  YC04  ,Fe,B  com-  FIG.  5.  Tempcriilure  dependence  of  lire  a.c.  susceptibility  of  YCo.|B|  ,C', 
pounds  between  4.2  and  300  K.  compounds  between  4.2  and  301)  K. 
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FIG.  6.  Magnetic  phase  diagram  of  YCo4b|-,Q.  compounds. 


upon  the  ip'.iodu^ticn  of  Fe.  The  P’agnetic  phase  diagram  in 
Fig.  4  sr  '''Vi  that  the  easv-axis  region  is  small  and  restricted 
to  the  Co-rich  part. 

C.  YCo4B^  ..jfCx 

The  magnetic  properties  of  the  Co  sublattice  for  YCG4B 
arc  also  affected  by  substitution  of  C  for  B.  Figure  5  shows 
the  temperature  dependence  of  the  a.c.  susceptibility  of 
YCo4B(  .,C;(  compounds  with  s;  =  0.0,  0.1,  and  0.2  Both 
trar.sifions  in  the  compound  vvith  ’.'  =  0.0  at  60  and  150  K 
movo  to  lower  temperature. >  .for  a:  =  0.1  and  then  disappear 
for  a'  =  C.2.  In  contrast  to  the  types  of  substitution  discussed 
before,  sub-stitution  of  C  and  B  enlarges  the  temperature 
range  of  easy-axi'  mc^riet^-ration,  which  is  favorable  for  ap¬ 
plications  Subsritutio.'.  ol  C  fr  B  in  YC04B  causes  the  Curie 
temperatui"  lO  'i*’st  slightly  increase  for  a= 0.1  and  then  to 
decrci'sc,  fm  r>0.1.  The  phase  diagram  of  the  YCo4(B,C) 
system  s  shown  in  Fig.  6. 

The  magnetizatioi'i  curve’s  are  shown  in  I’ig.  7.  From  the 
planar  diagram  shcvtii  in  Fig.  7  one  would  have  expected 
that  the  magnetic  moment  of  the  cou.pound  with  a  =  0.1 
when  measured  in  low  fields  applied  parallel  to  the  align¬ 
ment  direction  would  have  been  lower  than  the  moment  mea¬ 
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FIG.  7.  Magnetization  of  YCo43|  ..,C,  compounds  at  4.2  K  for  the  field 
parallel  (O)  and  perpendicular  (•)  to  the  alignment  direction. 

sured  perpendicular  to  the  alignment  field  (as  for  a  =  0).  It  is 
possible  that  this  latter  situation  is  realized  in  applied  fields 
lower  ihan  those  considered  here  with  an  intersection  point 
between  the  isotherm  below  1.3  T.  It  can  be  seen  from  Fig.  7 
that  ihe  saturation  magnetization  of  the  compound  changes 
only  slightly  with  a.  This  is  similar  to  what  has  been  ob¬ 
served  in  the  Nd2Coi4(B,Cj  system. 
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A  systematic  study  on  stability  of  flux  in  Nd-Fe-B  magnets  consolidated 
by  direct  joule  heating 
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Magnetic  aftereffect  and  Irreversible  flux  loss  at  elevated  temperatures  were  studied  for  fully  dense 
isotropic  and  anisotropic  Nd-Fe-Co-B  magnets  consolidated  from  rapidly  quenched  powder  by 
direct  joule  heating.  The  consolidation  process  and  the  subsequent  alignment  of  c  axis  do  not  affect 
the  aftereffect  constant  S„  and  the  prepared  magnets  have  roughly  the  same  5^  as  a  bonded  magnet, 
independent  of  coercivity  at  room  temperature  (650-1200  kA/m),  exposure  temperature 
(60-120  °C),  and  anisotropy  of  the  magnets.  Thus  the  magnitude  of  the  aftereffect  is  determined 
mainly  by  the  magnitude  of  the  irreversible  susceptibility  It  was  also  clarified  empirically  that 
the  irreversible  flux  loss  FL  is  proportional  in  magnitude  to  However,  the  slopes  of  the  FL  vs 
line  for  i.sotropic  magnets  are  much  larger  than  those  for  the  anisotropic  ones.  Thus  FL  can  be 
reduced  by  decreasing  x„j  and/or  making  magnets  anisotropic. 


I.  INTRODUCTION 

Although  Nd-Fe-B  based  magnets  have  superior  hard 
magnetic  properties,  the  thermal  stability  of  their  magnetic 
properties  is  poor  compared  with  that  of  3m-Co  magnets 
because  of  their  low  Curie  temperature.'  Improvements  in 
the  thermal  stability  have  been  studied  by  many  authors,^ 
and  it  has  been  clarified  that  rapidly  quenched  powder  has 
smaller  temperature  dependences  of  coercivity  and 
remanence."’  Therefore  utilization  of  rapidly  quenched  pow¬ 
der  would  be  one  of  the  methods  of  improving  their  stability. 
Recently,  two  of  the  authors  have  developed  a  new  method 
of  preparing  fully  dense  Nd-Fe-B  magnets  from  rapidly 
quenched  powder  by  direct  joule  heating.'*  The  developed 
magnets,  which  consist  of  fine  grains,  exhibit  smaller  tem¬ 
perature  variation  of  coercivity  than  conventional  sintered 
magnets.''''’ 

Thus,  in  this  study,  the  magnetic  aftereffect  and  the  flux 
loss  due  to  exposure  at  elevated  temperatures  were  investi¬ 
gated  for  Nd-Fe-Co-B  magnets  (//,.  =  650- 1200  kA/m)  pre¬ 
pared  by  the  above-mentioned  method. 

I).  EXPERIMENT 

Fully  dense  anisotropic  and  isotropic  magnets  with  a  va¬ 
riety  of  coercivities  were  consolidated  from  Nd,4Fc73Co7B(, 
rapidly  quenched  powder.  Details  of  the  preparation  method 
have  been  reported  in  the  previous  papers."*'’  Cylindrical 
specimens,  5  mm  diamX6.6  mm  long  and  5  mr'  dlamX4.1 
mm  long,  were  cut  out  of  them.  In  this  pap'  anisotropic  and 
isotropic  specimens  are  designated  as  ‘AN!  >0”  and  "ISO,” 
respectively,  and  long  and  short  specimens  as  “L”  and  “S,” 
respectively.  Thus  ‘‘AN1SO-.  leans  a  long  anisotropic 
specimen. 

The  specimens  were  first  premagnetized  in  a  pulse  mag¬ 
netic  field  of  4  MA/in  and  were  exposed  at  an  elevated  tem¬ 
perature  Ta  (60-120  °C^.  Then  the  decrease  in  magnetization 
A/  due  to  magnetic  aftereffect  was  measured  with  a  flux 
meter  as  a  function  of  the  exposure  time  t^  [Fig.  1(a)].  The 


irreversible  flux  loss  FL  due  to  the  exposure  was  determined 
by 

/•■L=(a>„-a>,  )/<!>„,  (1) 

where  d>„  and  fl),  are  the  flux  values  measured  at  room  tem¬ 
perature  before  and  after  the  exposure,  respectively  [Fig. 
1(b)].  Hysteresis  loops  were  traced  with  a  computer-aided 
hysteresis  tracer  and  the  demagnetizing  effect  was  corrected 
by  using  a  Ni  cylinder.  The  coercivity  //(.(RT)  and  the  rema¬ 
nence  MriKT)  at  room  temperature  are  listed  for  the  obtained 
magnets  in  Table  1.  The  irreversible  susceptibility  at  a 
working  point  was  calculated  by  subtracting  the  reversible 
susceptibility  from  the  total  susceptibility  . 

III.  RESULTS  AND  DISCUSSION 

Typical  A/  observed  in  our  specimens  is  shown  in  Fig.  2 
for  an  anisotropic  magnet  with  //,.(RT)=990  kA/m.  The 
magnetization  decreases  nearly  linearly  with  the  logarithm  of 
t„  between  0.2  and  10  h  and  a  unique  slope  d(A/)/(/(ln  /„) 
can  be  defined  for  each  T„ .  Figure  3  shows  typical  variation 
of  r/(A/)/(/(ln /„)  as  a  function  of  H^(KT)  for  ISO-S  and 
ANISO-S  specimens.  The  slope  of  the  anisotropic  specimens 
at  each  is  .smaller  at  .Y,.(RT)- 1200  kA/m  than  that  of  the 


Time 


(b)  Irreversible  Flux  Loss 


ITO.  1.  Sehcniiilit;  reprcscntiiliiin  of  measuring  procedures  of  magnetic  af¬ 
tereffect  and  irreversible  llux  loss. 
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TABLE  I,  Rcmanence  and  cocrcivity  al  room  temperature  of  investigated 
magnets. 


Specimens 

Rcmanence  (T) 

Coercivity  (kA/m) 

ISO  No.  1 

0.76 

680 

ISO  No.  2 

0,82 

950 

ISO  No,  3 

0.84 

1200 

ANISO  No.  1 

1.24 

650 

ANISO  No.  2 

1.22 

990 

ANISO  No.  3 

1.20 

1200 

isotropic  ones.  However,  it  increases  markedly  with  a  de¬ 
crease  in  //,.(RT)  and  then  becomes  larger  at  //p(RT)=1000 
kA/m  than  that  of  isotropic  ones  when  =  100  and  120  “C. 
This  behavior  can  be  attributed  to  the  fact  that  the  working 
point  of  the  anisotropic  specimen  with  low  //^(RT)  moves 
abruptly  to  a  steep  part  of  demagnetization  curve  from  its  flat 
part  with  increasing  . 

It  has  been  proposed  that  AI  can  be  expressed’’*^  for 
specimens  with  a  demagnetizing  factor  N  as 

A^  =  'SuA('irr(ln  t^-A)/{\  +Xm-A\N//J-n),  (2) 

where  5y  and  A  are  the  aftereffect  constant  and  the  constant 
related  to  the  initial  value  of  the  magnetization,  respectively. 
In  general,  Sy  and  depend  on  material,  ,  and  the  mag¬ 
netization  state  of  a  specimen.  In  order  to  clarify  which  of  .S„ 
and  ;^'j„  is  the  dominant  factor  in  affecting  the  magnitude  of 

is  plotted  in  Fig.  4  as  a 
function  of  ;^ifr .  Figure  4  includes  results  obtained  for  isotro¬ 
pic  as  well  as  anisotropic  specimens  with  various  //^(RT) 
(650-1200  kA/m),  T„  (60-120  °C),  and  lengths  (4.1  and  6.6 
mm).  As  clearly  seen  in  the  figure, 
(l+A'ioiaii^^/A))<^(^^)/<^(io  fa)  I’its  strong  correlation  with  ;^|,f 
and  all  the  plotted  points  arc  near  the  one  straight  line  indi¬ 
cated  by  the  solid  line.  Since  the  slope  of  the  line  corre¬ 
sponds  to  the  value  of  as  indicated  in  Eq.  (2),  this  result 
suggests  that  5,,  of  our  specimens  is  nearly  constant,  inde¬ 
pendent  of  //y ,  7'„ ,  the  alignment  of  c  axis,  and  the  length  of 
the  specimens.  Thus  the  magnitude  of  magnetic  aftereffect  is 
determined  mainly  by  . 


Exposure  Time  [hr] 

FIG.  2.  Typical  variation  of  magnetization  A/  due  to  magnetic  aftereffect  as 
a  function  of  exposure  . 
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Coercivity  Hc(RT)  [kA/m] 


FIG.  .1.  Typical  variation  of  d(A/)/r/(ln  r„)  as  a  function  of  coercivity  at 
room  temperature  //y(RT). 


Previously  Nishio  and  Yamamoto‘S  have  reported  that 
of  a  Ndi2,2Fe77Co5  4B5  4  compression  bonded  magnet,  which 
has  nearly  the  same  composition  as  ours,  is  between  2.6  and 
3.1  kA/m  in  the  temperature  range  of  20-125  °C.  The  lines 
corresponding  to  these  values  of  5y  are  also  shown  in  the 
figure  by  broken  lines.  Our  measured  data  roughly  agree 
with  the  broken  lines,  which  suggests  that  the  consolidation 
of  rapidly  quenched  powder  and  the  subsequent  alignment  of 
c  axis  do  not  affect  Sy  remarkably  and  that  the  prepared  fully 
dense  magnets  preserve  the  value  of  5y  of  rapidly  quenched 
powder. 

The  irreversible  flux  loss  FL  due  to  1  h  exposure  at  is 
shown  in  Fig.  5  as  a  function  of  .  From  an  empirical  point 
of  view,  FL  is  proportional  in  magnitude  to  at  each  . 
Thus  a  decrease  in  reduces  FL .  Irreversible  flux  loss  can 
be  attributed  to  magnetization  reversals  based  on  magnetic 
aftereffect  and  a  reduction  in  H^.  at  an  elevated  temperature. 
As  the  magnetization  reversal  due  to  magnetic  aftereffect  has 
strong  correlation  with  the  reversal  due  to  a  reduction  in 
//y  is  also  expected  to  correlate  with 


Irreversible  Susceptivifity  x„,  [H/m] 


FIG.  4.  (1 +.)(',„|,,V//Z|i)c/(A/)/(/(ln /„)  for  isotropic  as  well  as  anisotropic 
specimens  with  various  (RT),  7', .  and  lengths,  as  a  function  of  .  Solid 
line:  bcsl-lil  line  for  measured  data,  broken  lines:  lines  corre.sponding  to 
S^—Z.b  and  .1.1  kA/m.  The  slopes  of  lines  correspond  to  the  values  of  .S',, . 
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Irreversible  Susceptibility  ;i;i„  (H/m) 

FIG.  5.  Irreversible  flux  loss  FL  due  to  exposure  for  1  h  at  elevated  tem¬ 
peratures  as  a  function  of  .  Soiid  iincs:  isotropic  specimens,  broken  lines; 
anisotropic  specimens. 

It  is  also  seen  that  FL  can  be  reduced  by  making  the 
magnets  anisotropic.  Large  A/,(RT)  of  the  anisotropic  mag¬ 
nets  is  partly  responsible  for  this  improvement  because  FL  is 
expressed  after  the  normalization  by  the  initial  value  of  flux 
as  indicated  by  Eq.  (1). 

IV.  CONCLUSIONS 

Stability  of  flux  at  elevated  temperatures  was  studied  for 
fully  dense  isotropic  and  anisotropic  Nd-Fe-Co-B  magnets 


consolidated  from  rapidly  quenched  powder  by  direct  joule 
heating.  Although  the  magnitude  of  aftereffect  varied  with 
coercivity,  exposure  temperature,  anisotropy,  and  the  shape 
of  specimens,  the  unique  aftereffect  constant  S^,  was  ob¬ 
served  independently  of  these  parameters.  In  addition,  the 
observed  agreed  roughly  with  that  reported  previously  for 
a  bonded  magnet.  These  results  suggest  that  the  consolida¬ 
tion  process  and  the  subsequent  alignment  of  c  axis  do  not 
affect  and  that  the  magnitude  of  the  aftereffect  is  deter¬ 
mined  mainly  by  the  irreversible  susceptibility  . 

The  irreversible  flux  loss  FL  due  to  exposure  at  an  el¬ 
evated  temperature  was  also  proportional  in  magnitude  to 
which  depends  on  the  coercivity  and  the  shape  of  specimens. 
However,  FL  of  the  anisotropic  specimens  was  much  smaller 
than  that  of  isotropic  ones.  Therefore  FL  is  expected  to  be 
reduced  by  decreasing  and/or  making  magnets  aniso¬ 
tropic. 
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X-ray-diffraction  patterns  and  Mossbauer  spectra  of  SninfFc.fi  OnC),,  alloys  have  been  studied,  The 
results  of  x-ray-diffraction  patterns  and  Mossbauer  spectra  indicate  that  little  a-Fe  and  carbonidcs 
appear  in  Sm2(Fe,Ga)i7Ci ,  alloys.  The  aildition  of  a  few  Ga  atoms  show  that  the  thermal  stability 
in  Sm2(Fe,Ga)i7Ci  5  alloys  is  getting  better.  Structural  analyses  indicate  C  atoms  as  interstitial  atoms 
occupying  the  9d  site.  Ga  atoms  seem  to  substitute  partially  for  Fe  atoms  and  occupy  preferentially 
the  18/i  site. 


I.  INTRODUCTION 

The  binary  compounds  are  not  suitable  for  per¬ 

manent  magnetic  materials  because  of  their  low  Curie  tem¬ 
perature  and  plane-preferred  magnetocrystalline  anisotropy. 
It  has  been  recently  shown  that  the  presence  of  the  interstitial 
C  atoms  in  compounds  gives  rise  to  an  increase  of  the 
Curie  temper’Ture  by  more  than  100  K  compared  with  their 
counterparts  without  carbon.*'^  In  particular,  in  the  case  of 
Sm2Fei7C;j, ,  a  relatively  high  uniaxial  crystal  anisotropy  and 
an  anisotropy  field  of  about  6  T  were  found  at  room  tempera¬ 
ture  for  But  the  carbon  concentration  was  well  below 
x=2  in  /?2Fei7C^.  compounds  achieved  by  arc  melting.'’’”’ 
Liao  et  al.‘'  reported  that  high  carbon-containing  /<2Fei7C^. 
(x=2,5)  compounds  were  obtained  by  .solid-gas  phase  reac¬ 
tion.  Unfortunately,  these  carbides  will  decompose  into  the 
equilibrium  phases  RC  and  a-Fe  on  heating  to  700  "C.^  Re¬ 
cently,  Shen  and  co-workers”  have  obtained  R2FC17CJ  (a:=()- 
3.0)  compounds  by  means  of  the  melt-spinning  method. 
These  carbides  arc  highly  stable  at  least  at  high  temperature 
up  to  1100  °C.  Shen’s  results  shows  that  a  few  Ga,  Si,  and  A1 
atoms  substitutions  for  Fe  can  enhance  the  thermal  stability 
in  Sm2Fe,7C^  alloys.  In  order  to  better  understand  the  influ¬ 
ence  of  carbon  and  substitution  atoms  on  the  structure  in 
Sm2Fe|7Cj  alloys,  we  performed  Mossbauer  spectra  study  of 
melt-spun  Sm2(Fe,Ga)2Ci  5  alloys. 

II.  EXPERIMENTAL  DETAILS 

The  alloy  Sm2Fei7  .^GajjCi ,  (a:=  1-6)  was  prepared  by 
melting  of  99.9%-pure  primary  elements  in  argon  atmo¬ 
sphere.  The  buttons  were  melted  at  least  three  times  to 
achieve  homogeneity.  Then  the  alloy  buttons  were  annealed 
at  100()-12()0  ‘’C  in  vacuum  for  5t)  h.  Sm2{FeGa)|7C|  s  alloy 
buttons  v/ere  melted  and  then  made  into  ribbons  by  the  melt- 
spinning  technique.  The  obtained  ribbons  were  about  1  mm 
wide  and  20-30  ptm  thick.  X-ray-diffraction  experiments 
with  Cu  K„  radiation  were  made  to  determine  the  crystallo¬ 
graphic  structure.  The  ’ '’Fe  Mossbauer  spectra  for 
Sn!2Feij;Ga2C|  5  compounds  (a  natural  abundance  Fe  used)  at 


room  temperature  were  collected  using  a  constant  accelera¬ 
tion  spectrometer  with  a  source  of  ”Co  (in  Pd).  The  velocity 
scale  was  calibrated  using  an  a-Fe  ab.sorber  at  room  tem¬ 
perature. 

III.  RESULTS  AND  DISCUSSIONS 

X-ray-diffraction  patterns  indicated  that  the  main  phases 
of  all  the  samples  is  the  2:17  structure.  Sm2(FeGa)|7C| 
compounds  crystallize  in  the  rhombohedral  Th2Zhi7-type 
.structure  {R3m).  The  substitution  of  Fe  with  Ga  results  in  a 
increase  in  the  lattice  constants.  The  results  of  x-ray  diffrac¬ 
tion  show  the  unit-cell  volume  of  Sm2(FeGa)i7Ci,5  linearly 
increases  with  increasing  Ga  concentration. 

For  .some  samples  in  Sm2Fei7C^.  compounds  with  high 
carbon  concentration,  the  a-Fe  also  has  to  be  taken  into  ac¬ 
count.  But  here,  the  x-ray  pattern  (Fig.  1)  shows  a  slight 
trace  of  a-Fe  in  the  Sm2(FeGa)  17C,,  5  compound.  That  is  to 
say,  the  addition  of  the  few  Ga  atoms  in  Sm2(FeGa)i7C|  5 
compounds  will  help  to  enhance  a  single  phase  in  the  car¬ 
bides  of  Sm2(FeGa),7C|  j. 


FKi.  1.  X-ray-ilifl'r;icli(m  palli-rii  ol' .Sni;l''C|,('iicC’i compmiiid  (9  n-l'c). 
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FIG.  2.  Mossbaucr  spectrum  of  SinjFcnOajCi  j  compound. 


The  addition  oi  tlie  Ga  atoms  leads  to  an  increase  of  axis 
anisotropies.  At  the  optimal  quenching  rate,  the  intrinsic  co- 
ercivity  obtained  is  kOc. 

There  are  four  nonequivalent  types  of  Fe  sites  in  the 
Th2Zni7  unit  cell  (6c,  9d,  18/i,  and  18/  ),  and  the  C  atoms 
could  be  statistically  distributed  over  the  9d  site  in  this 
structure.^' 

For  the  C-containing  compounds,  because  of  their 
uniaxial  anisotropy,  the  Mbssbauer  subspectra  for  18/i  and 
18/  sites  have  to  be  split  into  two  subspectra  with  the  inten¬ 
sity  ratio  of  1:2,''  so  that  six  subspectra  were  used  in  order  to 
fit  the  Mbssbauer  spectrum  of  the  Sm2FeijGa2Ct  5  compound 
(Fig.  2). 

During  the  fitting  of  the  Mbssbauer  spectrum,  six  Ga 
atoms  are  regarded  au  entering  into  18/j  and  18/  sites  with 
equivalent  ratio,  so  an  overall  intensity  constant  of 
6:9:(10;5):(10;5)  for  6c;9<f:18/;l8A  was  imposed.  We  used 
the  fitting  procedure  written  by  one  author  (Zu-xiong  Xu)  of 
this  paper,  which  can  impose  the  restricted  condition  of  the 


TABLE  1.  Hypcrfine  fields  for  each  crystallographic  site  of  the 
SmjFcisGajC’i  s  compound. 


6c  (T) 

9d  (T) 

18/,  (T) 

18/,  (T) 

l8/r|  (T) 

18/i,(T) 

27.6 

23.5 

20,9 

16.8 

18.8 

14.0 

above-mentioned  intensity  ratios  to  the  fitting.  The  hyperfine 
fields  for  each  crystallographic  site  of  the  Sm2Fei5Ga2Ci  5 
compound  are  listed  in  Table  I. 

There  is  no  doubt  that  the  6c  dumbcll  site  should  have 
the  largest  hyperfine  field  since  it  has  the  most  Fe  atoms,  and 
the  fewest  rare-earth  neighbors.  Similarly,  the  18/  site  has  a 
larger  hyperfine  field  than  the  I8/1  site.  The  9d  site  can  be 
distinguished  by  its  intensity  from  the  18/  and  I8/1  sites. 
Hence  we  find  hyperfine  fields  for  the  different  Fe  sites  that 
decrease  in  the  order  6c>9r/>18/>  I8/1. 
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Recently  it  was  shown  that  the  electrical  resistivity  behaves  anomalously  both  at  low  temperatures 
and  near  the  Curie  point  in  rare-earth  iron  borides  due  to  the  subtle  interplay  between  4/  and  3d 
transition  elements.  Here  a  systematic  experimental  study  on  the  behavior  of  the  thermoelectric 
power  (5)  of  /f2Fei4B  compounds  with  heavy  (/?=Gd,  Tb,  Dy,  Ho,  Er)  and  light  (Nd,  Sm) 
rare-earth  elements  is  presented.  Data  for  La2Fe|4B,  in  the  temperature  range  10  K<7’<350  K,  is 
also  included  for  comparison.  The  results  are  consistent  with  the  spin-mixing  model  for  electron 
scattering,  with  an  intrinsic  thermopower  contribution  related  to  Fe  and  a  spin  dependent  impurity 
scattering  term  related  to  the  rare-earth  magnetic  ions.  From  the  interplay  of  both  terms  we  can  get 
maxima  in  S  (for  R  =Td,  Dy,  Ho,  Er  .samples)  or  minima  (Gd,  Nd,  Sm)  at  low  temperatures.  The 
data  indicates  the  ultimate  dominance  of  impurity  scattering  at  low  temperatures,  producing  a  linear 
variation  in  the  magnetic  thermopower  (5).  In  La2Fei4B,  only  the  intrinsic  effect  is  observed,  and 
S{T)  does  not  follow  a  linear  temperature  dependence. 


I.  INTRODUCTION 

Studies  on  /?-Fe-B  compounds  generally  deal  with  their 
magnetic  properties  for  applications  at  room  temperature  and 
above.  These  compounds,  however,  exhibit  intere.sting  ef¬ 
fects  in  other  physical  properties,  namely  in  transport  phe¬ 
nomena,  due  to  the  subtle  interplay  between  4/  and  3d  tran¬ 
sition  elements.  Recently,  we  have  shown  that  the  electrical 
resistivity  behaves  anomalously  both  at  low  temperatures 
and  near  the  Curie  point.'  "  The  results  on  the  behavior  of  the 
thermoelectric  power  of  y?2F®i4*3  compounds  is  here  re¬ 
ported,  for  the  ca.se  of  heavy  (y?=Gd,  Tb,  Dy,  Ho,  Er)  and 
light  (Nd,  Sm)  rare  earths,  over  the  temperature  range  10 
K<r<350  K.  For  comparison  we  also  include  the  data  for 
La2Fei4B. 

II.  RESULTS  AND  DISCUSSION 

As  shown  in  Figs.  1  and  2,  the  thermoelectric  power  (5) 
is  negative  at  high  temperatures,  exhibiting  a  flat  curve  from 
about  2‘'0  up  to  350  K,  with  relatively  large  values,  e.g., 
5^-15  //VK  ‘  for  «=Gd  and  S=-17  /xV  K  '  for 
/i:=Sm. 

Below  —200  K.  the  thermopower  rises  rapidly  with  the 
decrease  of  temperature,  exhibiting  characteristic  maxima  at 
intermediate  temperatures.  For  example,  in  Er2Fe|4B  we  ob¬ 
serve  10.5  fi\'  K”'  at  7=37.5  K. 

In  the  heavy  rare-earth  samples  with  R  =Tb,  Dy,  Ho,  Er 
(Fig.  2),  and  also  in  LaF'e]4B,  the  thermoelectric  power  de¬ 
creases  monotonically  from  such  maxima,  towards  vanishing 
values  at  the  lowest  temperatures.  In  contrast,  in  the  samples 
with  R  =Gd,  Sm,  Nd,  a  more  complex  behavior  occurs,  lead¬ 
ing  to  the  appearance  of  a  negative  minimum  at  lower  tem¬ 
peratures.  For  example,  in  Gd2Ei|4B  we  have 
/uV  K  ‘  at  7=27  K. 

We  have  also  measured  the  electric  resistivity  in  the 
same  .samples,  which  enabled  us  to  obtain  the  normalized 


quantity  S(T)/f){T)  for  each  sample.  As  can  be  seen  from 
the  phenomenological  transport  equations,  such  quantity  de¬ 
pends  only  on  the  cross-transport  coefficient  Ljo,  which  is 
responsible  for  the  appearance  of  any  finite  thermoelectric 
power:'' 

5(7)^7k,(7) 

p(7)  7  • 

As  shown  in  Fig.  3,  all  the  S/p  high-lernperature  data  closely 
approaches  a  common  curve,  indicating  a  similar  behavior 
for  all  the  .samples  in  this  temperature  range.  This  quantity 
affords  a  more  direct  comparison  with  simpler  theoretical 
expressions,  obtained  after  the  discarding  of  several  scatter¬ 
ing  mechanisms  which  do  not  contribute  to  7,,|  althougli 
they  give  important  effects  in  p. 


I’Ki.  1.  ronipi'iiiluic  dependence  ol  llie  therinneleclrie  power  tor  /<_,l  e|jH 
(W-'I'b,  Dy,  Hi),  Hr)  and  La,re|,,H. 
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FIG.  2.  Tcmpcramre  dependence  of  the  thermoelectric  power  for/<2l'e|4B 
(/{=Nd,  Sm,  Gd). 


The  low-temperature  data  shows  a  rapid  rise  of  S  with 
the  increase  of  temperature,  quickly  reaching  a  maximum 
with  relatively  high  values;  for  example,  we  have  5s f] 
fiV  K  '  in  Er2Fe]4B  when  T~~35  K.  These  effects  arc  not 
due  to  the  normal  scattering  mechanisms  which  invariably 


FIG.  3.  Temperature  dependence  of  S/p  fur  /tjFci.jB  (/{"-Wd,  Sm,  Gd,  Tb, 
Dy,  Ho,  Er). 
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lead  to  small  values,  S~{k/e)  {kTlEp)  oi S~{klr)  (A/£;,), 
since  both  the  thermal  (kT)  and  exchange  (A)  energies  are 
much  smaller  than  the  Fermi  energy. 

Large  values  of  S  at  low  temperatures,  with  sizable 
maxima  or  minima  before  fading  away  at  high  temper?tures, 
occur  frequently  in  ordered  magnets  caused  by  magnon  scat¬ 
tering  (spin-flip  relaxation  time  Tu)  in  the  particular  cases 
where  impurity  scattering  leads  to  different  electron  collision 
times  for  spin-up  or  -down  directions 

If  the  concentration  of  impurities  is  sufficiently  large  so 
that  relaxation  of  the  electrons  with  respect  to  momentum 
(causing  electrical  resistivity)  occurs  on  the  impurities,  while 
only  energy  relaxation  occurs  on  the  magnons,  it  can  be 
shown  that:^’^’ 

5a(r|  -Tj)/", 

1 

where  the  first  regime  holds  at  low  temperatures 

where  T|,  (when  a  cutoff  exists  for  electron-magnon 

scattering,  an  exponential  decrease  of  S  takes  over  at  still 
lower  temperatures).  The  second  regime  occurs 

when  the  magnon  scattering  dominates  over  impurity  scatter¬ 
ing,  T||<Tj,  T| .  The  absolute  value  of  S  should  then  go 
through  a  maximum  at  intermediate  temperatures,  when 

The  Tf  9^  Tj  asymmetry,  which  is  absolutely  necessary  to 
produce  large  effects  in  usually  arises  from  the  presence 
of  impurities  causing  spin-dependent  s-s  electron  scatter¬ 
ing,  such  as  magnetic  impurities  or  transition-metal 
impurities.'®"*^  In  addition,  the  intrinsically  spin  transitions 
at  temperatures  below  the  Curie  point,  caused  by  magnons  as 
well  as  by  phonons,  can  play  a  role  similar  to  the  magnetic 
impurities.® 
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Effects  of  field  orientation  on  field  uniformity  in  permanent  magnet 
structures 
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The  effects  of  magnetic-field  orientation  are  investigated  for  permanent  magnet  structures  designed 
for  the  generation  of  highly  uniform  fields.  The  structures  considered  are  based  on  closed  cavities 
that  produce  exactly  uniform  internal  fields.  An  open  structure  with  an  approximately  uniform  field 
is  obtained  by  removing  part  of  the  wall  from  such  a  cavity.  This  paper  explores  how  the 
magnetic-field  uniformity  depends  on  the  field  orientation  relative  to  the  opening.  A  yokeless, 
cylindrical  cavity  that  is  opened  at  both  ends  is  considered  in  detail  with  the  field  oriented  both 
perpendicular  to  and  parallel  to  the  cylinder's  axis.  The  field  uniformity  is  shown  to  be  substantially 
better  for  the  perpendicular  orientation.  The  leakage  field  outside  the  magnet  is  also  contrasted  for 
the  two  cases. 


I.  INTRODUCTION 

A  general  approach  for  designing  open  permanent  mag¬ 
net  structures  that  generate  highly  uniform  magnetic  fields  is 
to  begin  with  a  closed  structure  that  generates  an  exactly 
uniform  field  in  an  internal  cavity.'  From  the  infinite  variety 
of  such  closed  structures,  one  may  be  .selected  to  meet  par¬ 
ticular  design  criteria.  To  open  the  structure,  which  is  neces¬ 
sary  to  allow  access  to  the  field,  magnetic  material  is  re¬ 
moved  from  the  cavity  wall.  This  paper  examines  how  the 
character  of  the  resulting  approximately  uniform  field  de¬ 
pends  on  the  orientation  of  the  field  relative  to  the  opening. 

A  yokeless,  cylindrical  structure  (Fig.  1)  is  used  as  a 
prototype.  If  the  cylinder  is  closed  at  both  ends,  the  magne¬ 
tization  can  be  chosen,  without  changing  the  structure’s  ge¬ 
ometry,  to  produce  a  perfectly  uniform  magnetic  field  inside 
the  cavity  oriented  either  perpendicular  or  parallel  to  the  axis 
of  the  cylinder  and  with  no  magnetic  field  outside  the  cylin¬ 
der.  If  the  cylinder  is  then  opened  at  both  ends,  the  field  will 
be  approximately  uniform  in  the  center  of  the  structure,  but 
highly  perturbed  near  the  ends.  There  will  also  be  a  leakage 
field  outside. 

The  degree  of  uniformity  in  the  center,  the  nature  of  the 
perturbation  at  the  end  of  the  cylinder,  and  the  amount  of 
leakage  field  is  shown  to  be  substantially  different  for  the 
two  orientations.  In  particular,  the  perpendicular  orientation 
gives  a  more  uniform  central  field,  better  end  behavior,  and 
less  leakage  field.  Thc.se  advantages  of  the  perpendicular  ori¬ 
entation  follow  from  general  considerations  and  apply  also  to 
structures  of  direct  practical  interest. 

II.  DESCRIPTION  OF  MODEL 

Consider  first  an  infinitely  long  cylinder  of  inner  radius 
and  outer  radius  A.ssurne  magnetic  material  filling  the 
region  between  r,  and  r  ^  i^d  having  a  magnetic  polarization 
density  J{r,iJj,z),  where  (r,i//,z)  are  conventional  cylindrical 
coordinates  taken  relative  to  the  cylinder’s  symmetry  axis. 
There  is  a  unique  choice  of  J  that  produces  a  uniform  mag¬ 
netic  field  H  of  specified  magnitude  and  orientation  in  the 
region  r<r^  and  zero  magnetic  field  for  r>r2,  and  that 
obeys  the  constraints  V-J-O,  VxJ=(),  and  fj  da~0,  where 
the  integral  is  taken  over  the  inner  surface  of  the  cylinder. 


The  three  constraints  on  J  select,  from  the  distributions  pro¬ 
ducing  the  specified  field,  the  one  with  the  greatest  possible 
figure  of  merit. 

A  perpendicular  orientation,  corresponding  to  the  choice 
H=//o(sin  i/t+cos  ij/if/)  for  r<r^,  yields  the  distribution 

Ir^^rl 

-27-T— (.sin  ^/yf-cos  lA^),  (1) 

'  ('2 


while  the  parallel  orientation  H=//oZ  produces 


J  - 


r  ln(r2/ri) 


1 

{r2lr\)^-\ 


Xnjfilr) 

ln(f2/fi) 


(2) 


By  truncating  the  cylinder  at  2==  tz,,,  an  open  structure, 
shown  in  Fig.  1,  is  obtained,  having  an  approximately  uni¬ 
form  internal  field. ^  This  structure  can  also  be  properly  con¬ 
sidered  the  result  of  opening  a  finite  closed  cylinder,  since 
end  caps  for  the  truncated  cylinder  can  be  designed  that  re¬ 
store  the  perfect  uniformity  of  the  field. 


III.  RESULTS 

Since  V-J=0,  the  magnetic  charge  density  rr  for  the 
structure  is  nonzero  only  on  it’s  surface  and  is  readily  found, 
for  the  two  orientations,  from  Eqs.  (1)  and  (2)  using  the 
expression  f7=J'n,  where  n  is  an  outward  pointing  unit  vec- 


Flti.  1.  Yokcless,  cylindrical  magnetic  structure  (it  length  Magnetic 
niateiial  tills  the  region  between  r-r^  and  r-r,. 
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FIG,  2.  /////q  on  the  z  axis  vs  z/r,  for  r2/r|=2.0  and  Zo//'|=5.0.  The 
uniformity  of  the  central  field  is  better  for  the  perpendicular  orientation 
(solid  line)  than  for  the  parallel  orientation  (dotted  line). 


tor  perpendicular  to  the  surface.'  The  magnetostatic  scalar 
potential  <I>  at  a  point  x  is  computed  from  the  integral 


<I>(x)  = 


1 

Att/xq 


L 


(r(x') 

|x-x'l 


da'. 


(3) 


taken  over  the  surface  of  the  structure,  and  the  magnetic  field 
is  calculated  from  H=-V4>. 

Figure  2  shows  the  magnetic  field  on  the  z  axis,  for  the 
two  oriemations,  with  r2/r i  -2.0  and  Zo/f,  =5.0.  For  the  per¬ 
pendicular  case,  the  perpendicular  component  is  plotted,  and 
for  the  parallel  case  the  parallel  component  i*;  plotted.  The 
central  field  for  the  perpendicular  orientation  is  significantly 
stronger  and  mojc  uniform  than  for  the  parallel  orientation. 
Moreover,  the  field  for  the  parallel  case  varies  rapidly  near 
the  end  of  the  structure,  acquiring  large  negative  values, 
while  the  field  for  the  perpendicular  case  falls  monotonically 
to  zero. 

In  Fig.  3,  the  magnitude  of  the  field  at  the  center  of  the 
structure  is  given  as  a  function  of  Zo/r,  for  rj/r  i  =2.0,  show¬ 
ing  that  the  field  approaches  its  asymptotic  value  of  //„  much 
more  slowly  for  the  parallel  orientation.  In  Fig.  4,  equipoten- 
tial  lines  near  the  structure’s  end,  in  the  two-dimensional 
cross  section  corresponding  to  {/j-ttI'Z,  are  illustrated  for  the 
two  orientations.  For  the  parallel  orientation  a  saddle  point 
occurs  near  (r/ri=0.0,  z/r'i=4.()). 

Both  inside  and  outside  the  cylinder,  the  potential  can  be 
expanded  in  spherical  harmonics.  Introducing  spherical  coor¬ 


FIG.  4.  Equipotential  lines  for  (a)  the  perpendicular  orientation  and  (b)  the 
parallel  orientation  near  the  end  of  the  magnet  (ijj-irll).  The  lines  arc  la¬ 
beled  with  the  value  of  . 


dinates  {p,0,ip),  where  p  is  the  radial  coordinate  and  6  is  the 
angle  to  the  z  axis,  the  potential  has  the  expansion,  for  p<r^, 

00  /■  00 

<t>  =  S  p'l  a/u^’i(cos  P)+  2  [fl/m  cos(wi//) 

1  =  0  «i  =  l 


+  bi,„  sin(mi/r)]P'/'(cos  P)| ,  (4) 

and  for  pX.zl^ 

rv  f  *» 

tl>=2)  p“'''  ”  c,(,P,(cos  0)+  ^  [c,,„  cos(mt/r) 

1  =  1)  [  m=t 

+  di„,  sin{mil/)]Pl'{cos  (?)| ,  (5) 


FIG.  3.  H/Ho  at  the  center  of  the  magnet  vs  Zn/r,  for  r2lr\'—2X).  H/H„ 
approaches  its  asymptotic  value  of  1.0  more  rapidly  for  the  perpendicular 
orientation  (.solid  line)  than  fur  the  paraliel  orientation  (dotted  line). 


where  P;  and  P'"  are  Legendre  functions.  Using  symmetry 
arguments,  all  the  coefficients  for  the  parallel  case  can  be 
shown  to  vanish  except  the  «/;,  and  c,,,  with  odd  /.  In  Ref.  1, 
it  is  demonstrated  for  the  perpendicular  case  that  the  only 
nonzero  coefficients  are  the  /;/i  with  odd  /  and  the  with 
odd  /  and  /  =1^=  1 . 

Tables  I  and  II  show  expansion  coefficients  for  /=1,  3, 
and  5  with  r2lr^-2X)  and z^dr^  =5.0.  For  an  exactly  uniform 
field,  the  only  nonzero  coefficients  would  be  =  for 
the  perpendicular  case,  and  cii(,=  for  the  parallel  case. 
Deviations  from  these  values  represent  perturbations  caused 
by  the  opening. 

Aside  from  the  bn  and  ai,,,  the  magnitudes  of  corre¬ 
sponding  coefficients  having  the  same  /  value  are  much 
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TABLE  I.  Expansion  coefficients  for  pcipendicular  orientation  (r2/r,=2.0. 


1 

m 

1 

1 

0.998 

0 

.5 

1 

-1.2X10"“' 

5.0 

5 

1 

-.5.2X10"'’ 

2,4X10- 

greater  for  the  parallel  orientation  than  for  the  perpendicular 
orientation.  In  particular,  the  coeflicients  show  that  the  uni¬ 
formity  in  the  central  region  is  about  40  X  better  for  the 
perpendicular  case.  In  addition,  since  the  coefficient  van¬ 
ishes  for  the  perpendicular  orientation,  the  leakage  field  has 
an  octupole  character  and  decays  as  p”*’,  while  the  field  for 
the  parallel  case  is  of  dipole  character  and  decays  as  p  ^ 


IV.  DISCUSSION 

The  magnetic  fields  for  the  the  parallel  and  perpendicu¬ 
lar  orientations  are  different  in  three  basic  ways.  First,  the 
field  for  parallel  orientation  changes  sign  near  the  opening 
and  becomes  larger  in  magnitude  than  the  field  at  the  center 
of  the  structure.  In  contra.st,  the  field  for  the  perpendicular 
orientation  decreases  monotonically  at  the  opening.  Second, 
the  distortion  of  the  central  field  is  much  greater  for  the 
parallel  case,  as  indicated  by  the  spherical  harmonic  expan¬ 
sion  coefficients.  Third,  the  leakage  field  decays  as  an  octu¬ 
pole  for  the  perpendicular  case,  but  only  as  a  dipole  for  the 
parallel  case. 

The  change  in  sign  of  the  field  for  the  parallel  orientation 
is  due  to  the  fact  that  well  inside  the  cylinder  the  magnitude 
of  the  potential  on  the  z  axis  increases  with  z,  as  required  by 
a  parallel  field,  while  outside  the  cylinder,  the  potential  must 
decrease  in  magnitude.  Thus,  somewhere  in  between,  the  po¬ 
tential  has  an  extremum  where  its  derivative,  the  magnetic 
field,  changes  sign.  Moreover,  because  the  rate  of  change  of 


TABLE  II.  Expansion  coelficicnts  for  parallel  orlenlation  (r2/ri=2.(l, 
z,./r,  =  5.()). 


1 

m 

1 

0 

-0.923 

-5,41 

,5 

(1 

5.1X10  •’ 

-3.9X1(F 

5 

0 

2.3X10  “* 

-1,4X10'‘ 

the  potentia’  is  most  rapid,  as  is  reasonable,  near  the  opening, 
the  magnitude  of  the  field  there  exceeds  the  value  at  the 
center  of  the  structure. 

Since  end  caps  designed  to  close  the  -structure  and  re¬ 
store  the  perfect  field  uniformity  would  have  to  generate  a 
stronger  near  field  for  the  parallel  orientation  than  for  the 
perpendicular  orientation,  it  should  be  expected  that  the  far 
field  from  such  end  caps  also  be  stronger  for  the  parallel 
case.  Thus  the  greater  distortion  found  in  the  central  region 
for  the  parallel  case  may  be  regarded  as  a  consequence  of 
orienting  the  field  in  the  parallel  direction. 

The  vanishing  of  the  dipole  moment  for  the  perpendicu¬ 
lar  orientation  is  not  unique  to  the  model  considered  here, 
but  occurs  generally  for  any  cylindrical,  yokeless  structure 
where  J  is  independent  of  z  and  perpendicular  to  z.  Since 
these  conditions  can  only  be  met  lui  a  perpendicularly  ori¬ 
ented  field,  the  zero  dipole  moment  obtained  for  the  perpen¬ 
dicular  case  can,  in  a  sense,  be  attributed  to  the  field’s  orien¬ 
tation. 

Field  orientation  effects  similar  to  those  demonstrated 
for  the  truncated  cylinder  of  this  paper  should  also  apply  to 
other  yokeless  structures  of  similar  geometry.  Examples  of 
practical  interest  include  cylindrical  structures  generating 
perpendicular^  and  parallel'*”'’  fields  and  structures  of  po¬ 
lygonal  cross  section  made  from  uniformly  magnetized 
polyhedra.* 

V  SUMMARY 

The  effects  of  magnetic-field  orientation  have  been  in¬ 
vestigated  for  a  cylindrical  permanent  magnet  structure 
opened  at  both  ends  and  designed  to  generate  a  uniform  cen¬ 
tral  field.  Fields  oriented  primarily  perpendicular  and  parallel 
to  the  cylinder’s  axis  have  been  compared.  The  distribution 
of  magnetic  polarization  for  both  cases  is  chosen  to  maxi¬ 
mize  the  figure  of  merit.  It  is  found  that;  (1)  The  main  com¬ 
ponent  of  the  field  decreases  monotonically  near  the  struc¬ 
ture’s  end  for  the  perpendicular  orientation,  but  changes  sign 
for  the  parallel  orientation;  (2)  the  field  in  the  center  of  the 
structure  is  more  uniform  for  the  perpendicular  orientation; 
3)  the  leakage  field  for  the  perpendicular  case  is  smaller  due 
to  a  vanishing  of  the  dipole  moment. 

'  M.  G.  Abulc,  Siruclures  of  Permaiieni  Magiicis  (Wiley,  New  York,  IU‘I.1). 

^Adelailcd  diseus.sion  of  the  truncated  cylinder  with  the  magnetic  polar¬ 
ization  density  of  Eq.  (1)  is  given  in  Rel.  1,  pp.  275-286. 

■’K.  Halbach,  Niicl.  lustrum,  Methods  169,  1  (10801. 

■'W.  Neugebauer  and  E.  M.  Branch,  Technical  Report,  Microwave  Tube 
Operations,  General  Electric,  Schenectady,  15  .March,  1972  (unpublished). 

'J.  P.  Clarke  and  H.  A.  Ijrupold,  IEEE  Trans.  Magn.  MAG.22,  106.-! 
(1986). 

'’H.  A.  Lcupold  and  E.  Potenziani  II,  IEEE  T'ans.  Magn.  MAG-22,  1078 
(19«()). 
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Lightweight,  distortion-free  access  to  interiors  of  strong  magnetic  fieid 
sources 

H.  A.  Leupold,  E.  Potenziani,  II,  and  A.  S.  Ttlak 

U.  S.  Army  Research  Laboratory,  AMSRL-EP-EC-H,  Fort  Monmouth,  New  Jersey  0770J-50()I 

A  permanent  magnet  structure  has  been  designed  to  provide  field  distortion-free  access  to  large 
magnetic  fields  in  cylindrical  and  spherical  cavities  without  the  unacceptably  large  mass  increases 
usually  incurred  to  provide  it.  For  example,  a  spherical  shell  that  produces  a  1.2-T  field  in  a 
spherical  cavity  of  2-cm  radius  has  a  mass  of  about  2.3  kg  if  material  of  12.2-kOe  coercivity  and 
12.2-kG  remanence  is  used.  If  the  sphere  is  compensated  for  distortion-free  equatorial  access,  its 
mass  must  rise  to  23  kg  to  maintain  the  same  field  in  the  cavity.  If  the  geometry  is  altered  by  the  new 
technique  to  maintain  field  integrity  under  acces.s,  the  mass  is  only  1 .7  kg.  Some  applications  are 
discussed  that  afford,  up  to  this  time,  unviable  devices. 


I.  INTRODUCTION 

The  so-called  “magic”  rings  and  spheres''^  are  capable 
of  generating  unusually  high  magnetic  fields  in  their  inner 
chambers  and  therefore  afford  a  considerable  expansion  of 
the  applicability  of  permanent  magnets  to  technology.  Since 
many  of  the  new  applications  require  access  tunnels  of  di¬ 
ameter  sufficient  to  significantly  distort  the  internal  working 
fields,  the  authors  devised  a  method  to  greatly  reduce  such 
distortions^  Figure  1  shows  how  this  is  done  for  a  ring.  In 
effect,  each  segment  of  the  ring  is  given  a  magnetization 
which  is  the  result  of  a  uniform  magnetization,  which  has  no 
effect  on  the  generated  field,  and  the  original  ring  magneti¬ 
zation  which  produces  that  field. 

The  uniform  component  of  magnetization  may  be  in  any 
direction  and  of  any  magnitude  so  that  it  can  be  chosen  to 
render  the  required  magnetization  zero  in  any  desired  seg¬ 
ment,  thereby  making  that  segment  dispensable  and  afford¬ 
ing  distortion-free  access  through  it.  Figure  1(a)  shows  a  ring 
in  which  such  access  is  provided  at  the  poles  and  Fig.  1(b) 
where  the  access  is  at  the  equator.  In  the  structure  in  Fig. 
1(a),  the  magnetization  is  radial  everywhere  in  direction 
while  in  Fig.  1(b)  it  is  transverse  in  direction.  The  same 
procedure  may  be  used  in  “magic  spheres.” 


II.  COMPACTION  OF  DISTORTION-FREE 
STRUCTURES 

An  often  serious  drawback  of  the  described  procedure  is 
that  it  requires  materials  of  double  the  remanence  of  those 
available  if  the  maximum  available  remanence  is  used  in  the 
original  unaltered  sphere.  If  the  original  field  is  to  be  main¬ 
tained  in  the  distortionle.ss  configuration,  its  radius,  and 
hence  its  mass  must  be  increased  considerably.  For  example, 
a  “magic”  sphere  of  1.2-T  remanence,  and  1.2-T  cavity 
flux  density,  has  an  outer  radius  of  4.25  cm  if  its  inner  cavity 
is  2.0  cm  in  radius.  An  altered  sphere  would  behave  as  a 
regular  sphere  with  only  0.6-T  remanence.  For  the  altered 
sphere  to  produce  the  same  internal  field  of  1 .2  T,  its  outer 
radius  r'„  must  be  increased  according  to  the  relation:^ 

ln(r>,)  a,  1.2 

ln(r„//-,)  /?;  0.6  ’  ''  ’ 

where  r„  and  /•,  are  the  original  outer  and  inner  radii,  respec¬ 


tively.  This  is  a  consequence  of  the  expression  for  the  flux 
density  in  the  cavity  of  a  “magic”  sphere,  viz: 
B-(4/3)fir  ln(r„/;-,).  Substituting  ,-,=2.0  and  r„=4.25,  we 
obtain  r',~9  cm  and  the  resulting  mass  increase  would  be 
from  2.3  to  24  kg,  a  factor  of  more  than  ten. 

The  magnitude  of  remanence  of  an  altered  “magic”  ring 
or  sphei  aries  with  the  polar  angle  as 

flf=2B()  .sin  0  polar  access 

(2) 

cos  0  equatorial  access, 

so  that  maximum  remanence  is  required  only  at  the  poles  in 
a  spheroid  designed  for  equatorial  access  or  at  the  equator  for 
tho.se  with  polar  access.  This  suggests  that  if  the  remanence 
was  the  maximum  available  everywhere,  it  might  be  possible 
to  pare  the  local  radius  in  compensation  where  maximum 
remanence  is  in  excess  of  that  specified  and  to  augment  the 
local  radius  only  where  the  maximum  remanence  falls  short 
of  that  required.  In  this  way,  the  net  addition  of  material  to 
spheres  to  make  them  distortion-free  would  be  minimized, 

The  field  in  the  cavity  of  a  “magic”  ring  or  sphere  arises 
from  three  .sources:  the  poles  a  on  the  inner  and  outer  sur¬ 
faces  of  the  spheroidal  or  cylindrical  shell  and  the  volume 
polar  distribution  p.  The  surface  pole  contribution  is  zero  for 


(b) 


I-Ki.  1.  Alteration  of  magiicliziition  (small  arrows)  of  "magic  rings”  and 
"splicrcs"  to  provide  distortion-free  access  at  the  poles  (a)  and  at  the  equtt- 
tor  (b).  The  resultant  magnetizations  are  transverse  for  polar  access  A  and 
radial  for  equatorial  access  II.  The  large  central  arrows  represent  the  internal 
Itclds,  the  smaller  arrows  in  the  shell  the  remanenees  and  the  dots  the  re¬ 
gions  of  zero  reniiinence. 
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FIG.  2.  Cro.s.s  sections  nnd  outer  surfaces  of  (a)  oblate  and  (b)  prolate  distortion-free  structures. 


structures  of  this  type  and  the  volumic  distribution  of  poles  is 
given  by  the  divergence  ci  the  magnetization.  For  “magic” 
spheres  and  cylinders,  p  is  equal  to  4M  cos  BIr  and 
2M  sin  Bjr^  respectively.  This  is  true  for  both  the  conven¬ 
tional  and  distortion-free  structures  because  the  two  differ 
only  by  a  constant  uniform  magnetization  which  has  no  di¬ 
vergence  and  hence  gives  rise  to  no  poles. 

If  in  the  cylinder  the  value  of  p  is  substituted  into  Cou¬ 
lomb’s  Law  and  the  integration  over  r  is  performed,  we  have 
for  the  contribution  of  a  segment  at  B 

f2ir 

dB  =  4\  jW[lnr„/r,]sin^  BdO.  (3) 

Ja 

We  note  that  if  A/  is  a  function  of  B  as  in  the  distortion- 
free  cylinder  (DFC)  and  if  one  wishes,  as  we  do,  to  keep  M 
constant  at  the  maximum  available  value,  we  can  do  so  by 
giving  the  functional  form  that  v'ould  leave  the  product 
M{B)\n{rg{B)lr^]  the  same  as  before.  This  is  accomplished 
when 

^max  In  r<,(0)  =  A/DFC  ln(r„)t)pc-  (4) 

Since  for  the  polar  access 

In  ro  =  2  sin  6Hn(r„)DFc. 

If  this  procedure  is  applied  to  a  sphere  with  polar  access, 
the  resulting  spheroid  of  revolution  is  that  in  Fig.  2(a).  For 
the  same  field  and  working  space  specifications  as  the 
spheres  already  discussed,  the  mass  of  the  new  structure  is 
only  1 2.7  kg  or  about  half  that  of  the  distortion-free  sphere 
of  varied  remanence. 

Even  greater  mass  savings  arc  obtainabie  for  spheres 
compensated  for  equatorial  access.  In  that  case,  our  spheroid 


of  uniform  remanence  construction  yields  the  pinched- 
equator-prolate  structure  of  Fig.  2(b)  with  a  mass  of  1.7  kg 
which  is  actually  less  than  that  of  the  unaltered  parent 
sphere.  This  is  because  the  paring  of  radius  occurs  where  the 
azimuthal  circles  are  large  and  the  radius  augmentation 
where  they  are  small.  The  reverse  is  true  for  the  “polar 
dimpled,”  apple-shaped  oblate  structure  of  Fig.  2(a). 

III.  APPLICATIONS 

Many  electron-beam  microwave  sources  require  strong, 
uniform  magnetic  fields  parallel  to  the  beam  direction  to  fo¬ 
cus  the  electrons.  Often  bulky,  energy  consuming  solenoids 
are  u.sed.  Recently,  much  more  compact  permanent  magnet 
solenoids  were  developed  for  this  purpose  but  they  are  lim¬ 
ited  to  fields  of  about  one-half  the  magnetic  remanence  or 
less.**  For  higher  fields,  the  “magic  spheres”  are  attractive 
alternatives.  Often,  electron  beam  tubes  require  access  ports 
large  enough  to  seriously  distort  the  working  fields  in  their 
vicinities.  Also,  electron  beams  are  subject  to  abrupt  field 
reversals  upon  transits  throi  gh  tunnels  in  the  shells  of  stan¬ 
dard  “magic  spheres.”  The  new  structures  adequately  solve 
both  problems  in  many  applications.  Figure  3  compares  the 
axial  field  profile  of  a  standard  with  that  of  an  oblate  struc¬ 
ture,  both  of  which  have  large  (25%  of  cavity  diameter)  axial 
access  tunnels  at  the  poles.  The  latter  is  seen  to  maintain  its 
field  to  tlie  tunnel  entrance  while  that  of  the  former  drops  to 
about  one-half  of  the  peak  field.  If  desired,  the  “bumps”  near 
the  ends  of  the  curve  for  the  oblate  spheroid  can  be  smoothed 
out  by  a  judicious  tailoring  of  the  local  remanence'*  or  by 
placement  of  axially  magnetized  toroidal  correcting  rings.'’ 

For  medical  MRI  devices,  prolate  structures  would  af¬ 
ford  similarly  improved  transverse  field  profiles  for  equato¬ 
rial  access.  Other  potential  applications  are  in  Faraday  rota- 
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FIG.  3.  Axial  field  profiles  of  (•)  standard  sphere  and  (■)  oblate  spheroid. 


tors,  mass  spectrometers,  free-electroa  lasers,  and  wherever  solved  by  a  simple  manutacturing  procedure  discussed  in  a 
else  access  to  large,  uniform  fields  is  needed.  companion  article  in  this  issue  of  the  Journal  of  Applied 

Physics. 


IV.  SUMMARY  AND  CONCLUSIONS 

If  a  “magic  sphere”  with  undistorting  polar  access  is 
required,  considerable  mass  savings  are  realized  by  uniform 
remanence,  variable  radius  construction.  Some  configura¬ 
tions  with  equatorial  access  may  actually  have  less  mass  than 
the  unaltered  spheres.  It  might  seem  that  manufacture  would 
be  unduly  complex  and  expensive,  but  both  problems  can  be 
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*H.  A.  Leupolil  and  E.  Pntcnzlnni  11,  IEEE  Trans.  Mugn.  MAG-23,  3f)28 
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Certain  high-lield  permanent  magnet  struetures  in  the  I'ornis  of  spheroidal  and  cylindrical  shells  can 
be  altered  so  that  access  ports  through  specified  areas  of  the  shells  have  minimal  detrimental  effect 
on  the  field  integrity  in  the  internal  working  space.  This  car.  be  effected  either  parametrically  or 
geometrically.  Both  approaches  result  in  an  increase  of  fabricaiional  comple.xity;  the  former  because 
it  entails  components  with  a  variety  of  magnetizations  and  the  iattes  because  it  requires  a  variety  ol 
geometric  dimensions  This  article  describes  lu>w  simplifying  approximations  to  either  tvpe  ot 
structure  can  be  obtained  by  an  assembly  of  laminar  pieces  cut  from  sheets  or  slabs  ol  permanent 
magnet  materials  with  their  magnetization  rrriented  parallel  to  their  principal  faces. 


INTRODUCTION 

Several  variants  of  the  high-field  permanent  magnet 
sources  sometimes  known  as  “magic"  rings,  spheres,  or  cyl¬ 
inders  have  been  designed  recently'  ’  to  meet  the  demands 
of  miscellaneous  applications.  Some  of  these  are  illustrated 
in  Fig.  1  from  which  it  can  be  seen  that  each  has  complexi¬ 
ties  of  shape  or  distribution  of  magnetization  that  might 
make  its  fabrication  seem  unduly  difficult  and  expensive. 
However,  all  such  structures  can  be  made  from  sheets  or 
slabs  of  material  that  are  uniformly  magnetized  parallel  to 
their  faces. 

STANDARD  RINGS,  CYLINDERS,  AND  SPHERES 

One  can  cut  circular  rings  “cookie-cutter"  style  from  a 
uniformly  magnetized  slab  and  then,  as  shown  elsewhere,** 
divide  the  ring  into  the  desired  number  of  sectional  seg¬ 
ments.  Each  segment  is  then  rotated  about  its  local  radius  to 
form  the  “magic  ring”  as  shown  in  Fig.  2(a).  Such  rings  can 
be  stacked  congruently  to  form  dipolar  cylinders’  or  beveled 
to  form  melonlike  components  of  a  “magic  sphere"  and 
bounded  together  [Fig.  2(b)]. 

The  discs  cut  from  the  centers  of  the  ring  shells  can  be 
used  cither  to  make  smaller  “magic"  rings  or  spheres  or  to 
be  formed  into  cylindrical  or  spherical  dipoles  for  possible 
use  for  field  defect  compensation  as  in  MKl  systems.’  The 
cylindrical  versions  could  even  be  turned  into  adjustable- 
strength  dipoles  by  a  cutting  of  the  center  of  the  cylinder  to 
form  a  smaller  nested  cylinder  in  a  shell  of  equal  dipole 
strength  [Fig.  2(c)],  then,  by  rotation  of  the  two  with  respect 
to  each  other,  any  dipole  strength  from  zero  to  plus  iniiius  the 
maximum  is  obtainable. 


SPHERES  AND  CYLINDERS  WITH  DISTORTION-FREE 
ACCESS 

In  these  structures,  the  rci|uiteil  m.igiieii/.iiioii'.  in  tiu- 
circular  or  spherical  segments  \,ii\  in  m.ignilmli  .nid  .lu 
always  either  radial  or  Ir.iiisveise  in  iliieetioii  depending 
upon  wheie  zero  niagiieli/.ition  is  desned  sn  ih.ii  disiniin.ii 
free  access  holes  can  be  drilled  iheie  It  .kuss  is  lo  Ih  .n  ih, 


poles,  magnetization  is  transverse  oi  tangential,  whereas  il 
access  and  zero  magnetization  are  lo  be  at  the  equator,  ii  is 
radial. 

Such  structures  |  Figs.  Kb)  and  Kci'  also  can  be  labii- 
catud  from  uniformly  magnetized  sheets  luil  then  a  variety  of 
sheets  with  different  magnitudes  of  niagneliziition  ate  neces- 
saiy.  The  closer  the  approximation  to  an  ideal  continuous 
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Effect  of  magnetization  profiles  on  the  torque  of  magnetic  coupling 

Der-Ray  Huang  and  Gwo-Ji  Chiou 

In  11:11111  s  uiul  Swii  in  I  IIKI.  Il'.iiultii  ill),  htmim.  RfpuUhi  i>l  Clliilit 

Yeong-Dfir  Yao 

Dr/ni/lUhiil  I'l  l'h\^ii  Siinmiiil  (  liiini;  (  hi  in;  I  iti\fi\il\.  (  liiiiM  h'l.  Iiiiimiii  iiiuI  IiimiIiiU  iiI  l’hvsii\, 

\iiiiUiiiiii  \iiiii  ii  liiijiii  //■>.  hiniiiii.  lii'iiiihhi  III  Chiitti 

Shyh  jier  Wang 

I  >l’lii  I  III  liiiiiii  \  mill  Swiriii  I  iihiiiiiimi.  IIRI.  Ihnuhii  Ull.  hiiiiiiit.  liii’iihlu  nl  (himi 

1  lie  liitijui.'  I'l  [u.i^;iielii  eoiipliM^;  is  sensilivc  li>  iIk'  iuiiiiIh'I  nl  iii.ij’iietie  pules,  ihe  maj>neH/.ilii)n 
piuliles,  ihe  'ii.ieiielK  lieUI  siren^tli  ul  ni.iuiiets.  aiul  llle  sepat.iliuii  ilisianee  l>etsKeeii  Ihe  mapnels  nl 
ihe  enuplin^:  1  nr  ililleieiil  imilli|>nle  niapnelie  euupliiivis  veilli  Ihe  same  ma^neiie  lielii  siren^lh.  the 
Initpie  nl  ina^nelH  xMipInm  is  jiin|><<flinnal  In  Ihe  mimhei  n|  iiiagiielu  |>tiles  ,tl  small  sep.iialinn 
ihsiaiKe.  I'lil  il  IS  MiseiseU  pinputlinii.il  In  Ihe  liumhei  nl  mapiielie  |>nles  as  llie  sepaialinii  ilislanee 
Keniiies  lalue  Ihe  ihe  nielii  alls  e.iliulaleel  values  nl  the  mtijiie  nl  iii.iimelie  enii|)lmf;  ate  in 
eveellenl  .lureemenl  veilh  Ihe  e\|Kiimenlalle  measiiied  sallies 


M.ifiiielit  K'upimp  lies  lees  iraii  inil  iniijue  helsseeii  a 
piimais  eliisei  ami  a  seeniuiats  tnllnssei.  ssilhniil  .ills  me 
e'hame.il  eiml.iel  Ihes  eaii  n|Ki.ile  m  ^.is  m  litjimis.  aiul  can 
liansmil  Iniipie  lhtnui:h  ,i  sepal, ilinii  ss.ill  I  he  iM.i^lU'lie  enii 
plili^  e.in  .ilsn  1h'  liseil  as  an  nseilnael  pinleelmn  lies  u  e  ni  in 
tiaiismil  iiisliiimelil  ieailm>;s  Imiii  ,i  s.ieiuim  ni  piessute 
enelnsiiie  I  inm  Isnih  iumiameiil,il  .iiiil  ,i|'plie'ii  s  less  pniiiis. 
ma^;nelie  enupliii):  ilesiecs  are  nl  ennsiiiei.ihle  iiileis'l 

The  axial  niannetie  eiuipliiij;  lies  lee  tni  this  suiils  ss.is 
e'niisiriie'teil  In  usiM^  .1  pan  nl  h.iul  lemie  rm|i  ma^iieis  ihai 
svere  magiicti/eii  with  a  miiltipnie  eniiti):iiiaiinn  alnn^  the 
axial  ilircction.  I'nr  example,  l•l(’.  1  slinsvs  a  KI  pnIe  map 
netie  eoiiplinp  ileviee.  All  riiip  imipiiels  nseil  in  this  siuils 
have  an  outer  rael  us  of  5h  mm.  an  iniiei  lailius  40  mm,  anti 
a  thiekness  of  mm.  The  mapneli/aiion  proliles  ssnh  <>.  K, 
and  10  poles  were  used  In  analy/e  the  sarnilion  nl  magm  iie 


enuplint:  Ihe  mapiielit  held  ilisiiihiiliniis  nl  the  imp  map- 
luls  sseie  measiiied  hs  pl.ieinp  .i  ll.ill  pinlie  nsel  Ihe  sutlaee 
nl  the  m.ipneis  Ihe  miijiie  Kisseeii  the  issn  inapnels  ss.is 
me.isiiied  hs  ueinp  .i  Knss.i  (nkeii  innpie  inelei 

Ihe  initjue  .Hill  Iniee  helseeen  these  Issn  eiiasial  lerrile 
mips  .lie  luiislinns  nl  sesei.d  s.niahles  iiieluilinp  ihe  minibei 
nl  |)nle  p.iiis.  ihinensinns.  sep.n.iiinn  distaiiee.  malerial  pin|>- 
eities.  the  n  l.iiise  anpulai  nllsei  nl  the  ni.ipiiels,  ele.  Ke- 
eeiiiK.  a  ihtee'ihniensinii,il  ihenieiie.il  .maivsis  has  been  de- 
seln|H'il  In  1  uil.iiii  Ini  eniiipuliiip  the  liaiisiiulted  fntee  and 
inripie  nl  an  leleal  iiiapiietie  enupliiip  ''  1  lieielnre.  llie  elleel 

nl  iii.ipiieti,  .I'.inii  pinliles  nil  Ihe  Iniijiie  ni  mapiietie  enupiiiip 
ean  be  studieel  b\  Isntli  e\|H'iiiiienlal  ineasureiiient  and  then- 
lelieal  ealeulatinii 

l  ot  ills'  ihenretieal  .nialssis,  ii  is  assumed  that  the  map- 
iieli/alinii  prnliles  n|  the  mapiielie  imps  are  uiiilorm  tliinupli- 
nut  Ihe  m.ipnels,  and  il  is  eiiaiaeieii/eel  In  a  nnlinrni  piilar- 
i/aiinii.  rile  enneepi  nl  iliis  ilienrelieal  analysis  is  in 
repieseiil  one  ol  ilie  inapiieiie  mips  as  a  ilislribulinii  nl 
eepiivaleni  eiiiienls,  ,iih1  In  ennsidet  Ihe  lielel  due  In  the  nllier 
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I  Ui  Ilic  iMii^nctic  licli)  nt  the  ineasurctl  <it  a  (tistaiicc  I  Ki  4  lUc  niaiiinciK'  tieh)  JisirihiMion  ol  ihe  iiiajincl  lueaMiii'il  at  a  lii^tance 

»)t  I)  ^  inni  iituivc  the  magnet.  (.i»  f*  (M*le  tnagncU  <h)  10  |x>le  magnet  o|  |0  iiuii  ahuw  tin-  magnet  la)  (>  |xtle  magnet,  llo  lO  pole  magnet 


magnet  as  an  external  field.  After  niathematieal  derivation, 
the  torque  can  be  obtained  by  suitiniitig  the  contributions 
from  all  of  the  sectors  and  surfaces  of  the  magnets,  rtie  final 
form  of  the  formuia  for  the  torque  T..,u,iJ  <*)  "•  ‘t  magnetic 
coupling  is’ 

null 


/W  Ai'i.,,1^. 


1 


s  s  ^  ^  5:  ^ 


i  /  I  /I  I  w  I) 


(  1  1'"  ‘  sin(  H,  «,■ ) 

X - ^ - -T - - - -  - 

\r-  +  r.  ~  2r,r,.  cost  <),■  I  ^  Ir  \  ' 

where  is  the  number  of  poles,  M  is  the  uniform  mag¬ 
netization,  W|  is  the  inner  radius  of  the  magnet.  W  .  is  the 
outer  radius  of  the  magnet,  and  N,  and  N i,  are  the  number  of 
radial  and  angular  mesh  divisions,  respectively,  of  the  sectors 
used  foi  calculation.  The  variables  //,„  and  <t„,  arc  givci  by 
lt,„  h  +  mt„  and  (x,„  ttr  *  2iti  *  I .  wlietc  r„,  is  the  thick¬ 


ness  of  magnets.  Ii  is  the  separation  distance,  and  fii  I  for 
this  study.  Ihe  theoretically  predicted  torque  numerically 
evaluated  using  the  above  torque  equation  can  easily  be  com¬ 
pared  with  Ihe  experimental  torque  measurements. 

I'iguTe  2  shows  the  torque  of  magnetic  coupling  as  a 
function  of  the  separation  distance  </  of  magnets  that  are 
magnetized  with  b,  S,  and  It)  poles.  The  torque  of  magnetic 
coupling  decreases  ([tiickly  as  <i  is  increased  at  a  small  sepa¬ 
ration  distance.  I  his  means  that  Ihe  rale  of  decrease  ot  Ihe 
torque  at  small  il  is  a  function  of  Ihe  number  of  poles.  How¬ 
ever.  it  becomes  roughly  the  same  value  for  large  </.  l-'or 
ditfcieiil  mullipole  magnetic  couplings,  under  the  same  mag¬ 
netic  field  strength  ol  magnets,  the  magnitude  of  the  torque  is 
proportional  to  the  number  of  piiles  ai  separation  distances  of 
magnets  within  a  certain  range,  but  il  becomes  inversely  pro¬ 
portional  to  the  number  of  poles  as  ihc  separation  increases 
outside  oi  that  range.  l  or  example,  the  torque  of  a  ll)-pole 
magnetic  coupling  is  gicalei  than  that  of  a  b-pole  magnetic 
coupling  at  </  less  ihan  S  mm.  but  the  torque  is  inversely 
proportional  to  ilu'  miml'cr  of  poles  at  il  over  K  mm.  Ibis 
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phciuuiiLMuin  ciin  lie  c\pl;imcil  In  aiiiiU/iiin  ihc  maj:ni-!n.' 
field  distrilniiiuii  ot  ihc  iiiiij:ncis  used  in  ilie  niagiKin.  t..)ii 
pling.  I'igure  3  shows  iIk-  iiiagintK'  Inld  disUihntmii  ot  a 
h-pok'  magnet  anil  a  Id-pole  magnet  at  a  distance  *1.'  mm 
over  the  magnet.  The  average  magnetic  held  sirengtii  is 
about  1  lid  lor  hoih  the  (i-pole  and  S-pole  magnetic  cou¬ 
plings.  However,  if  we  measure  the  magiiclic  field  disiribn- 
tlon  of  a  ()-pole  and  a  Id-pole  magnet  at  a  distance  Id  mm 
over  the  magnet,  the  magnetic  held  strength  is  .ihout  12d  d 
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lor  the  (>-|tole  magnet,  hut  it  is  ahoui  7(1  (I  for  the  Id-pole 
nmgneiic  coupling,  as  shown  in  I  ig.  4.  I  his  iiulicates  that  the 
magiietic  held  strength  ol  the  Id-pole  magnet  is  less  than 
that  of  the  (>-pole  ntiignet  hecaiise  the  magnetic  circuit  loop 
of  the  Id-pole  magnet  is  smaller  than  that  of  the  (i-pole  mag¬ 
net  lit  separation  distance  greater  than  H  mm.  Therefore,  the 
toripie  of  the  fi-|>olc  magnetic  coupling  is  greater  than  that  ot 
the  Id-pole  magnetic  cou|>ling  at  separations  greater  than  K 
min.  Considering  the  theoretical  caleiilation.  the  tonpie  ol 
magnetic  coupling  at  small  separation  distances  matches  well 
with  the  experimental  data,  tis  show  n  in  Tig.  2. 

The  magneti/ation  profiles  ol  the  multipole  magnets  can 
affect  the  tonpie  ol  magnetic  coupling  matkedly  Dilterent 
magneti/ation  piotiles  can  he  controlled  In  the  design  ol  the 
magneti/mg  lixtmcs.  Tigure  shows  dilterent  magneti/ation 
profiles  with  a  hig  sipnire  wave,  hyhrid  wave,  and  small 
wave  loi  a  Id-pole  magnet.  The  maMinum  magnetic  heki 
strength  ol  ihe  hig  sipiaic  w.ivi  profile  is  ahout  I  kd  as 
shown  m  Tig  ‘'(.d.  ,md  the  m.ismiiim  magtiettc  held  stieiigth 
ol  the  small  wave  piotile  is  ahout  7d()  (i  as  shown  in  Tig 
.‘'(cl.  The  magnetic  held  ol  the  hyhrid  wave  piolile  shown  in 
Tig  .‘'(hi  is  a  comhiiiatum  ol  the  wave  profiles  from  Tigs, 
.^(al  anil  ‘'ici  The  toupie  iiiives  ot  the  Id-pole  magnetic 
coupling  with  ihlterent  magneti/ation  proliles  are  shown  in 
I  ig  (i  The  tonpie  oi  magnetic  coujiling  wiih  Ihc  hig  sipiaic 
wave  profile  is  grealei  ihaii  that  ol  die  hvl'tid  w.ive  profile, 
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A  magnetic  coupling  without  parasitic  force  for  measuring  devices 
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Original  structures  of  permanent  magnet  couplings  have  been  studied.  They  can  transmit  a  torque 
without  creating  forces  or  stiffnesses  between  the  driver  and  the  driven  part.  Except  for  torque,  the 
two  parts  are  in  indifferent  equilibrium.  These  couplings  have  been  designed  for  measuring  devices 
in  which  they  exert  no  force  on  the  bearings  but  they  can  be  used  in  other  domains. 


I.  INTRODUCTION 

Permanent  magnet  couplings  (PMC)  are  synchronous 
devices  which  allow  a  torque  to  be  transmitted  through  a 
partition  wall.  Two  types  of  PMC  are  commonly  used,  the 
coaxial  type  operating  with  a  cylindrical  separation  wall,  and 
the  face-type  coupling  which  has  a  plane  airgap,'  Other  types 
of  PMC  exist  for  specific  applications.  In  this  article,  we 
shall  present  PMC  conligurations  which  are  well-adapted  to 
measuring  devices.  The  main  characteristic  of  these  cou¬ 
plings  is  to  transmit  angular  information  without  disturhing 
the  measuring  system. 

In  a  PMC,  magnet  interaction  allows  torque  transmis- 
.don,  hut  it  also  creates  forces  in  the  axial  and  radial  direc¬ 
tion.  The  stiffnesses,  which  are  the  force  variations,  are  also 
very  high.  These  forces  Itave  to  he  snpi>oried  by  the  me¬ 
chanical  bearings,  which  produce  frictional  torque.  Special 
configurations  allow  a  torque  to  he  transmitted  without  any 
force  and  stiffness.'  hut  they  are  not  well-adapted  to  large 
airgaps  and  only  opertile  correctly  with  a  high  pole  number. 

The  couplings  presented  in  this  article  have  been  tie- 
signed  for  metisuring  devices.  They  do  not  create  tiny  force 
between  the  two  halves,  even  if  the  driver  part  is  submitted 
to  axial  or  radial  displacement.  Consequently,  the  friction  on 
the  mechanical  bearings  is  reduced  and  does  not  disturb  the 
accuracy  and  the  sensitivity  ot  the  measuremetit.  Moreover, 
these  couplings  operate  with  a  large  .iirgap.  and  have  a  re¬ 
duced  [W'le  miinbcr,  1  or  4. 

II.  MAGIC  CYUNDER  COUPLING 

A  cylindrical  magnet  with  rotating  distribution  of  the 
rnagneti/ation  direction  creates  a  very  homogeneous  field  in 
its  central  part.'  Ibis  device  is  olteir  called  a  "m.gic 
cylinder.'"*  for  a  two-pole  system,  a  consiant  dipole  lield  is 
produced  in  the  interior  cylindrical  caviiy  of  magi'.itude 

./,  lnl«,^, 

where  ./ 1  is  the  magnet  polari/ation  in  tesla,  K,  ,,  aiul  W,,,,  are 
the  outer  and  the  inner  radii  ol  the  annular  magnet 

This  magic  cylinder  is  the  driver  part  ol  the  cou|iling. 
fhe  driven  part  is  made  ot  a  small  magnet  in  the  nvidille  ol 
the  hole  If'ig.  I )  Since  the  small  magnet  is  situated  inside  an 
almost  perlect  homogeneous  transversal  held,  it  is  not  siib- 
milteil  to  any  force  or  stillness,  but  it  ctm  transmit  a  torque 
whose  maxinnim  value  is  given  by 


^  niiix 

where  v  is  the  volume  of  the  driven  magnet  and ./ ,  its  polar¬ 
ization. 

To  obtain  perfect  insensitivity  to  the  radial  and  axial  dis¬ 
placement  of  one  part  from  the  other,  a  relatively  long  magic 
cylinder  has  to  be  used.  The  end  effects  produce  a  field  dis¬ 
tortion  at  a  depth  d  which  is  about 

r/-().7(W„,4  W„„); 

consequently,  the  length  of  the  cylinder  I,  must  be  at  least 
twice  its  diameter. 

f  igure  2  presents  a  four-pole  version  of  the  magic  cyl¬ 
inder  coupling.  The  end  effects  arc  reduced  in  this  configu- 


I  l(  I  1  X  til.in.s  ».\lliulo  MUil'lin^ 
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FIG.  4.  Measurement  of  the  field  intensity  in  the  four  bar-shaped  magnet 
coupling. 


ration.  A  prototype  has  given  very  good  results;  the  maxi¬ 
mum  torque  transmitted  was  relatively  high  (2X10'^  Nm) 
and  the  absence  of  forces  in  a  large  domain  of  radial  and 
axial  displacements  has  been  verified. 

Several  other  configurations  have  been  investigated.  An 
interesting  one  uses  a  driver  part  made  with  four  bar-shaped 
magnets. 

III.  BAR-SHAPED  MAGNET  COUPLING 

rite  driven  part  is  equipped  with  four  bar-shaped  mag¬ 
nets  which  are  ptirtillel  to  the  rotation  axis  (I'ig,  if).  This 
system  takes  the  place  of  the  previous  magic  cylinder,  and 
can  be  seen  as  an  incomplete  cylinder.  I'he  bar  length  is 
equivalent  to  the  cylinder  height  ,  and  the  end  effects  arc 
identical. 

In  comparison  with  the  magic  cylinder  system,  the  four 
bar-shaped  magnet  coupling  has  u  lighter  driver  part  which 
reduces  the  inertia  of  the  measuring  device.  11ie  volume  of 
very  g(K>d  homogeneity  of  the  magnetic  field  is  smaller,  es¬ 
pecially  in  the  radial  direction  Consequently,  the  domain  of 
null  forces  and  stiffnesses  is  reduced,  hut  n  remains  sufTi- 
cient. 

The  maximum  trunsmissifile  torque  can  he  easily  calcu¬ 
lated  by  simplified  expressions  since  the  airgap  is  relatively 
huge,  By  using  the  following  notations. 


Pi 

<ak 


I'Ki  V  IIk*  tour  har  vhafx'il  magiKM  uuipling. 


(a)  for  the  driver  part; 

S  section  of  each  bar, 

I.  length  of  the  bar, 

J)  magnet  polarization, 

R  average  distance  between  the  center  and  each  bar. 

(b)  for  the  driven  part; 

V  magnet  volume, 

J2  magnet  polarization  (in  tesla). 

The  intensity  of  the  magnetic  field  is  given  by 


2  .V 

<  IP 

1T^I,  K 


and  the  maximum  torque  is  obtained  by 


1 


■  —  ./„/ 


Sv 


IV.  EXPERIMENTAL  STUDY 

A  prototype  designed  for  a  gas  meter  has  been  built.  The 
following  dimensions  have  been  chosen 

(a)  for  the  driver  part; 

.V  mm'^  (.^  mmx.^  mm), 

/.  ^  20  mm, 

R~W  mm. 

J  ■,  -0.4  r  (anisotropic  ferrite  magnets). 

(b)  for  the  driven  part; 

1,-  5  mm. 

/i  ,-4  mm. 

i'  -  .^4  mm'. 

J y  1,20  r  (NdTeB  magnet). 

The  domain  of  uniform  held  between  the  four  bars  has 
been  investigated.  In  the  center,  we  have  measured  a  field 

of  IK  kA/m. 

We  have  studied  variations  of  intensity  of  die  field  as 
a  function  of  the  distance  from  the  center  r  and  the  direction 
WtFig.  4).  The  results  are  presented  in  big.  .S.  The  homoge¬ 
neity  is  very  good  for  a  radial  distance  lower  than  2  mm. 
After,  the  field  slowly  increases  when  moving  toward  a  bar 
magnet  and  decreases  between  two  bars. 
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FIG.  5.  Field  varialuiti  around  the  centered  position.  In  the  center,  //,i=18 
kA/m. 


The  forces  and  stiffnesses  have  not  been  measured  pre¬ 
cisely  because  they  are  too  small  around  the  centered  posi¬ 
tion,  The  magnetic  interaction  between  the  two  parts  creates 
very  low  parasitic  forces. 

The  torque  has  a  sinusoidal  variation  with  the  internal 
angle.  Its  maximum  value  is  6.3X10'^'^  Nm  (63  gem).  It 
agrees  correctly  with  the  calculated  value  of  b.SxlO”'^  Nm. 


V.  CONCLUSION 

Two  unconventional  types  of  permanent  magnet  cou¬ 
plings  have  been  studied.  They  can  transmit  a  torque  without 
creating  forces  or  stiffnesses  between  the  two  parts  of  the 
coupling.  The  fir.‘;t  one  uses  the  specific  property  of  field 
homogeneity  inside  a  magic  cylinder.  A  magnet  sit’iated  in 
this  field  can  exert  a  torque,  but  it  is  not  submitted  to  any 
force.  The  second  one  is  built  with  four  bar-shaped  magnets. 
It  is  lighter  and  has  lower  inertia.  For  these  two  couplings, 
the  measurem'’nts  on  prototypes  arc  in  good  agreement  with 
the  calculated  characteristics. 

These  couplings  have  been  designed  for  measurement 
devices  where  they  can  be  u.sed  to  transmit  a  torque  without 
creation  of  forces  and  friction  on  the  mechanical  bearings. 
They  can  have  other  applications,  like  for  example  vibration 
in-sulators. 


'j.-P.  Yi)niicl,  Proceedings  of  the  12lh  International  Workshop  on  Rare 
Eitrth  Magnets  and  their  Applications,  Canberra,  July  1W2,  p.  ()()8-fil7. 
^J.-P.  Yonncl,  IEEE  Trans.  Magn.  MAG-17,  2‘)9I  (IWl). 

’K.  Malbach,  Proceedings  of  the  Fifth  International  Workshop  on  Rare 
Earth  Cobalt  Magnets  and  their  Application.s.  Roanoke,  Virginia,  June 
19«1.  p.  7.3- SO. 

■'H.-A.  Leupold,  E.  Polcnziani,  end  J.-P.  Clarke,  Proceedings  of  the  9th 
International  Workshop  on  Rare  Earth  Magnets  and  their  Applications, 
Dad  Soden,  Germany,  September  I9K7,  pp.  109-123. 

•'J.-P.  Yonnet,  IEEE  Trans.  Magn.  MAG-17,  1169  (1981). 


J  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


J.-P.  Yonnet  and  J.  Delamate 


6867 


Accurate  determination  of  permanent  magnet  motor  parameters 
by  digital  torque  angle  measurement 

M.  A.  Rahman  and  Ping  Zhou 

Faculty  of  Engineering  and  Applied  Science,  Memorial  University  of  Newfoundland,  St.  .lohn's. 
Newfoundland  AI B  3X5,  Canada 

This  article  presents  a  novel  test  method  to  determine  the  important  load  dependent  reactance 
parameters  ,  and  magnet-excited  voltage  of  permanent  magnet  (PM)  motors.  The  res  'ts 

bring  forward  a  clear  picture  of  the  impact  of  the  previous  assumption  of  constant  „  on  the  value 
of  Xj.  As  improved  accuracy  and  fast  data  sampling  are  required  for  online  control,  the  traditional 
method  for  measuring  torque  angle  is  deficient.  To  this  end,  a  new  microproce.ssor-based  digital 
torque  angle  measurement  system  was  designed  and  built.  At  the  same  time,  a  scheme  for  accurately 
positioning  the  zero  torque  angle  is  prooosed  without  referring  to  the  interior  structure  of  a  motor. 
The  proposed  techniques  have  been  successfully  employed  for  a  1  hp  laboratory  permanent  magnet 
motor. 


INTRODUCTION 

The  effects  of  saturation  for  PM  motor  are  profound.  It 
was  recognized  that  saturation  would  cau.se  r/-axi.s  reactance 
Xj  and  <7-axis  reactance  X^  to  vary  with  load  and  supply 
voltage.''^  What  is  perhaps  easily  overlooked  is  the  assump¬ 
tion  that  the  is  constant  for  all  loads.  In  addition,  the  d-q 
axis  quantities  are  no  longer  independent  due  to  saturation. 
The  significance  of  these  effects  has  been  clearly  mentioned 
in  the  previous  works  from  the  simulation  point  of  view.'''"* 
The  investigation  from  a  testing  point  of  view  has  been  char¬ 
acterized  by  Miller’s  early  work.*’  The  load  test  method  pro¬ 
posed  by  Miller  is  to  determine  X^  from  the  stator  <f-axis 
voltage  component  and  from  the  ^-axis  voltage  compo¬ 
nent,  respectively,  under  the  assumption  of  constant  E^.  The 
failure  to  consider  the  variation  of  with  load  is  due  to  the 
fact  that  effects  of  the  permanent  magnet  excitation  voltage 
iEi'o  and  the  cf-axis  armature  reaction  are  inherently  linked 
together  by  the  stator  d-axis  voltage  component,  and  usually 
cannot  be  separated.  In  this  article,  a  modified  load  test 
method  is  proposed  to  determine  these  load-dependent  pa¬ 
rameters,  X,i,  A',,  and  more  accurately  for  practical  use. 

It  is  necessary  to  properly  measure  the  torque  angle  S  at 
any  load  condition  for  performance  prediction.  In  addition, 
torque  angle  is  also  an  important  control  parameter  for  vari¬ 
able  frequency  inverter  driven  PM  motors.  It  is  necessary 
that  the  measurement  is  conducted  within  an  interval  of  time 
that  should  be  very  small  compared  to  the  mechanical  time 
constant  of  the  machine.  With  increasing  emphasis  on  online 
digital  control,  it  has  also  become  necessary  to  obtain  the 
quantities  of  torque  angle  in  digital  form,  and  the  conven¬ 
tional  stroboscopic  method  is  no  longer  suitable  for  such 
applications.  To  this  end,  a  fast-response  microprocessor- 
based  torque  angle  measurement  system  has  been  designed 
and  built. 

Due  to  the  characteristics  of  PM  motor,  the  precision  of 
measured  torque  angle  is  highly  related  to  the  accuracy  of  the 
positioning  of  zero  torque  angle  (5=0.  However,  for  a  PM 
motor  under  normal  voltage  supply,  the  no-load  operation  is 
at  5=4)  antt  therefore  cannot  be  used  to  position  the  zero 
torque  angle.  Usually,  some  approximate  methods'’  are  em¬ 
ployed  to  determine  the  position  of  5=0.  Therefore,  it  is 


desirable  to  find  a  way  which  can  accurately  locate  the  zero 
torque  angle  position  for  precision  measurement  and  control 
purposes. 

MODIFIED  TORQUE  TEST  METHOD 

Becau.se  the  parameters  X,j,  A,^,  and  tend  to  vary 
widely  with  loads,  their  values  must  be  quoted  together  with 
the  load  and  voltage  conditions  under  which  they  were  de¬ 
termined.  From  the  phasor  diagram  of  a  PM  motor"*  one  can 
gel 

£,  sin  (5,  =  /|  sin /S/Y,,,  (1) 

Ej  cos  (5,  =  £'()-f/i  cos  (3X,i.  (2) 

It  is  noted  that  once  the  data  of  applied  voltage  V,  current  /  [ , 
input  power  E  | ,  and  torque  angle  5  are  known  from  the  loud 
test,  other  quantities  in  Eqs.  (1)  and  (2)  can  be  easily  ob- 


tained  as 

V==arceos.^/^^^. 

(3) 

(4) 

Ei=  \I(V  sin  S+Ip-^  cos  /3)'-f  (V  cos  5-/|/-| 

siiT^, 

(5) 

and 

V  sin  5-t-/|C|  cos  f3 

5,-arctan  ,  ■  n- 

V  cos  o-r,/|  stn  /8 

(6) 

From  Eq.  (1),  the  can  be  easily  obtained.  However,  from 
Eq.  (2),  it  is  inadequate  to  evaluate  the  two  unknown  quan¬ 
tities  Ea  and  A,;,  To  this  end,  a  small  change  of  the  load  is 
exerted  to  obtain  another  set  of  te.st  data  and  get  the  follow¬ 
ing  equation  as 

E'j  cos  S'j=Ei,  +  I\  cos  4' A,/.  (7) 

The  solution  of  the  simultaneous  algebraic  Eqs.  (2)  and  (7) 
would  give  the  saturated  values  A'n  and  A,,  for  any  operating 
point.  In  practice,  the  procedure  is  simply  to  produce  three 
curves  (5,(/7),  and  l^(f3)  by  curve  fitting  from  rc- 
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torque  angle,  deg 

FIG.  1.  Test  results  of  X,, ,  A,, ,  and  t'l,  with  torque  angle  <5. 

corded  data  which  cover  the  entire  range  of  different  loads. 
Then,  the  required  information  for  both  Eqs.  (2)  and  (7)  can 
be  obtained  from  these  curves. 

Figure  1  shows  the  values  of  ,  and  E^)  for  a  1  hp, 

4-polc  interior-type  PM  synchronous  motor  by  using  the 
above-proposed  modified  load  test  method.  The  effect  of  as¬ 
suming  constant  Eo,  as  made  in  the  original  load  test 
method,'""’  on  the  value  of  X,i  can  be  clearly  seen  from  the 
dashed-line  curve  in  Fig.  1.  Over  a  load  range  around  5=47° 
where  the  armature  reaction  in  d  axis  is  changing  from  mag¬ 
netizing  to  demagnetizing  mode,  the  value  of  Xj  becomes 
extremely  irregular.  This  phenomenon  was  also  observed  in 
references, This  irregularity  is  mainly  due  to  the  assump¬ 
tion  of  constant  Eq  which,  in  fact,  is  dependent  on  the  satu¬ 
ration  level,  particularly  in  the  region  of  ferromagnetic 
bridges.  It  is  evident  from  Fig,  1  that  E,,  is  Uiad  dependent. 

MICROPROCESSOR-BASED  LOAD  ANGLE 
MEASUREMENT 

The  torque  angle  of  a  synchronous  machine  is  defined  as 
the  angular  displacement  between  the  excitation  voltage  Eq 
and  the  terminal  voltage  V.  For  motoring  operation,  when  the 
zero  crossing  of  any  one  of  the  three  phase  terminal  voltages 
as  the  reference  to  initiate  a  pulse  and  the  zero  crossing  of 


the  magnet  excitation  voltage  in  the  same  phase  winding  to 
terminate  the  pulse  are  used,  the  resulting  pulse  width  will 
then  represent  the  instantaneous  torque  angle.  For  generating 
mode,  the  reverse  will  happen. 

The  signal  representing  the  excitation  voltage  is  derived 
from  a  transducer  consisting  of  a  rotor  shaft-mounted  disc 
with  an  cquispaced  hole  drilled  on  the  circumference  for 
each  pole  pair  and  a  stator  frame-fixed  photocoupler.  This 
photocoupler  cun  produce  a  pulse  whenever  any  one  of  the 
holes  cuts  across  the  photocoupler  governed  by  the  rotation 
of  the  shaft.  This  arrangement  can  always  provide  one  pulse 
per  cycle  of  the  terminal  voltage  when  the  shaft  rotates  at 
synchronous  speed.  The  produced  chain  of  low  voltage 
pulse*'  arc  then  amplified  to  TFL  level  using  voltage  com¬ 
parator  as  shown  in  the  block  diagram  of  Fig.  2, 

The  reference  phase  voltage  signal  is  derived  through  a 
.step-down  transformer.  Before  the  reduced  sinusoidal  volt¬ 
age  is  converted  into  a  5-V  rectangular  pulse  by  a  zero¬ 
crossing  detector,  a  phase-lag  shifter  with  a  range  of  ()°- 180° 
is  employed  to  provide  an  approximate  means  for  position¬ 
ing  the  zero  torque  angle.  It  is  intended  to  ensure  that  the 
photopulsc  at  point  a  in  Fig.  2  will  align  with  the  terminal 
voltage  pulse  at  point  b  at  no-load  operation  by  adjusting  the 
variable  resistor  of  the  phase  shifter,  A  compensator  is  then 
used  to  make  the  phase  shifter  work  in  both  phase  lead  and 
phase  lag. 

It  is  noted  that  for  the  motoring  mode,  the  pulses  at  point 
h  in  Fig.  2  have  to  be  taken  as  reference;  while  for  generating 
mode,  the  pulses  at  point  u  have  to  be  taken  as  reference. 
Therefore,  a  multiplexer  circuit  is  employed  to  enable  this 
measurement  device  tt)  be  applicable  to  both  the  motoring 
and  generating  modes. 

If  the  output  gate  pulse  of  the  phase  detector  at  d  is 
combined  with  the  1-MHz  clock  pulses  at  /,  a  chain  of  the 
clock  pulses  at  ^  are  produced  through  an  AND  gate,  and  the 
number  of  these  clock  pulses  is  a  measure  of  the  torque 
angle.  However,  when  these  clock  pulses  are  used  to  drive  a 
16-bit  BCD  counter,  occasionally,  false  counting  may  occur. 
The  reason  is  that  in  the  case  of  high  machine  speed  and 
heave  load,  the  next  output  gate  pulse  at  d  may  start  before 


inc't.  2.  Block  diugtum  for  torque  angle  measurement. 
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the  final  settled  number  of  the  counting  is  latched  to  the 
buffer  and  counter  is  cleared.  To  avoid  this  undesirable  op¬ 
eration,  a  pulse  inhibitor  is  employed  to  ensure  that  no  fur¬ 
ther  gate  pulses  would  pass  to  the  AND  gate  until  the  reset 
signal  is  issued,  which  comes  from  the  reset  switch  or  inter¬ 
rupt  acknowledgment  signal  {INTA)  from  the  microproces¬ 
sor  as  indicated  in  Fig.  2. 

Since  1-MHz  clock  frequency  is  employed,  for  a  fiO-Hz 
power  supply  system,  there  are  8333  pulses  corresponding  to 
180°  electrical,  which  is  the  maximum  torque  angle  to  be 
measured.  Thus,  a  resolution  of  0.02  electrical  degree  per 
pulse  is  obtained.  To  obtain  a  stable  reading,  the  buffer  is 
enabled  after  the  counting  is  over  and  hold  the  information 
until  the  arrival  of  next  count.  The  output  of  the  buffer  is 
further  fed  into  a  microprocessor  using  8255  programmable 
parallel  port  as  the  interface.  At  the  same  time,  the  buffered 
data  are  also  decoded  by  display  driver  into  7-segment  LED 
display.  The  clock  signal  for  latching  the  buffer  and  the  in¬ 
terrupt  signal  can  be  derived  from  the  output  of  the  pulse 
inhibitor  through  a  delay  element  to  account  for  the  propa¬ 
gation  delay  of  the  16-bit  cascade  counter.  The  interrupt  sig¬ 
nal  is  produced  using  a  JK  flip-flop  whose  output  goes  high 
once  the  delay  is  over. 

The  above-mentioned  torque  angle  measurement  system 
was  designed,  built  and  tested  on  the  1  hp,  4-pole  PM  motor 
which  is  coupled  to  a  conventional  synchronous  generator. 
The  measurement  system  functioned  properly  as  desired  and 
was  also  found  to  be  very  stable  over  the  entire  range  of 
operating  conditions. 

DETERMINATION  OF  ZERO  TORQUE  ANGLE 
POSITION 

From  the  above  discu.ssion,  it  is  noted  that  the  .signal 
representing  the  excitation  voltage  can  be  errorless  only  if 
the  holes  on  the  disc  are  aligned  with  the  d  axis  of  the  rotor 
and  the  photocouplcr  is  positioned  at  the  axis  of  that  stator 
phase  winding  whose  applied  voltage  is  taken  as  the  refer¬ 
ence  signal.  However,  unless  special  marks  were  made  on 
the  rotor  during  assembly,  there  is  no  obvious  reference  to 
determine  the  position  of  the  d  axis.  In  order  to  overcome 
this  difficulty,  a  scheme  is  introduced  to  find  out  the  posi¬ 
tions  of  the  d  axis  of  the  rotor  and  the  axis  of  the  reference 
stator  phase  winding  without  the  need  to  concern  the  interior 
structure  of  the  motor.  The  procedure  is  described  as  follows: 

(1)  Mount  the  disc  with  an  equispaced  hole  for  each 
pole  pair  on  the  rotor  shaft  and  fix  the  photocoupler  to  the 
stator  frame,  both  at  any  position.  Then,  take  any  one  of 
three  phase  voltages,  c.g.,  phase  A  to  provide  the  referenced 
phase  voltage  signal  for  the  primary  of  the  step-down  tran.s- 
former. 

(2)  Turn  on  the  three-phase  power  supply  and  run  the 
PM  motor  at  no-load.  By  reversing  the  leads  of  the  phase  A 
power  supply  to  the  primary  of  the  transformer  and  inter¬ 
changing  the  three  phase  power  supply  leads  A,  B,  and  C  to 
the  three  phase  stator  windings,  find  out  the  connection 
which  would  lead  to  a  minimum  torque  angle  reading.  Under 
this  connection,  the  stator  winding  connected  to  the  phase  A 
power  supply  is  then  the  phase  A  stator  winding. 
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(3)  Run  the  motor  first  in  one  direction  and  get  the 
torque  angie  reading,  then  do  the  same  at  the  reverse  direc¬ 
tion  by  interchanging  the  phase  B  and  phase  C  power  supply. 
Assuming  that  the  photocoupler  was  just  positioned  at  the 
axis  of  phase  A  winding  of  the  stator,  then  both  the  torque 
angle  readings  should  be  the  same  if  the  holes  on  the  disc 
were  aligned  with  the  d  axis  of  the  rotor.  This  suggests  that 
the  disc  has  to  be  moved  towards  the  rotating  direction 
which  has  given  the  larger  torque  angle  reading  if  both  read¬ 
ings  are  not  the  same.  This  adjustment  is  repeated  until  the 
two  readings  corresponding  to  forward  and  backward  rotat¬ 
ing  directions  arc  reasonably  close. 

(4)  In  the  .step  3,  it  is  assumed  that  the  arbitrary  posi¬ 
tioning  of  the  photocoupler  was  aligned  with  the  axis  of 
phase  A  winding.  Generally  speaking,  it  is  not  true.  Hence, 
an  adjustment  is  needed  to  relocate  the  position  of  the  axis  of 
phase  A  winding.  It  can  be  done  by  applying  a  low  dc  volt¬ 
age  between  phase  A  and  the  shorted  point  of  phases  B  and  C 
of  3-phase  Y-connected  stator  windings.  What  happens  is 
that  the  disc  will  rotate  in  such  a  way  that  the  holes  on  the 
di.se,  which  represents  the  d  axis  of  the  rotor,  should  move  to 
the  axis  of  phase  A  winding.  As  a  result,  one  can  easily 
relocate  the  photocoupler  to  the  position  as  indicated  by  the 
holes. 

Due  to  the  adjustment  of  photocoupler  position  in  step  4, 
the  holes  on  the  disc  have  to  be  positioned  again  by  repeating 
step  3.  This  iteration  process  is  continued  until  no  further 
adjustment  is  made  in  step  4.  Practical  application  shows  that 
only  few  iterations  are  required  for  both  the  holes  on  the  disc 
and  the  photocoupler  to  converge  to  its  desired  position. 

By  using  the  proposed  scheme,  the  initial  torque  angle 
for  the  1  hp  laboratory  .est  PM  motor  was  2‘h6°;  while  using 
the  approximate  method,  the  initial  torque  angle  was  22.2°.  It 
can  be  seen  that  the  error  caused  by  the  approximate  method 
is  quite  significant. 

CONCLUSION 

In  this  article,  a  novel  load  lest  method  is  proposed  to 
determine  the  .saturated  parameters  A",; ,  ,  and  7:0  ■  This 

method  not  only  takes  into  account  the  variation  of  £„  with 
load  and  the  interaction  between  d-q  axis  quantities,  but  is 
also  convenient  to  use  for  practical  applications.  The  devel¬ 
oped  microprocessor-based  torque  angle  measurement  sys¬ 
tem  can  provide  fast  transient  response  with  adequate  reso¬ 
lution  for  measuring  and  control  purposes.  A  prototype 
system  was  successfully  built  and  tested  in  a  1  hp  laboratory 
PM  synchronous  motor. 

'  V.  B.  Ilunsingur,  llilti;  Triin.s.  Piiwcr  Appur.  .Syst,  I’A.S-IOt,  H(i7  ( 19S2). 

"H.  J.  Chalnicrs,  .S.  A.  Itamcd,  and  G.  1).  Baines,  Hroc.  11:1:  t32B,  117 
119K5). 

'M.  A.  Rahman  and  I>.  Zluni,  llilii;  Trans,  Magn.  MA(;-27,  .1')47  ( lU'H  I. 

*1’.  Zhou,  M.  A,  Rahman,  and  M.  A,  Jahhar.  Hint:  Trans,  Magn,  MA(i-28, 
1,VSU  (IV'M). 

'T.  J.  E.  Miller,  lEEI:  Ind.  Appl.  Soc.  Ann.  Coni'.  Rcc.  CH 1678-2,  494 
iivsn. 

"K.  Miyushilu,  S.  Yainashita.  S.  Tanabc,  T.  Shimozii,  and  11.  Santo,  IEEE 
Trans.  Power  Appar.  .Syst,  PAS-99,  217,1  llPSOl. 


M.  A.  Rahman  and  P.  Zhou 


A  three-material  passive  dl/dt  limiter 

S.  J.  Young,  F.  P.  Dawson,  and  A.  Konrad 

Department  of  Electrical  and  Computer  Engineering,  University  of  Toronto,  Toronto  M5S-IA4,  Canada 

This  article  introduces  and  examines  a  composite  magnetic  device  (called  a  dUdt  limiter)  which 
functions  as  a  bilevel  inductor.  For  dc  currents  below  a  designed  threshold  level,  the  inductance  and 
resistance  of  the  des'ice  is  quite  low.  However,  the  inductance  of  the  device  increases  dramatically 
for  all  currents  greater  than  the  threshold  level.  In  this  article  a  set  of  performance  equations  are 
derived  which  describe  the  inductance  of  the  dUdt  limiter  as  a  function  of  current.  The  data 
obtained  from  these  performance  equations  are  compared  to  the  results  of  <i  set  of  finite  element 
simulations, 


I.  INTRODUCTION 

In  our  earlier  work,'’^  we  have  examined  a  composite 
magnetic  device  which  could  function  as  a  protective  unit  in 
voltage  source  fed  circuits.  This  device,  called  a  cylindrical 
dlidt  limiter,  functions  as  a  bilevel  inductor.  It  has  a  low 
inductance  value  for  all  currents  below  a  designed  threshold 
level,  and  a  dramatically  increased  inductance  when  the  cur¬ 
rent  in  the  device  increases  beyond  the  threshold  level.  This 
dljdt  limiter  would  limit  the  rate  of  current  change  in  volt¬ 
age  source  circuits  during  overcurrent  fault  conditions,  while 
having  only  a  mode.st  effect  on  the  circuits  normal  operation. 
During  a  fault  it  may  also  he  possible  to  maintain  the  current 
in  the  dUdt  limiter,  and  hence  in  the  series  connected  exter¬ 
nal  circuit,  at  a  nondestructive  level  long  enough  for  the 
nature  of  the  fault  to  be  determined.  Once  determined,  the 
aj'propriate  actions  would  be  taken  to  correct  the  source  of 
the  fault  without  the  need  for  shutting  down  the  circuit  as  a 
tripped  fuse  or  breaker  would. 

This  article  examines  a  three-material  square  geometry 
dlldt  limiter  which  uses  corner  blocks  of  a  high  permeabil¬ 
ity  material  to  bend  the  magnetic  flux  around  the  corners  of 
the  device.  The  result  is  that  the  flux  density  within  the  core 
and  magnet  materials  is  made  more  uniform,  and  the  radial 
dependence  of  flux  density  is  eliminated.  Thus,  not  only  is 
the  transition  region  largely  eliminated,  but  many  of  the 
other  limitations  associated  with  the  cylindrical  geometry  are 
addressed  as  well. 

II.  THREE-MATERIAL  dlldt  LIMITER 

Stripped  to  its  essential  components,  the  three-material 
dlldt  limiter  is  shown  in  Fig.  1.  This  device  consists  of  four 
coils  with  cores  composed  of  alternating  slices  of  a  soft-core 
material,  and  a  permanent  magnet  material.  These  solenoids 
are  joined  at  the  corners  of  the  device  by  blocks  of  an  her 
type  of  soft-core  material  which  has  both  a  high  permeability 
and  a  saturation  flux  density  which  is  significantly  higher 
than  that  of  the  sandwiched  core  material. 

With  zero  coil  current  flowing,  the  permanent  magnet 
slices  cause  a  magnetic  flux  to  flow  through  the  permanent 
magnet  and  core  materials  with  sufficient  intensity  to  .satu¬ 
rate  the  sandwiched  core  material.  The  corner  piec  es  provide 
a  low  reluctance  path  for  the  magnetic  flux,  and  so  the  flux 
exists  in  a  closed  path  confined  mainly  to  the  device.  Since 
the  sandwiched  core  material  is  saturateu,  the  incremental 
inductance  (rate  of  change  of  flux  linkage  with  respect  to 


current)  of  the  device  is  low.  For  all  negative  currents,  and 
positive  currents  smaller  than  the  designed  threshold  level, 
the  core  remains  in  saturation,  and  the  incremental  induc¬ 
tance  of  the  dlldt  limiter  is  low.  Still  larger  coil  currents 
reduce  the  flux  density  in  the  core  region  below  the  satura¬ 
tion  level  and  into  the  high  permeability  region.  In  this  state 
the  reluctance  of  the  flux  path  is  low,  which  causes  the  in¬ 
cremental  inductance  of  the  device  to  be  greatly  increased.  It 
is  this  large  device  inductance  which  reduces  the  rate  of  cur¬ 
rent  change  in  voltage-source-fed  circuits. 

III.  DERIVATION 

The  flux  density  versus  magnetic  field  intensity  {B  vs  H) 
relationships  of  the  core  and  permanent  magnet  materials  are 
approximated  by  linear  equations,  The  permanent  magnet 
material  is  described  by 

^niag“  "h  Ai)A«i^mag'  U) 

This  may  be  either  the  natural  recoil  line  of  the  magnetic 
material,  or  the  result  of  stabilization.  The  linear  approxima¬ 
tion  to  the  core’s  B  versus  H  curve  is  given  by 

In  saturation  =  -B,.+  ,  (2) 

Out  of  saturation  AllMunsalWcore-  (3) 

The  analysis  begin.;  with  Ampere’s  circuital  law 


t-IG.  I.  A  Ihri'e  material  dlltll  limiter;  permanent  magncl  malcrial  (black); 
high  permeability  high  saturation  tlux  dcnsily  material  (dark  gray);  high 
permeability  low  saturation  tlux  density  material  (light  gray).  The  f'nur  coils 
(white)  each  surround  a  core. 
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enclosed  • 


(4) 


It  will  be  assumed  that  the  mmf  drop  within  the  corner  pieces 
is  negligible  in  comparison  with  the  other  mmf  drops  around 
the  magnetic  circuit.  Thus,  within  the  core  and  magnet  ma¬ 
terials 


*  *  niag*  mag  ' '  core*  core  •  ’  *  • 


(5) 


In  Eq.  (5),  and  are  the  total  magnetic  path 
lengths  through  the  magnet  and  core  materials,  respectively. 

While  the  core  material  is  saturated,  the  flux  density 
within  the  core  material  is  approximately  described  by 

^Vn.ag+/^Jc<,rc  ' 

The  flux  linkage  (A)  within  the  dl/dl  limiter  is 
^sai~^®core^corc>  while  the  core  is  in  saturation,  the 
inductance  of  the  dlldt  limiter  is 

Msat^mag'^  Mm^core 

When  the  core  is  operating  in  the  high  permeability  re¬ 
gion,  the  flux  density  within  the  core  material  is 


L  = — ^  ■ 
™  dl 


^  core 


^m^magA^nsat"^  Munsat^^ 

^mag/Ajnsal'h  /^m^corc 


the  flux  linkage  is  given  by  Aunsa,=A5<.orc4core 
ductance  of  the  dlldt  limiter  is 


^  unsat 


*^^unsal  ^  ^corc/^oA^mM  unsat 


dl 


L 


(8} 

and  the  in- 

(9) 


* magAtoinsat A^m^corc 

Let  the  intersection  between  Eqs.  (2)  and  (3)  be  labeled 
Bx ,  then  let  the  coil  current  required  to  achieve  a  flux  density 
of  B,  within  the  core  material  be  called 


^cC^magAAinsat'^  A^m^cure)  “h  flffi^mag^A^insal  A^.sat) 
A^unsat“A^sat) 


(10) 

/((ncc  is  the  demarcation  point  between  the  low  inductance 
region  /</kncc.  a"tl  the  high  inductance  region  A>/i(nec- 
It  can  be  shown  that  the  volume  of  permanent  magnet 
material  required  for  a  given  and  is 

r2 

(11) 


Magnet  volume=An,ag/,nag= 


A^'oA^/n^-' 


unsat'  knee 


Bm-Bc 


'  mag 


IV.  DESIGN  OF  A  THREE-MATERIAL  dl/dt  LIMITER 

The  design  process  usually  begins  with  a  specification  of 
the  required  fault  inductance  Z-unsj, ,  and  the  threshold  current 
level  For  the  device  pictured  in  Fig.  1,  Aj„„=An,ag, 
and  so  the  volume  of  permanent  magnet  material  is  deter¬ 
mined  by  Eq.  (11). 

For  most  practical  core  and  magnet  materials 
rearranging  Eqs.  (7)  and  (9)  yields 

^  unsat  core  volume 

-^  =  1  + - ; - .  (12) 

Lsa,  magnet  volume 


TABLE  1.  Physical  dimensions  of  six  dlldt  limiters. 


1+5^ 

10 

20 

100 

Square  edge  /I,  (m) 

0,1 82h 

0.1826 

Solenoid  length  /,  (ml 

0.027.S 

0.0550 

Resistance  W,  (ill 

0.057 

0.05.1 

/V=15(l 

Square  edge  D,  (ml 

0.1401 

0.1491 

Solenoid  length  /,  (m) 

0.0412 

0.0825 

Resistance  R,  (fl) 

0.071 

0.066 

W  =  25() 

Square  edge  D,  (m) 

0.1155 

0.1155 

Solenoid  length  /,  (m) 

0.0687 

0.1.174 

Resistance  R,  (fl) 

0.095 

tl.087 

Since  the  magnet  volume  is  fixed  by  Eq.  (11),  for  a  given 
^unsai  and  ^knee  Ihc  ratio  Lu..sat/^sat  is  increased  at  the  ex¬ 
pense  of  an  increase  in  the  volume  and  mass  of  the  core 
material.  Increasing  A  „jg  reduces  for  a  given  volume  of 

magnet.  This  results  in  a  decreased  flux  path  reluctance;  thus 
fewer  winding  turns  are  required  in  order '  achieve  the  nec¬ 
essary  Z-unsaf  With  fewer  turns,  the  resistance  of  the  dlldt 
limiter  is  reduced  and  the  mass  of  the  copper  windings  is 
lessened.  However,  increasing  A„,jg  also  increases  the  vol¬ 
ume  of  the  four  corner  blocks  (which  are  proportional  to 
A'^ag);  achieving  the  desired  balance  between  device  resis¬ 
tance  and  mass  will  determine  the  area  A„,ag. 

Table  I  .summarizes  a  set  of  dlldt  limiter  designs  in 
which  Iu„,ai=40  mH  and  A;  Table  II  provides  a 

breakdown  of  the  mass  of  each  of  the  Table  1  designs.  It  is 
assumed  that  the  core  and  magnet  cross  sections  are  square, 
the  length  of  each  side  being  D,.=(A(.o,e)'^.  The  symbol  /,  is 
simply  the  length  of  each  core  from  one  corner  block  to  the 
next.  The  material  constants  for  the  core  and  magnet  materi¬ 
als  are  5^=0. 4  T,  a^,s,„=1.0,  ;a„„,;„=1000,  B„=1.0  T,  and 
1 .05.  The  density  cf  the  permanent  magnet  material  is 
7.4X10^  kg/m^,  and  the  density  of  both  the  sandwiched  core 
material,  and  the  corner  block  material  is  4.9X10’  kg/m’. 


TABLE  II.  Mass  of  various  dlldt  limiter  components. 


\  +  ~ 

‘mag 

10 

2t'. 

N=  ini) 

Magnet  mass  (kg) 

2.713 

2.713 

Core  mass 

16.17 

34,13 

Corner  mass 

228.1 

228.1 

Coil  mass 

16.82 

15.97 

Total  majis 

263.8 

280.9 

N=I50 

Magnet  mass 

2.713 

2.713 

Core  ma.ss 

16.17 

34.13 

Corner  mass 

124.1 

124.1 

Coil  mass 

21.08 

19.97 

Total  mass 

164.1 

180.7 

/V  =  250 

Magnet  mass 

2.713 

2.713 

Core  mass 

16.17 

34.13 

Corner  mass 

57.71 

57.71 

Coil  mass 

28.18 

26,04 

Total  mass 

104.8 

120.6 
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FKi.  2.  A  modihcd  thrcc  rnatcfial  <//  <//  liimtci  in  ^^hkh  Mu. 

device  uses  eight  coih  insicail  ot  ioui 


As  Table  II  shttws,  at  low  values  of  /V.  the  mass  «>f  the 
corner  pieces  dominates  the  total  device  mass,  and  spoil 
what  would  otherwise  be  a  promising  design.  A  modification 
to  the  three-material  dlUlt  limiter  which  addresses  this  prob¬ 
lem  is  shown  in  Fig.  2.  In  this  modification,  truncated  cones 
of  the  high  permeability,  high  saturation  t1ux  density  material 
used  for  the  corner  pieces  arc  employed  to  focus  the  flux 
from  a  large  diameter  magnet  through  a  smaller  diameter 
core  material.  Although  a  lack  of  space  docs  not  allow  a 
complete  analysis  of  this  device,  Table  III  shows  that  consid¬ 
erable  savings  in  material  mass  and  device  dimensions  can 
be  achieved  by  using  this  modified  design. 


TABLE  HI.  Three  modified  dl/Jl  limiter  designs:  A/  =  1()0 

^uiwii=‘*0  mH,  and  /k,i„=50  A. 


^  J  Mm^mag^coic 
cotc^mag 

10 

20 

UK) 

Core  diameter  (m) 

0.0841 

0.0841 

0.0841 

Magnet  diameter 

0.1682 

0.1682 

0.1682 

Solenoid  length  /, 

tl.0899 

0.0942 

0.1291 

Resistance  (fl) 

0.05.1 

0.035 

0.021 

Magnet  mass  (kg) 

1.21 

1.21 

1.21 

Core  mass 

0,428 

0.903 

4.70 

Corner  mass 

15.52 

15,52 

15.52 

Coil  mass 

18.10 

1 1 .85 

7.26 

Cone  mass 

21.36 

21.36 

21.36 

Total  mass 

56.68 

50.85 

50.06 

I  Ki  ^  I  Uj\  linkagi'  i  \i  v*.  curTi'iu  (/)  guph  of  tfu-  three  nutcrul  d!  di 
liinitcf  (iraph  t-  w,iv  (»bt.tiiH'4l  fronr  .1  (mill'  cIciiKnl  MittuUiiiin,  Jiid  curve  P 
IV  (roni  (he  pcrfortiKiiicc  cipiiitionv  ot  See  lit 

The  flux  linkage  versus  current  graph  for  the  ,V  ^  Z.'iO. 
device  is  shown  in  Fig.  ?i.  along  with  the  resulting 
curve  from  a  finite  element  simulation.  The  siopc  of  these 
curves  is  the  incremental  '.nductance  of  the  dlldt  limiter. 

V.  CONCLUSIONS 

This  article  examined  a  device  which  has  the  potential  to 
function  as  a  selective  rate  of  current  change  {dlldi)  limiter. 
For  currents  below  a  designed  threshold  level,  it  was  shown 
that  the  inductance  of  this  device  could  be  designed  to  be 
quite  small;  above  this  threshold  level,  the  inductance  of  the 
device  increases  dramatically  to  another  much  larger  de¬ 
signed  value.  A  simple  first-order  analysis  of  the  dl/dt  lim¬ 
iter  was  favorably  compared  to  a  set  of  finite  element  simu¬ 
lations. 

A  modification  to  the  basic  dl/dt  limiter  was  shown  in 
which  the  flux  from  a  large  area  permanent  magnet  was  fo¬ 
cused  through  a  smaller  diameter  core  material.  The  effect  of 
this  was  to  significantly  reduce  the  total  mass  of  the  dl/dt 
limiting  device. 
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An  extended  magnet  in  a  passive  dl  dt  limiter 

S  J  Young  F  P  Dawson  ana  A  Kcnfac) 
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III.  MODEL  OF  THE  CYLINDRICAL  dl  dt  UMITER 


I.  INTRODUCTION 

In  ail  lull  tliL'  in.kisi  itiM.il  III  flffiiik.  f  Ilk  nils  sunif  Imin 
v)l  nvciciirreni  pfolcctuni  imi\i  Ik-  lunkiklckl  .-MiIiimij;!!  imi.i 
current  prnlcction  ha".  irailiUnnalK  tven  pikiviili.il  In  hii.il. 
ers  anil  Uiscs,  Ihcic  arc  iiunicrnns  appln  .ilinns  wlicic  >siiinc 
adililikuial  tnciiuKl  iv  nccilckl  in  onkr  in  j^kiaianU'c  1.1K1111  aiui 
coniponcni  security.  I'his  is  especially  line  nl  ccilaiit  semi 
ennduetkir  devices,  which  have  a  very  Inw  Inlctaiicc  m  nvci 
currents  due  to  the  very  Ikivv  thermal  capacity  nl  the  thin 
scmicniiductor  waters  trom  winch  these  devices  are  made 

This  article  examines  a  device,  calleil  a  cy  liiulrical  dl  di 
limiter,'"  wliich  could  he  jilaced  in  series  with  ihe  tuse.  and 
which  for  normal  circuit  kipcration  would  ap|uar  iki  Ihe  cir¬ 
cuit  as  a  low  impedance  conduelor.  hut  which  would  trans¬ 
form  itself  into  a  large  induelanee  when  the  circuital  currents 
exceeded  some  designed  threshold  level. 

II.  CYLINDRICAL  dlldt  LIMITER 

Stripped  to  its  essential  components,  the  cylindrical 
dl/dt  limiter  is  shown  in  Fig.  Kal.  In  essence,  it  is  a  hollow 
cylinder  made  up  of  alternating  slices  of  a  soft  saturable  core 
material  (dark  gray)  and  a  permanent  magnet  material 
(black).  This  cylinder  is  then  surrounded  by  a  coil  having  in 
general  N  turns. 

The  dlldt  limiter  functions  as  follows;  With  zero  coil 
current,  the  wedges  of  a  permanent  magnet  cause  a  niagnetie 
flux  to  flow  in  a  near-^cireular  path  through  the  magnet  and 
core  materials  with  sufficient  intensity  to  saturate  the  core.  In 
this  state,  the  incremental  inductance  (rate  of  change  of  flux 
linkage  with  respect  to  current)  is  low. 

A  positive  coil  current  creates  a  magnetomotive  force 
(mmf)  which  opposes  the  mmf  of  the  permanent  magnets.  As 
long  as  the  current  does  not  exceed  the  designed  threshold 
level,  the  mmf  of  the  permanent  magnets  is  sufficient  to 
maintain  the  core  material  in  saturation,  and  the  incremental 
inductance  of  the  device  remains  low.  Larger  positive  coil 
currents  reduce  the  flux  density  in  the  core  region  below  the 
saturation  level  and  into  the  high  permeability  region.  In  this 
state,  the  incremental  inductance  of  the  device  is  high.  It  is 
this  increased  device  ii;ductance  which  reduces  the  rate  of 
current  change  in  voltage-source-fed  ciicuits. 

The  mmf  due  to  negative  currents  supports  the  mmf  of 
the  magnets;  the  core  is  forced  deeper  into  saturation,  and  the 
incremental  inductance  of  the  dlUit  limiter  remains  low. 


\  iwii  iliiiu  nviini.il  miulel  nl  the  d!  dl  lini’lci  is  iiseil  as 
till’  I'.isis  till  .iii.ilvsis  In  csstnii-,  ii  ncgictls  vhe  eiui  cllects 
kliie  III  the  linile  length  ki|  ihc  ill  ill  liniilei.  .iiul  il  assumes 
th.ii  Ihe  ni.igneiii  lliiv  flows  111  eitculai  p,ilhs  ihrough  the 
klev  lie 

Ihe  liu\  ilensiu  veisiis  m.igiiclie  lield  iiiiensily  ill  vs  II) 
lehiiioiiships  lit  ihe  eoie  aiui  permaiiciil  inagnel  materials  are 
.ippioximali'kl  In  lineat  eipialiims  nl  ihe  ivpe  shown  below, 

‘  Am/' (1) 

This  may  he  eiiliet  the  iiaiural  recoil  line  of  the  iii  ignedc 
material  or  ihc  icsiilt  of  siahilization.  T  he  linear  approxima¬ 
tion  lo  the  core's  H  vs  II  curve  is  shown  in  I-'ig,  2: 

In  saturation  I (2) 

Out  of  saturation  /i(iMi.nM.|//a«i-  O) 


Applying  Ampere's  circuital  law 


to  the  two-dimensional  dlldi  limiter  model  shown  in  Fig.  .2 
yields  a  .set  of  equations  which  describe  Ihe  static  or  liw 
frequency  flux  linkages  (A)  within  the  dl/di  limiter.  By  low 
frequency,  it  is  meanl  that  the  effects  of  eddy  currents  arc  not 
taken  into  account. 

The  operation  of  the  cll/dt  limiter  is  divided  into  three 
modes  of  operation  determined  by  Ihe  state  of  the  core.  The 
state  of  the  core  is  determined  by  the  coil  current.  The  total 


l-'ICi.  I.  'Ilic  eyliiulrical  dt/ili  liniiicr  llcl'l-liaiiil  side)  and  the  extended  niag- 
ncl  version  (riiilil-hand  side). 


IV.  DERIVATION  OP  FLUX  LINKAGES  AND 
INCREMENTAL  INDUCTANCE 
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1^  R2  R.f  R4 

y  «  K  Y 


M<  i  '  Uu'  |>u\(V  iM'  linear  (C|nvH  nritnin  ul  iIk  tM.itcri.il 


flux  linkage  has  three  coinixuienls:  A,„  is  due  to  the  inner 
conductor,  ;\„ui  if  due  to  the  outer  conductor,  and  the  remain¬ 
ing  contponei.t  is  due  to  the  t'ux  in  the  core. 

Region  1:  Nl< K^,3\  The  core  is  completely  saturated. 

'^,SAr~ '^in ^  ^iiui  ■ 

Region  2:  R;,f3^Nl^Ryf)\  The  core  is  partially  saturated. 
This  is  a  transition  region. 

^  I KANS~  ^Irims'^ ^iiui  ■  r^)) 

Region  3:  The  core  is  completely  out  of  satura¬ 

tion. 

^UNSAT~  ^in"^  ^uii.sal^  ^oul 

Mo/2  m  (r-  UllH4(  -/'■sat) 

(«) 

The  incremental  inductance  (L^dMdl)  of  the  basic  dl/dt 


I'Ki  '  till-  isvii  ilimciisioiial  iimUcI  nl  the  (Unit  limiter. 

limiter  has  a  constant  value  /.unsai  region,  and  a 

lower  constant  value  l-sw  the  normal  operating  region.  It 
is  only  in  the  transition  region  that  the  incremental  induc¬ 
tance  is  a  function  of  current.  In  the  following  equations,  the 
symbol  "length"  is  the  axial  length  of  the  three-dimensional 
device. 

^o^‘/l-cngth  R~,-?>R]  R‘\  \n{R^/R^)^ 

Tn 

/iii/V‘/ Length  R^-^iR^  R'^  ln(/?4//Ji)\ 

^  +  (Ri-Rlf  I 


'  ^inagMunsal 


<J,„4,Munsa.+  (27r-  "'[R.j  J 

-t-iVLength  - - — ''—,-7^ - - — - - {R^--R,)+-^ - rr; - z — ^ M  TT 

^magMsat"^  ^mag)Mm  ^niagMsal"^  ( ^ \^x 


/\,u,=  iV  Length 

^  ~  ^nmg/^sul  “  ^  c  (  2  TT  ~  ^^uag)  M// 

^mugMsat”^  ^mug/Mw 

_ R'i)R'niR'sd[^ ^ _  ln(^^^ 

^mag/''sul“b  (  2  TT  —  t?niug)  R,„  I'RzI 


(R^-Rz) 


R,--=NIII3.  (13) 

Rx  is  the  dividing  radius  between  the  unsaturated  core  region 
(inside  this  radius)  and  the  saturated  core  region  (outside  the 
radius). 

/^unsat  =  )V  Length 

~gm^niagMunsai 

/I  1  /-)  '  /I  \  ‘''3  ■''2/ 

Lf'n,ag/^unsnt+(27r-6/„,ag)Mm 

RoRmR-tiasM^^  ,  /^3\1  ,,  ,, 


0n,agMunsa.+  {27r-e„„g)M.,  W  [  ' 

Table  I  summarizes  the  physical  dimensions  of  three  ex¬ 
ample  dlldt  limiters,  Each  device  has  a  low  inductance  re¬ 
gion  extending  up  to  =  A,  and  each  has  a  fault  induc¬ 
tance  Lunsat’^45  mH.  In  these  examples,  the  material 
constants  for  the  core  and  magnet  material  are:  jasa,=1.0, 
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/Ainsw=l ()«•).  B,.  =  ().4  T,  /z„,=  1.05,  and  B,„=l  .n  T.  The 
coil  is  made,  of  square  No,  4  wire  (/I  ^1^,,= 39  842.5  mil’), 
which  has  a  dc  resistance  of  0. 6860/1000  mil  at  25  °C  and  a 
mass  of  0.2335  kg/m. 

In  Fig.  4,  the  flux  linkage  versus  current  graph  for  the 
^mag~27r/20  device  of  Table  I  is  shown  along  with  the  results 
from  a  set  of  finite  element  simulations.  The  only  difference 
between  the  16  and  64  segment  devices  is  the  number  of 
permanent  magnet  wedges  that  the  magnetic  angle  is 
divided  into.  Many  thin  wedges  tend  to  reduce  the  amount  of 
leakage  flux  outside  the  device,  i.e.,  more  of  the  flux  is  con¬ 
fined  to  the  core.  Hence,  the  transition  from  the  low  to  high 
inductance  state  is  sharpened  as  the  number  of  wedges  in- 
crea.ses.  However,  large  numbers  of  core  and  magnet  wedges 
may  be  undesirable  from  a  cost  and  construction  perspective. 

In  Fig.  1(b),  a  modified  device  is  depicted  in  which  the 
permanent  magnet  wedges  are  extended  to  the  outer  edge  of 

Young,  Dawson,  and  Konrad  6875 


TABLE  I.  Physical  characteristics  of  three  Jl/dt  limiters. 


2r7 

To 

2n 

2i) 

2n 

Too 

/f. 

0.2W8 

0..1964 

0.6960 

()..1241 

0.408,1 

0.6981 

Hy 

()..156.S 

0.4491 

0.7681 

Ky 

0.,1771 

0.4596 

0.7702 

Ixngth 

0,06482 

0.08166 

0.1.197 

N 

1852 

1167 

.199 

Magnet  mass  (kg) 

1..11 

1.11 

Core  mass 

19.8 

41.8 

217.9 

Coil  mass 

122.9 

78.95 

.19.86 

Total  mass 

146.0 

124.1 

261.1 

Resistance  (ti) 

()„16 

0.21 

0.12 

CsAT  (mH) 

6.22 

2.51 

0.41 

^IJNSAT  (f'-H) 

46.0 

44.0 

40.1 

/'tIN.SAT 

7,4 

17.5 

9.1.1 

f'SAI 

the  conductors.  Extending  the  magnets  helps  to  maintain  a 
more  uniform  flux  density  in  the  core  material.  Thus,  fewer 
magnetic  wedges  are  required  to  achieve  a  sharp  transition 
from  the  low  to  high  inductance  state  of  the  device. 

It  can  be  shown,  that  for  the  cylindrical  dlldi  limiter,  the 
combined  volume  of  the  core  and  permanent  magnets  is 


Volume 


2’n'/i(|/^;n/^nc,.-^UNSAI 


(15) 


This  is  an  unavoidable  characteristic  of  the  cylindrical  dl/dt 
limiter  which  tends  to  result  in  a  fairly  heavy  device  for  large 
values  of  and  /- unsat  -  values  of  For 

instance,  the  mass  of  the  2t,/2()  device  is  124.1  kg,  of  which 
3. .3.1  kg  is  due  to  the  permanent  magnets,  4I.K  kg  is  due  to 
the  ferrite  core,  and  78.95  kg  is  due  to  the  copper  conductors. 
For  smaller  values  of  f- unsat  “id  the  weight  of  the 
device  is  more  reasonable,  and  the  simplicity  of  the  cylindri¬ 
cal  device  makes  it  attractive. 

V.  CONCLUSIONS 


This  article  examined  a  device  which  has  the  potential  to 
function  as  a  selective  rate  of  current  change  (dUdi)  limiter. 


\  .S  - 
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2)  M  Segment  device 

/A 

Mux 
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KX) 

ElO.  4.  Elux  linkiigi-  vs  currcnl  graphs  for  the  device  of  Tiihle 

I.  The  "Ihcorelieal  prediction"  line  was  obtained  from  the  performance 
equations.  Ihe  remaining  curves  arc  from  a  set  of  Unite  element  simulations. 


For  currents  below  a  designed  thresh'  Id  level,  it  was  shown 
that  the  inductance  of  this  device  could  be  designed  to  be 
quite  small;  above  this  threshold  level,  the  inductance  of  the 
device  increases  dramatically  to  another  much  larger  de¬ 
signed  value. 

A  modification  to  the  basic  dl/dt  limiter  was  shown  in 
which  the  permanent  magnet  wedges  were  extended  to  the 
outer  edge  of  the  current  conductors.  The  effect  of  this  was 
to  reduce  the  number  of  wedges  required  to  achieve  accept¬ 
able  device  performance. 

It  was  also  seen  that  at  larger  values  of  threshold  current 
and  device  inductance  that  the  volume  and  mass  of  the  di  - 
vice  could  be  considerable,  thus  the  cylindrical  dl/dt  limiter 
would  likely  only  he  practical  for  applications  in  which 
^inc</'UNSAT  Small. 
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Effects  of  additives  on  magnetic  properties  of  sheet  Sr-Ba  ferrite  magnets 
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hcxajional  I'crritc  has  attracted  imiclt  attention  due  to  its  larne  (Hll)^,.,,,^  values 
and  w<trkiibilily.  We  liave  prepared  sheet  miijinets  hv  the  Dr.  Hlade  method.  To  e.xamiiie  the  clTects 
ol'  additives,  such  as  SiOj.  TiOj,  Al>()(,  and  Cr.Oi.  on  magnetic  properties  of  sheet  magnets,  we 
used  VSM  magnetometer,  x-ray  diffraction,  tutd  Mossbaticr  spectrometer.  The  crystiil  structure  is 
ftnind  to  be  a  magneloplumbite  ol  typical  A/ -type  hexagonal  ferrite,  but  the  o-I  e  .O,  pluise  ilevelops 
with  increasing  additives  concentration.  Using  oi:;  .dned  computer  progiam.  xve  have  atialy/eil  the 
Mo:,.,!-.„uei  spectra  in  the  temperature  range  from  l.r  to  StM)  K.  'I  hc  Mossbauer  spectra  indicate  that 
the  line  intensity  for  the  \2k  site  is  reduced  with  increasing  SiO.  concentriilion.  which  is  different 
from  the  reports  of  b'e-substituted  lia  ferrite.  I  his  suggests  that  the  developing  (r-I''e.()(  phase  is 
related  to  I2A'  sites.  The  isomer  shifts  show  the  chiirge  states  ol  l-'e  ions  is  ferric.  When  the  additives 
concentrations  increase,  the  Curie  temperatures.  I\  go  down.  One  sextet  for  (i-l-cd)i  plutse  still 
persists  above  .  so  it  suggests  that  the  high-'/',  values ilo  not  result  from  o-Te-Oi.  While  Al.O,  and 
Crdfi  additives  increase  coercive  force  //,  .  the  other  additives  reiluce  it. 


I.  INTRODUCTION 

The  hexagonal  ferrite  of  the  A/-type  ( Ha. .Sribci 
have  attracted  much  attention  as  permanent  magnets,  perpen¬ 
dicular  magnetic  recording  mediit.  iittd  microwave  device 
materials.'  '  They  are  widely  used  because  of  their  high  co- 
ereivity  and  low  cost.  Besides,  they  tire  very  stable  and  htive 
electrical  resistivity.'  In  optimi/ing  hard  ferrites  for  perma¬ 
nent  magnet  applications,  a  compromise  is  usually  struck 
between  obtaining  a  high  remanence  viilue  ttr  a  high  coerciv- 
ity.  which  is  dependent  on  microsirucluriil  features. 

The  remanence  Hr  is  a  strong  function  of  density,  chem¬ 
istry.  and  orientation,  while  the  coercive  force.  //,  is  relateil 
to  grain  size.  The  problem  is  to  achieve  tine  grain  size  and 
high  density  simultaneously.  It  has  been  reported  tltat  some 
additives  such  as  .Si(),.Ti(),.  Ha^Oo  (’r.f)o  and  (ia^O,  are 
active  ingredients  that  definitely  influence  the 
microstructure.'' 

Additives  play  a  role  as  an  activator  and  inhibitor.  The 
method  of  addition  and  amounts  are  also  very  important 
techniques.  Kools'  has  found  that  SiO^  in  the  correct  propor¬ 
tion  inhibited  grain  growth  by  forming  a  second  phase  at  the 
grain  boundaries.  Okumura"  has  found  Hi.O,  improves  the 
reaction  rate  and  incrca.ses  the  density  of  barium,  strontium, 
and  lead  ferrites.  Seok''  noticed  that  AliO,  reduces  the  size  of 
unit  cell  of  barium  ferrite,  raises  the  coercive  force,  lowers 
the  saturation  magnetization,  remanence.  Curie  temperature, 
and  rate  of  growth  of  the  crystallites.  On  the  other  hand, 
Wolski^  has  investigated  the  influence  v)f  the  admixtures 
(AI2O3,  GujOj,  B2O1)  upoi.  the  magnetic  properties  of  the 
strontium-barium  ferrite  Sroj^BaoisFeiiOn,. 

In  this  work,  the  effects  of  trivalent  base  oxides  (AbO,, 
CrjO-,)  and  tetravalent  base  oxides  (1/02.  SiOi)  on  magnetic 
properties  of  the  Sr-Ba  ferrite  are  di.scussed.  There  has  not 
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no.  2.  Mossbaucr  spectra  of  Sr- Bu  ferrites  with  1.0-wt  %  additives  at  IJ  K. 

been  an  exploration  of  the  effects  of  substituting  part  of  Pe^ ' 
with  the  cations  of  additives  by  Mdssbaucr  spectroscopy. 


II.  EXPERIMENT 

Strontium-barium  ferrite  Sr(,7,Ba()2,sFei;0,,,  was  pre¬ 
pared  by  the  citric  sol-gel  method.  The  starting  materials 
were  SrfNOj):,  BafNOlj,  FcfNOjl  ^HjO  of  99%  purity.  Af¬ 
ter  grinding  and  drying  citrate  gel.  the  ferrite  powder  was 
reacted  by  calcining  it  at  850  °C  for  2  h.  The  green  sheets  of 
Sr()7,Ba,)25Fe|20,,)  to  which  additives  oxides  were  intro¬ 
duced  were  made  by  Dr.  Blade.  Sintering  was  done  at  5(K)  °C 
for  1  h  and  for  the  second  time  at  12(K)  °C  for  2  h. 

Mossbauer  spectra  were  recorded  using  a  conventional 
Mossbauer  spectrometer  of  the  electromechanical-type"’ 
with  a  ’^Co  source  in  a  rhodium  matrix. 


III.  RESULTS  AND  DISCUSSION 

The  x-ray  diffraction  patterns  of  the  samples  showed  that 
the  crystal  structure  was  a  typical  magnetoplumbite  of  the 
A/-type  hexagonal.  The  lattice  constants  of 
Sro.75Bao,25Fei20i9  were  found  to  be  a  =5.875  A,  c=23.03 
A.  Adding  oxides  has  no  appreciable  effect  on  the  dimen¬ 
sions  of  unit  cell.  In  the  case  of  Si02,  the  a  axis  of  the 

6878  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


PKi.  .1.  Mbsshaaer  spectra  of  Sr-Ba  furrites  with  admixed  with  AI.O,  and 
SiOj  at  room  temperature.  The  dashed  line  indicates  the  (r.PeT'i 


hexagonal  cell  is  almost  unchanged,  while  the  c  axis  seems 
to  decrease  slightly.  cr-FeiOj  phase  appear  above  2.0  wt  %  of 
Si02  additives.  The  effect  of  substituting  part  of  the  Fe^’ 
with  oxides  was  not  noticed  in  powder  diffraction  patterns. 


FIG.  4.  Temperature  dependence  of  magnetic  hypcrfinc  fields  of  Sr-Ba  fer¬ 
rite  with  1  O-wl  %  TiO.  additives. 
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riCi.  5.  Dependence  ol  Curie  teni(X!r;iturcs  /,  ujxin  the  contemratinn  of 
additives  At;Oi  ami  SiO.. 


Mossbaucr  spectra  of  Sr-Ba  ferrite  with  l.O-wt  %  SiOi, 
Ti02,  AI2O1,  and  Cr^O,  are  shown  in  Figs.  1  and  2,  Each 
.sites  contributes  a  magnetic  hypertine  sextet,  in  proportion  to 
site  population  times  the  recoil-free  fraction,  to  the  total 
Mossbaucr  spectrum.  With  the  assignments  shown  in  Figs.  1 
and  2,  peaks  of  five  sites  may  be  identified  visually.  They  are 
a  typical  Mossbaucr  spectra  of  the  Sr-Ba  ferrite."  The  i.so- 
mer  .shifts  at  room  temperature  arc  in  the  range  of  0.18-0.27 
mm/s  relative  to  Fc  metal, which  means  that  the  ionic  state 
of  iron  ions  with  respect  to  five  sites  is  ferric.  The  effects  of 
Fe’’*'  substitution  with  trivalent  and  tetravalent  cation  of  ad¬ 
ditive  is  not  found  in  the  Mossbaucr  spectra. 

The  quadrupolc  splittings  of  subluttice  as  a  function  of 
temperature  show  no  abrupt  change  near  80  K.  Kreber"^  had 
proposed  a  model  in  which  Fe'  ^  occupies  randomly  one  of 
the  two  equivalent  sites  of  Ac  instead  of  2h  at  low  tempera¬ 
ture.  Figure  3  show  Mossbaucr  spectra  of  Sr-Ba  ferrites  with 
changing  weight  percent  of  the  additives  AI2O3  and  Si02. 

When  the  portion  of  additives  is  increased,  the  Mdss- 
bauer  spectra  of  the  Sr-Ba  ferrite  with  AUO,  admixture  is 
almost  unchanged,  while  that  of  Si02  is  obviously  changed. 
The  line  intensity  of  the  \2k  site  is  reduced  with  the  addition 
of  Si02,  whieh  indicates  that  Fe’'*^  substitutes  for  Si‘*  \  As 
shown  in  Fig.  4,  the  variation  of  magnetic  hyperfine  fields  of 
Sr-Ba  ferrite  with  the  use  of  l.O-wt  %  Ti02  additives  is  simi¬ 
lar  to  that  of  the  typical  Sr  ferrite. 

The  variation  of  Curie  temperatures  with  the  weight  per¬ 
cent  of  additives  are  shown  in  Fig.  5.  When  the  weight  per¬ 
cent  of  additives  of  samples  increase,  the  Curie  temperatures 
Tf  decreases,  but  remain  high,  and  one  sextet  for  a-Fe203 
still  persists  about  It  suggests  that  this  high  value  of  the 
Curie  temperature  T,  due  to  additive  oxides  may  be  ex¬ 
plained  as  the  small  substitution  of  Fe’^  on  2h  or  12^  sites 
by  the  trivalent  or  tetravalent  cation,  which  effects  changes 
in  the  distance  or  the  angle  between  Fe-O-Fe  involved  in 
superexchange  interaction,  however  changes  of  Mossbauer 
spectra  due  to  these  ions  are  not  detectable  below  the  Curie 
temperature, 
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I'Ki.  f),  Siiiutiilii)ii  iniitiiicliziilion  A/„  ol  Sr-Itii  iVrrilcs  with  ami  willniul 
admixtures. 

It  is  noted  in  Fig.  6  that  additives  increase  the  saturation 
magnetization.  Of  all  the  additives  AFO,  has  the  greatest 
effect  on  A/,  in  the  range  of  1.0  wt  %.  However,  an  increase 
in  additives  reduces  the  saturation  magnetization.  I'he  coer¬ 
cive  force,  //,.  is  increa.scd  with  the  addition  of  the  admixture 
AFO^  and  CrsO,,  but  is  decreased  with  the  other  additives. 

In  general,  7/,.  and  partly  depend  upon  density  and 
grain  size,  and  it  has  been  shown  that  the  coercive  force,  //,, 
depends  on  the  anisotropy  field  which  is  related  to  five  Fc’ ' 
sites,  but  any  effects  due  to  the  replacement  of  trivalent  by 
tetravalent  cations  in  Mossbaucr  spectra  was  not  observed. 

In  conclusion,  it  may  be  said  that  when  the  concentration 
of  additives  is  less  than  5  wt  %  the  magnetic  properties  such 
as  //,.,  A/,,  and  depend  more  on  microstructure  character¬ 
istics  than  on  the  additives.  Additives  can  also  play  u  role  as 
inhibitor  or  activator  when  the  cation  concentration  is  less 
than  5  wt  %. 
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Critical  scattering  of  electromagnetic  waves  on  spin  fluctuations 
in  nonsaturated  magnetic  films  under  acoustic  pump 
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Ru.\.sia  l(m07 

Thf  theoretical  and  cxpcrinienial  investigation  of  the  microv/ave  (MW>  combination  scattering 
spin  fluctuations  (SF)  in  the  yttrium  iron  garnet  (iim  under  acoustic  pump  were  pursued.  MW 
frequency  /=3..S'4. 1  GHz  was  well  above  spin  wave  spectrum  at  a  pretissigned  magnetic  field.  At 
the  external  magnetic  field  range  //||=5-4()  Oe  one  (or  more)  intensity  peaks  of  MW  scattering 
were  observed.  The  positions  of  these  peaks  do  not  depend  on  MW  and  surface  acoustic  wave 
(SAW)  amplitudes  and  frequencies  and  depend  heavily  on  the  magnetic  tield  directions  in  a  film 
plane.  Because  these  phenomena  were  closely  associated  with  the  domain  walls  IDW)  reorientiition 
or  at  the  domain  structure  transformations,  e.g..  at  the  flexural  instability  of  OW.  one  may  speculate 
that  critical  scattering  of  MW  on  SAW  and  SF  was  observed.  Cross  section  for  such  scattering  was 
calculated.  In  nonsaturated  magnetic  films  the  phenomena  of  MW  scattering  on  SAW  tmd  spin 
fluctuations  at  high  amplitudes  of  the  MW  and  SAW  were  investigated  as  well.  In  the  area  of 
external  magnetic  fields  W„5»25()  Oe  ;t  stepped  dependence  of  intensity  of  scattering  MW  was 
oh.served.  There  is  no  appropriate  explanation  of  this  effect  now. 

Experimental  investigations  of  nonelastic  scattering  of 
magnetostatic  waves  (MSW)  by  a  surface  acoustic  wave 
(SAW)  in  yttrium  iron  garnet  (YIG)  films  were  shown  to  be 
rather  useful  methods  for  measuring  MSW  propagation 
parameters,' ■'  as  well  as  for  studying  MSW  nonlinear 
peculiarity.'*  The  experimental  procedure  in  this  case  consists 
mainly  of  measuring  the  output  microwave  (MW)  signal 
level  of  frequency  /+/•'  (or  /-/•')  as  a  function  of  the  input 
microwave  signal  frequency  /  at  fixed  SAW  frequency  F  and 
external  magnetic  field  H^).  Usually  under  nonelastic  scatter¬ 
ing  of  MSW  by  a  SAW  the  maximum  level  of  the  output 
signal  takes  place  at  a  certain  input  MW  signal  frequency  f^^. 
when  the  phase  synchronism  conditions  of  nonelastic  scatter¬ 
ing  arc  satisfied. 

Recently,  when  investigating  nrrnlincar  MSW  scattering 
by  a  SAW  in  YIG  films  we  observed  that  the  output  signal  of 
the  f±F  frequency  may  have,  under  a  certain  condition, 
rather  essential  level  in  relatively  wide  input  signal  fre¬ 
quency  range  which  is  far  away  from  the  phase  synchronism 
frequency  /i,  and  even  outside  the  MSW  frequency  spectrum. 

Furthermore,  such  a  signal  appears  also  in  nonsaturated  YIG 
films  at  low  external  magnetic  fields  and  its  behavior  as  a 
function  of  input  microwave  signal  power  shows  a  steplike 
dependence. 

We  have  no  reliable  explanation  of  these  experimental 
results  now,  and  we  would  like  to  present  here  some  of  these 
results  and  discuss  one  of  the  possible  hypotheses  which  may 
probably  serve  as  an  approach  for  explaining  these  results. 

The  experimental  setup  is  similar  to  that  used  by  us  for 
surface  MSW  (SMSW)  nonelastic  scattering  by  SAW  inves¬ 
tigations. 

Figure  1  shows  the  experimental  setup  and  the  configu¬ 
ration  of  a  gadolinium  gallium  garnet  (GGG)-YIG  film 
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samples  used  for  studying  of  the  SMSW  scattering  by  SAW 
phenomenon  us  well  in  our  latest  experiments.  For  excitullon 
and  reception  of  SMSW  use  was  made  of  ordinary  transduc¬ 
ers,  i.e.,  planar  conductor  antennas  deposited  on  the  surf'it':;; 
of  Y-7.  LiNbO^  plates  and  YIG  film  was  placed  on  the  top  of 
these  antennas,  a  very  thin  layer  of  vacuum  oil  being  be¬ 
tween  the  .surface  of  LiNbOi  plates  and  that  of  YIG  film, 
providing  rather  good  acoustic  contact.  SAW  was  excited  by 
interdigital  transducers  (IDT).  The  insertirm  loss  of  such  a 
SAW  device  was  no  higher  than  20  dB  at  1.5-40  MHz  SAW 
frequencies  in  .5()-fl-measurcment  circuit.  The  dimensions  of 
the  antennas  were  .5X().()2.SX().()()2  mm'. 

We  used  .5~.M)  fj.  thick  YIG  films  fabricated  on  (111) 
GCiG  substrates  by  the  liquid  phase  epitaxy  method.  The 
structures  under  investigation  were  installed  between  the 
poles  of  an  electromagnet  as  shown  in  Fig.  1. 

At  a  certain  input  MW  signal  frequency  /,|  at  which  the 
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FIG.  1.  Schciniitie  of  the  cxpcrinienial  .setup  and  the  configuration  of  YIG 
rilm-(iG<i  samples  under  invesligution. 
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FIG.  2.  The  output  signal  level  A  of  frequency  (/  +  F)  as  a  function  of  the 
external  magnetic  field  at  three  values  of  the  input  cw  microwave  powers. 
SAW — in  pulse  regime,  pulse  duration  It)  fis,  repetition  rate  2IX)  kllz.  YlCi 
Hint  thickness  5  p'anar  dimensions  of  the  samples  4x  lo  mm". 

phase  synchronism  conditions  for  the  scattering  arc  satisfied 
and  at  sufficient  SAW  power  a  substantial  decreasing  in  the 
output  MW  signal  level  (transmitting  SMSW  level)  is  ob¬ 
served  in  the  sample.  This  decreasing  is  proportional  to  the 
SAW  power  in  a  relatively  wide  range  of  SAW  power  varia¬ 
tion.  In  this  case  a  reflected  (scattered)  SMSW  also  can  be 
observed.  The  reflected  SMSW  frequency  in  the  case  of  the 
SMSW  and  SAW  propagating  in  the  same  direction  is  less 
and  in  the  counter-propagation  case  is  higher  than  the  fre¬ 
quency  of  the  incident  SMSW  by  the  SAW  frequency,  F.  The 
signal  corresponding  to  the  reflected  SMSW  may  be  taken 
from  the  input  antenna  with  the  help  of  a  circulator  as  is 
shown  in  Fig.  1  and  measured  by  a  .selective  receiver  tuned 
to  {f(,±F)  frequency.  It  should  be  noted  that  such  a  tech¬ 
nique  is  rather  sensitive,  because  no  problems  connected 
with  interference  between  the  output  signal  of  frequency  (/ 
±  F)  and  the  input  MW  signal  of  frequency  /  arise. 

When  investigating  SMSW  scattering  by  SAW  the  input 
MW  power  usually  did  not  exceed  -20  dBm  and  experimen- 
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FIG.  3.  The  output  signal  level  of  (/  +  F)  frequency  as  a  function  of  the 
angle  between  the  external  magnetic  Iteltl  vector  and  the  dircctioti  of  SAW 
propagation.  /=4044  MHz,  F  =  22  MHz,  input  microwave  [mwer  5  dBm, 
SAW  power  20  dBm  (pul.se  regime,  10-/us  pulse  duration),  H  =  .17  Oc. 


I'lG.  4.  Output  signal  level  as  a  function  of  the  input  signal  level  for  a  S-fr 
YKi  film  sample.  H~2M)  Oc.  SAW  pulse  power  .ill  mW.  -■,30  dB  in  hori¬ 
zontal  axis  corresponds  lo  0  dBm. 


tal  results  were  in  good  agreement  with  the  thoory.’"’"'  At 
higher  MW  powers  we  ob.served  the  output  signal  of  if±  F) 
frequency  at  low  external  magnetic  fields  when  the  input 
signal  frequencies  /  did  not  correspond  to  the  scattering 
phase  synchronism  conditions  and  even  were  outside  the 
MSW  spectra  for  a  given  value  of  the  external  magnetic 
field.  The  measured  output  signal  level  of  (/  +  F)  frequency 
as  a  function  of  external  magnetic  field  H  at  thre,’  different 
vali  .s  of  the  input  signal  powers  is  presented  in  Fig.  2  for 
5-/z-thick  YIG  film  (magnetic  field  was  parallel  to  tlic  anten¬ 
nas).  One  can  see  two  relatively  narrow  peaks  at  low  mag¬ 
netic  fields  (one  at  .5-l.‘5  Oe  and  the  second  at  25-40  Oe).  It 
should  be  noted  that  the  power  level  of  these  peaks  is  di¬ 
rectly  proportional  to  the  input  MW  signal  power,  though  the 
output  signal  level  at  higher  magnetic  fields  is  essentially 
nonlinear  function  of  the  input  power.  The  experimental  re¬ 
sults  presented  in  Fig.  2  were  obtained  at  4044  MHz.  Our 
investigations  have  shown  that  qualitatively  similar  depen¬ 
dences,  including  these  two  peaks,  take  place  also  at  other 
frequencies  in  the  range  from  .1500  MHz  up  to  41(K)  MHz. 

In  relatively  thick  YIG  films  (thicker  than  20  fx)  a  series 
of  two  or  more  peaks  at  the  5-15  Oc  position  was  observed, 
while  only  one  peak  was  at  25-40  Oe  as  in  the  thin  film 
case. 

Figure  .1  represents  the  angular  dependence  of  the  output 
signal  level  measured  for  5-/i  YIG  sample  at  37-Oe  magnetic 
field  (the  second  peak  in  Fig.  2)  at  0-dBm  input  power  when 
the  sample  was  turned  around  its  vertical  axes  between  the 
maj’iiet  poles.  Zero  degrees  corresponds  to  a  sample  position 
when  the  direction  of  magnetic  field  is  parallel  to  the  anten¬ 
nas  (see  Fig.  1).  The  thick  line  in  Fig.  1  represents  the  mea¬ 
surement  result  when  a  sample  was  rotated  clockwise  fium 
0°  to  160°;  the  thin  line  represents  the  result  when  the  sample 
was  rotated  in  the  opposite  direction  from  .160°  to  0°.  Curves 
of  the  angular  dependences  of  the  output  signal  level  mea¬ 
sured  at  higher  magnetic  fields  differed  from  these  in  Fig.  1 
and  were  stretched  along  the  00°  and  180°  directions,  when 
antennas  were  perpendicular  to  the  magnetic  field  vector. 

Measured  output  signal  level  as  a  function  of  the  input 
microwave  power  for  a  5-/i  YIG  film  sample  at  230-Oe  mag¬ 
netic  field  value  is  presented  in  Fig.  4.  This  measurement 
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was  produced  at  magnetic  field  directed  parallel  to  the  anten¬ 
nas.  SAW  power  was  50  mW.  A  steplike  dependence  and  a 
hysteresis  arc  clear  seen  in  this  picture. 

It  should  be  noted  that  a  stripe  domain  structure  (DS) 
with  120°  blocks  was  ob.scrved  in  all  our  YIG  film  samples 
under  investigation  without  external  magnetic  field.  This  DS 
was  reconstructing  under  the  action  of  external  magnetic 
field. 

We  are  coming  now  to  the  theoretical  investigation  of 
the  MW  combination  scattering  by  spin  fluctuations  (SF)  un¬ 
der  acoustic  pump  in  nonsaturated  magnetic  films  at  the  first- 
and  second-order  phase  transitions  (PT)  accompanied  by  the 
stripe  DS  transformations.  The  equilibrium  orientation  of  do¬ 
main  walls  (DW)  depends  on  a  DW  type,  the  magnetic  an¬ 
isotropy  and  a  direction  of  a  magnetization  field  //(,  in  a  film 
plane.  At  the  specific  values  the  first-  and  second-order 
PT  of  DW  reorientation  type  takes  place  in  a  film.  On  the 
other  hand,  as  a  magnetization  field  changes  a  DS  with  fixed 
period  d  can  become  unstable  with  respect  to  a  sinusoidal  (or 
zigzag)  disturbance  of  a  DW  profile.^’  A  long-order  parameter 
of  such  PT  is  a  displacement  field  amplitude  u{r,t)  of  DW 
points  about  their  positions  in  a  regular  DS.  Soft  modes  cor¬ 
responding  to  the  order  parameter  are  DW  flexural  vibra¬ 
tions. 

The  intensity  of  the  MW  scattering  i'  can  be  represented 
in  the  following  form 

U  =  (w*/32‘rr'^c^){e0)^V  Re  i|  dk'«Ac„;3(k' -k,w 

-cu')Ac„^(k'-k.a>-a)'))),  (1) 

where  P  is  a  scattering  volume,  cu  (<u')  and  k  (k')  are  a 
frequency  and  a  wave  vector  of  falling  (scattering)  MW,  re¬ 
spectively;  wave  vector  k  (k')  is  determined  in  a  film  plane 
(x,y)-,  e  is  an  intensity  of  the  electric  field  of  falling  MW; 
Ae„^r,l)  is  a  difference  between  the  local  and  equilibrium 
value  of  dielectric  permeability  of  ferromagnet;  c  is  a  MW 
speed;  ((...))  denotes  the  average  over  the  statistical  ensemble 
and  over  film  thickness. 

We  will  be  further  interested  in  the  microwave  scattering 
on  the  order  parameter  fluctuations.  Therefore,  it  will  be  con¬ 
sidered  the  corrections  to  the  tensor  of  the  dielectric  perme¬ 
ability  in  the  form 

Ae^r/i  f  afiy/)i>irik^ yfi^  pd  (2) 

where  f  is  a  magneto-optoelastic  tensor,  Uys  is  the  elastic 
deformation  tensor  induced  by  SAW;  U„p= 
Xexp  /(k^rj^  -  <o^r);  k^  and  are  a  frequency  and  a  wave 
vector  of  SAW,  respectively;  a  tensor  U  corresponds  to  the 
Love  waves. 

Substituting  Eq.  (2)  into  Eq.  (1)  we  find  the  intensity  of 
the  scattering  microwave  on  the  frequency  interval  dw'  and 
on  the  solid  angle  interval  </0  in  the  form 

dU  =  {VI\6TT) 

><(el‘^IC^d^)u>HV„^yf,,,„ikQiQk^y5MMaeiir* 

X((l«(Q,a,)|2))r/ar'  dO,  (3) 
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where  a  correlator  of  order  parameter  fluctuations  is 

((lM(Q.w)|‘))«2rni[(n--oj;)  +4y’n=]-'.  (4) 

a  frequency  of  the  DW  flexural  vibrationj;  is 
‘'>j(Q)=(5^j2f +  S  is  a  velocity  of  the  DW  flexural 

vibrations,  y  is  the  DW  flexural  vibrations  damping, 
fl  =  w'  — ,  Q  =  k-k'— k^.  The  following  relations  for 
frequencies  and  wave  vectors; 
k^k' take  place. 

Generally,  the  magnitude  of  dU  is  negligibly  small.  Situ¬ 
ation  reverses  in  the  vicinity  of  the  second-order  PT  point  //,. 
when  DS  loses  stability  with  respect  to  the  DW  reorientation 
or  with  respect  to  the  sinusoidal  di.sturbance  of  a  DW  profile. 
Then  the  projection  of  the  velocity  of  the  DW  flexural  vibra¬ 
tions  on  the  DW  direction  (tor  definiteness  sake  we  denote 
this  projection  5v)  tends  to  zero  In  that 

case,  when  the  conditions  il=m,(Q),  Q  =  k'-k-k^  are  ful¬ 
filled,  the  MW  scattering  intensity  increases  abruptly  and  the 
scattering  effect  can  be  accessible  to  observation.  MW  scat¬ 
tering  intensity  depends  heavily  on  the  direction  of  MW  and 
SAW  propagation  in  a  film  plane.  It  has  a  maximum 
dUa(yru,)“'oc|Wo-W,.r  fork||k^|lx. 

At  the  first-order  PT  point  a  discontinuous  jump  of  the 
DW  direction  or  DW  profile  disturbance  of  finite  amplitude 
takes  place.  In  that  case  a  correlator  ((|«(Q,cu)|’))  has  S- 
shaped  peculiarity.  In  real  crystals  even  a  weak  dispersion  of 
magnetic  parameters  of  a  film  leads  to  blurring  of  such  a 
peculiarity  and  decreasing  of  MW  scattering  intensity  peak. 
So  the  intensity  peak  has  a  finite  width  and  can  be  accessible 
to  observation. 

Thus  we  suppose  a  hypothesis  for  explaining  the  forma¬ 
tion  of  intensity  peaks  of  the  MW  scattering  in  the  weak 
magnetic  fields.  In  line  with  it  we  observed  the  MW  combi¬ 
nation  .scattering  by  SF  under  acoustic  pump  in  nonsaturated 
magnetic  films  at  the  first-  and  second-order  PT  accompanied 
by  DS  transformations.  This  hypothesis  gives  the  reasonable 
qualitative  explanation  of  the  following  experimental  results: 
(1)  the  linear  dependence  of  the  MW  scattering  intensity  on 
MW  and  SAW  power;  (2)  a  weak  dependence  of  the  posi¬ 
tions  of  peaks  of  the  MW  scattering  intensity  on  MW  and 
SAW  frequencies;  (3)  abrupt  increase  of  the  MW  scattering 
power  in  the  vicinity  the  PT  field 

=  \  (4)  the  strong  dependence  of  the  MW  scattering 

power  on  the  direction  of  a  magnetization  field  in  a  film 
plane. 

There  is  no  appropriate  explanation  of  effects  of  high 
MW  scattering  far  away  from  the  phase  synchronism  fre 
quency  range.  For  the  calculation  of  these  effects  it  is  neces¬ 
sary  to  take  into  account  the  high  order  processes  involving 
MW,  SAW,  and  SF.  Jumps  of  MW  .scattering  intensity  can  be 
associated  with  the  DS  transformation  in  the  high  MW  fields. 
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Light  scattering  from  spin  waves  in  MnF2 
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Measurements  of  the  weak  one-magnon  light  scattering  in  the  antiferromagnet  MnF2,  including 
Stokes  and  anti-Stokes  scattering,  as  a  function  of  temperature  are  reported.  From  the  theoretical 
analysis  of  the  temperature  and  polarization  dependences  of  the  integrated  Raman  intensities,  values 
are  deduced  for  the  ratio  of  quadratic  and  linear  magneto-optical  coupling  coefficients. 


The  observation  of  one-magnon  light  scattering  in  the 
tetragonal,  insulating  antiferromagnet  MnF2(7’;^,=68  K, 
5=5/2)  was  reported  earlier.'  However,  experimental  diffi¬ 
culties  due  to  the  low  frequency  of  the  spin  waves  and  their 
weak  light  scattering  intensity  precluded  an  accurate  study  of 
their  temperature  dependence.  The  advent  of  a  high- 
resolution  spectrometer  with  high  stray-light  rejection  has 
now  enabled  a  detailed  study  of  the  Stokes  and,  for  the  first 
time,  tne  anti-Stokes  scattering  as  a  function  of  temperature. 
The  magnon  frequency  in  zero-applied  magnetic  field  renor¬ 
malized  from  8.7  cm"'  at  low  temperature  [consistent  with 
antiferromagnetic  resonance  results  (Ref.  2)]  to  4.8  cm"'  at 
57  K,  while  the  linewidth  increased  slightly  from  about  0.6 
to  0.8  cm"'  over  the  same  temperature  range,  The  magnon 
Raman  integrated  intensity  exhibited  a  pronounced  polariza¬ 
tion  dependence  in  both  Stokes  and  anti-Stokes  scattering. 
The  measured  temperature  and  polarization  dependences  of 
the  Stokes  and  anti-Stokes  intensities  has  enabled  a  theoreti¬ 
cal  study  to  be  carried  out  for  the  magneto-optical  coupling 
in  MnF^. 

The  MnFj  crystal  used  in  this  study  has  been  described 
elsewhere.'  The  sample  was  mounted  in  a  Janis  DT  cryostat 
for  the  low-temperature  measurements  and  the  sample  tem¬ 
perature  was  controlled  and  measured  to  within  ±0.1  K.  The 
magnon  Raman  spectrum  was  excited  with  800  mW  of  argon 
laser  light  at  476.5  nm,  which  resulted  in  little  laser  heating 
of  the  sample'  (the  temperatures  quoted  have  been  corrected 
for  a  1.0-K  laser  heating).  The  light  scattered  at  90°  was 
analyzed  with  a  SOPRA  DMDP2000  double  m-  nochro- 
mator,  which  has  the  high-resolution  capability  (better  than 
0.03  cm"')  and  high  stray-light  rejection  needed  for  this 
experiment,'^  and  detected  with  a  cooled  Hammamatsu 
R928P  photomultiplier.  In  the  analysis  of  the  scattered  light 
polarization,  the  X,Y,Z  labels  refer  to  the  a,b,c  crystallo¬ 
graphic  axes,  respectively.  A  typical  anti-Stokes-Stokes  Ra¬ 
man  spectrum  is  shown  in  Fig.  1. 

The  relevant  theories  for  the  temperature  dependence  of 
the  magnon  frequencies  and  the  one-magnon  Raman  intensi¬ 
ties  are  already  well  established  for  antiferromagnets  with 
the  rutile  crystal  structure  of  MnF2  (see,  e.g.,  Refs.  1,  4,  and 
5).  Here,  we  test  the  theories  by  comparing  with  the  experi¬ 
mental  data  and,  from  the  analysis,  we  deduce  results  for  the 
nature  of  the  magneto-optical  coupling  in  MnF2. 


‘’Pcrniancnl  address:  Institute  for  Low  Temperature  Physics  and  Engineer¬ 
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The  Raman  peak  positions  for  the  temperature  depen¬ 
dence  of  the  magnon  frequency  are  shown  in  Fig.  2,  combin¬ 
ing  results  from  Stokes  and  anti-Stokes  scattering  in  several 
polarizations.  The  peak  frequencies  were  measured  to  within 
±0.05  cm"'  for  the  stronger  lines.  Comparisons  are  made 
with  two  types  of  theory,  as  described  before.'  The  broken 
and  solid  lines  refer,  respectively,  to  predictions  of  a  linear 
spin-wave  theory  and  a  perturbation  theory.  The  latter  in¬ 
cludes  effects  of  magnon-magnon  interactions  and  is  valid 
over  a  limited  range  of  temperature  (up  to  ~0.6T;y  in  this 
case).  We  assumed 7 =2.49  cm"'  for  the  dominant  exchange 
interaction  (neglecting  the  small  effect  of  the  other  exchange 
interactions  for  the  zone-center  magnons  excited  by  Raman 
scattering)  and  gptgH ^=0.75  cm"'  for  the  uniaxial  anisot¬ 
ropy  at  low  temperatures,  consistent  with  neutron  .scattering 
data.*  The  temperature  dependence  of  the  anisotropy  is  con¬ 
ventionally  introduced  by  writing  where  {S^}  is 

the  sublattice  spin  average  and  n  is  a  positive  index'  with  a 
value  depending  on  the  physical  origin  of  the  anisotropy.  If 
the  neighboring  spins  are  considered  as  being  either  com¬ 
pletely  uncorrelated  (implying  (S,5y)=(S,)(5j)  for  sites  i¥=  j 
as  in  mean-field  theory)  or  strongly  correlated,  then  this 
would  lead  to  n  =  l  and  «=2,  respectively,  as  limiting  values. 
In  Figure  2  we  show  the  theory  curves  for «  =  1  and  n=2.  On 


FIG.  1,  Onc-magiwii  (M)  Raman  spectrum  of  MnF,  at  41  K  in  X(ZX)Y 
polatizatiun  with  a  spectral  resolution  of  tt.sy  cm 
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FIG.  2.  Comparison  of  experiment  and  theory  for  the  leniporalure  depen¬ 
dence  of  the  magnon  frequency.  The  data  points  refer  to  O,  Stokes  scattering 
in  (XZ)  polarization;  □,  Stokes  scattering  in  (YZ)  polarization;  A,  anti- 
Stokes  scattering  in  (ZX)  polarization;  V,  anti-Stokes  scattering  in  (ZY) 
polarization.  The  broken  and  solid  lines  refer  to  linear  and  interacting  spin- 
wave  theories,  respectively  (see  text). 

comparing  with  the  experimental  data,  which  are  more  de¬ 
tailed  and  extend  to  higher  temperatures  than  in  Ref.  1,  we 
see  that  taking  n  - 1  provides  a  clearly  better  fit  in  the  case  of 
the  linear  theory  and  a  marginally  better  fit  also  in  the  case 
where  spin-wave  interactions  are  included. 

We  next  discuss  the  results  for  the  light-scattering  inten¬ 
sities.  Data  have  been  obtained  for  both  Stokes  and  anti- 
Stokes  scattering  in  XiZX)Y  and  Z(YZ)Y  polarizations,  for 
Stokes  scattering  in  Z{XZ)Y  polarization,  and  for  anti- 
Stokes  scattering  in  Y(ZY)Z  polarization.  Some  results  for 
the  temperature  dependences  of  the  Stokes  and  anti-Stokes 
integrated  intensities,  and  shown  in  Figs.  3  and  4, 

respectively,  and  will  be  discussed  later.  The  units  are  arbi¬ 
trary,  but  are  consistent  between  the  two  figures.  .According 
to  theory,  1^  for  Stokes  scattering  takes  the  general  form'  '* 

/s=A(5^)(n^+  1  ,  (1) 

where  the  overall  factor  A  is  independent  of  the  temperature 
T  and  the  scattering  geometry,  is  the  magnon  frequency, 
and  ni^—[Gxp{h(oi^/ki)T)-l]~^  is  the  corresponding  Bose 
factor.  The  quantities  F^^  and  F„u,  refer  to  the  in-phase  and 
out-of-phase  contributions,  respectively,  to  the  scattering 
from  the  two  sublattices  of  the  antiferromagnet.  Their  ex¬ 
plicit  expressions  are  given  in  Ref.  1  and  include  the  effects 
of  a  magneto-optic  coupling  that  is  quadratic  in  *he  spin 
operators  as  well  as  the  usual  linear  magneto-optical 
coupling.''*  The  quadratic  magneto-optical  coupling  is 
known  to  be  important  in  another  rutile-structure 
antiferromagnet'*’^  FeF2,  and  it  is  of  interest  to  determine  its 
effect  in  MnF2.  The  possibility  of  an  out-of-phase  term  in  /  y 
arises  because  the  two  sublattices  in  FeF2  are  not  equivalent 
(due  to  the  coordination  of  the  F”  ions).  Hence,  the  theoreti¬ 
cal  model  involves  four  magneto-optical  coefficients  that  are 
independent  I'f  temperature  and  light  scattering  geometry. 
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FIG.  .1.  Experiment  and  theory  for  the  temperature  dependence  of  the  inte¬ 
grated  intensity  for  Stokes  scattering  in  several  polarizations.  The  experi¬ 
mental  points  refer  to  O,  (XZ)  polarization;  □,  (YZ)  polarization;  A,  (ZX) 
polarization.  The  theory  curves  are  fur  G^/K.,=0  (broken  line)  -nd 
GW/f  +  =0.08  (solid  lines). 

Following  Ref.  1,  these  are  denoted  by  and  G+  for  the 
linear  and  quadratic  magneto-optical  coupling  for  in-phase 
scattering,  while  K_  and  G_  are  the  corresponding  coeffi¬ 
cients  for  out-of-phase  scattering. 

The  expression  for  the  anti-Stokes  intensity  /^s  is  simi¬ 
lar  to  Eq.  (1)  provided  the  factor  (rt/^f  +  l)  is  replaced  hy  . 
Also  Fj,,  and  are  replaced  by  F|„  and  F„„, ,  respectively, 
obtained  by  making  the  substitutions'*  and 

in  the  definitions  of  and  F^uf  In  general, 
•f'’in’''^in  nnd  F„u,=itF„u,  (except  in  the  limits  of  linear 
magneto-optical  coupling  only  or  quadratic  magneto-optical 
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FIG.  4.  Experiment  and  theory  for  the  temperature  dependence  of  the  inte¬ 
grated  intensity  for  anti-.Stokes  scattering.  The  experimental  points  (A)  refer 
to  (ZX)  polarization.  'Fhe  theory  curves  arc  for  G  ,  //f  *  =0  (broken  line)  and 
G  ,./K+ tsolid  line). 
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coupling  only),  and  consequently  the  intensity  ratio  /as/^v 
differs  from  the  usual  thermal  factor  when  both 

types  of  magneto-optical  couplings  apply.  Also  the  individual 
temperature  dependences  of and  /  as  are  modified  and  de¬ 
pend  on  the  polarization,  e.g.,  as  confirmed  experimentally 
for  FeF2  {.see  Ref.  5). 

In  making  preliminary  comparisons  of  theory  with  ex¬ 
periment  for  the  Raman  integrated  intensities  in  MnFi,  we 
have  assumed  for  simplicity  that  in-phase  scattering  is  domi¬ 
nant.  This  would  be  expected  because  the  deviation  from 
tetragonal  symmetry  at  a  Mn"*^  site  is  relatively  small.  For 
the  Stokes  data  in  Fig.  3,  the  theory  predicts  that 
/i(A'Z)  =  /,v(FZ)  at  any  given  temperature,  whatever  the  val¬ 
ues  arc  for  K ,  and  G  .  .  whereas  I ^{ZX)  will  ne  different 
(unless  +  j  =0).  It  is  seen  that  the  intensity  data  points 
(allowing  for  an  experimental  uncertainty  of  10%  to  20% 
typically)  broadly  confirm  this  prediction  and  allow  us  to 
make  a  rough  estimate  for  the  ratio  G ,  IK  ^  .  First,  we  note 
that  in  the  absence  of  any  quadratic  coupling  (O'  ,./K ,  =0), 
the  intensities  for  all  three  polarizations  v/ould  be  described 
by  the  broken  curve  in  Fig.  3,  which  provides  an  inadequate 
fit  to  the  data.  A  much  better  fit  is  provided  if  G  JK  -i  is 
small  and  posMve,  as  illustrated  by  the  solid  lines  for 
(7  +  //C+=0.08  in  Fig.  3,  where  the  upper  line  refers  to  [XZ) 
and  (YZ)  polarizations  and  the  lower  line  to  {ZX)  polariza¬ 
tion. 

Similarly,  for  the  anti-Stokes  data,  the  role  of  quadratic 
coupling  is  to  enhance  the  intensifies  in  certain  polarizations 
(making  it  easier  to  study  experimentally)  and  to  modify  the 


temperature  dependence.  In  Fig.  4  it  can  be  seen  that  the 
variation  of  l/^^(ZX)  is  much  better  described  by  the  solid 
theory  curve  for  G  JK  ^  =0.08  than  by  the  broken  curve  for 
G  I  IK  ,  =0.  Further  evidence  that  G  ,  IK  ,  =/=()  is  provided  by 
the  intensity  ratio  /as/^v  iZX)  polarization,  where  we  have 
measurements  at  three  different  temperatures.  Overall,  from 
the  T  dependences  of  and  /as  and  from  the  behavior  of 
/as// .S',  we  deduce  that  G^IK^  lies  approximately  in  the 
range  0.05  to  0. 1 . 

In  conclusion,  we  have  presented  new  experimental  data 
for  the  Stokes  and  anti-Stokes  light  .scattering  in  MnFi.  From 
a  preliminary  analysis  for  the  dependence  of  the  integrated 
intensities  on  temperature  and  polarization,  we  obtain  good 
agreement  between  theory  and  experiment.  The  results  indi¬ 
cate  that,  while  the  linear  magneto-optical  coupling  coeffi¬ 
cient  K  ^  for  in-phase  scattering  is  dominant,  there  is  an  im¬ 
portant  contribution  due  to  the  quadratic  in-phase  coefficient 
<j  4  .  A  more  detailed  comparison  between  theory  and  experi¬ 
ment  will  be  undertaken  to  determine  if  oiit-of-phase  scatter¬ 
ing  is  significant. 
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Controlling  high  frequency  chaos  in  circular  YIG  films 

D.  W.  Peterman,  M.  Ye,  and  P,  E.  Wigen 

Department  of  Physics,  The  Ohio  State  University,  Columbus,  Ohio  43210 

High  power  ferromagnetic  resonance  experiments  involving  thin  circular  YIG  films  produce  chaotic 
oscillations  with  broad  band  frequency  spectra  in  the  0.5-25  MHz  range.  To  eliminate  chaotic 
oscillations,  a  delayed  feedback  of  the  ac  component  of  the  ferrcntagnetic  resonance  signal  was  used 
to  modulate  one  of  the  system  parameters,  the  applied  static  magnetic  field.  The  chaotic  oscillations 
were  converted  to  oscillations  of  reduced  periodicity,  and  ultimately  the  quie.scent  state,  as  the  gain 
in  the  feedback  loop  was  increased.  Similar  results  have  been  obtained  in  numerical  simulations. 


I.  INTRODUCTION 

The  ability  to  control  chaos  has  generated  much  experi¬ 
mental  and  theoretical  interest.'  Chaos  in  nonlinear  dy¬ 
namic  systems  can  be  controlled  by  applying  small  perturba¬ 
tions  to  an  accessible  system  parameter  to  stabilize  an 
unstable  periodic  orbit  of  the  system’s  chaotic  attractor.  Us¬ 
ing  the  method  proposed  by  Ott,  Grebogi,  and  Yorke 
(OGY),'  the  discrete  perturbations  to  the  chaotic  system  arc 
calculated  from  the  dynamic  properties  of  the  chaotic  system 
near  the  unstable  fixed  point  on  the  Poincare  map  corre- 
.sponding  to  the  periodic  orbit  onto  which  the  system  is  going 
to  be  stabilized.  This  method  of  controlling  chaos  has  been 
used  successfully  in  a  number  of  different  experimental 
systems.^"* 

In  high  power  ferromagnetic  resonance  (FMR)  experi¬ 
ments  involving  thin  films,  interactions  between  magneto¬ 
static  modes  give  rise  to  the  observed  nonlinear  effects.’’" 
Above  some  threshold  of  the  rf  pumping  power,  instability 
oscillations  in  the  absorption  signal  are  observed.  With  in¬ 
creasing  pumping  power,  the  oscillations  bifurcate  from  pe¬ 
riodic  to  chaotic  oscillations  through  period  doubling,’’"’ The 
fundamental  frequencies  of  chaotic  oscillations  in  the  ab¬ 
sorption  signals  are  typically  in  the  range  of  ().5-4.()  MHz. 
The  high  frequency  dynamics  in  the  FMR  experiments  make 
it  difficult  to  control  the  chaos  using  discrete  perturbations 
such  as  the  OGY  method.  Consequently,  for  controlling 
chaos  at  high  frequencies,  a  time  delayed  feedback  method 
has  been  developed,  in  which  the  chaotic  signal  detected 
from  the  sample  was  time  delayed  and  amplified  before  it 
was  used  to  perturb  a  system  parameter,  the  bias  magnetic 
field  of  the  sample.  An  advantage  of  this  analog  continuous 
feedback  method  is  that  no  detailed  calculation  is  necessary, 
allowing  unstable  orbits  with  submicrosecond  periods  to  be 
controlled.  In  addition  to  stabilizing  unstable  periodic  orbits 
of  the  attractor,  the  total  suppression  of  auto-oscillations,  the 
quiescent  state,  can  be  obtained  by  using  this  method  as  well. 
Suppression  of  chaos,  resulting  in  periodic  oscillations  in 
experimental  FMR  using  external  sinusoidal  modulation  of 
the  applied  field  has  been  previously  reported."  '' 

II.  EXPERIMENT 

The  experiments  were  performed  on  circular  disks  of 
yttrium  iron  garnet  (YIG)  film  roughly  2  mm  in  diameter  and 
about  1  /um  thick.  A  static  magnetic  field  of  about  2()(K)  Oe 
was  applied  perpendicular  to  the  film  plane.  The  sample  was 
excited  into  resonance  by  an  rf  pumping  field  of  around  1.2 


GHz  which  was  produced  by  a  slotline  structure  and  oriented 
perpendicular  to  the  static  field.'"  Radio  frequency  absorp¬ 
tion  of  the  sample  was  detected  by  a  diode.  Under  high  rf 
pumping  power,  the  absorption  signals  of  the  sample  were 
observed  to  show  periodic  or  chaotic  oscillations  with  typical 
frequencies  of  a  few  MHz.  The  emergence  of  the  oscillations 
is  a  function  of  the  frequency  and  power  of  the  rf  pumping 
field,  and  the  magnitude  of  the  static  bias  field. 

In  the  experiments,  the  static  field  and  rf  power  were 
chosen  to  produce  a  chaotic  absorption  signal  from  the 
sample.  The  ac  component  of  the  oscillating  signal  at  the 
diode  was  fed  into  a  delay  line  and  then  to  a  voltage  to 
current  converter  amplifier.  The  current  from  the  amplifier 
was  used  to  drive  a  20  turn  coil  5  mm  in  diameter,  approxi¬ 
mately  I  mm  above  the  YIG  sample.  The  coil  plaite  was 
adjusted  to  be  parallel  to  the  sample  plane.  The  magnetic 
field  produced  by  the  coil  perturbed  the  static  magnetic  field, 
The  delay  time  and  the  gain  of  the  feedback  loop  could  be 
adjusted  to  achieve  the  control  of  chaos.  Only  the  ac  compo¬ 
nent  in  the  output  current  from  the  amplifier  was  used  for  the 
perturbations.  This  was  done  to  prevent  a  dc  component  that 
could  bias  the  system  out  of  the  chaotic  state  by  the  applica¬ 
tion  of  a  con.stant  term  to  the  bias  field.  This  also  allowed  the 
perturbation  to  the  system  to  approach  zero  as  the  oscillation 
amplitude  in  the  rf  absorption  signal  was  reduced  due  to  the 
effect  of  the  perturbations. 

Figure  1  shows  an  experimental  result  of  controlling 
chaos.  In  this  case  the  chaotic  absorption  signal  of  the 
sample  was  time  delayed  by  47(1  ns.  As  the  feedback  gain 
was  increased,  the  absorption  signal  from  the  sample  was 
converted  to  a  period-4  oscillation  by  the  perturbation  fields 
of  the  coil.  Further  increase  of  the  feedback  gain  resulted  in 
a  pcriod-2,  period- 1,  and  finally  the  quiescent  state,  where 
only  dc  absorption  was  present  in  the  FMR  signal  oven 
though  the  pumping  field  was  sufficient  to  maintain  a  chaotic 
state  without  the  control.  Delay  coordinate  plots  of  the  data 
presented  in  Fig.  1  were  used  to  construct  attractors  for  the 
controlled  and  uncontrolled  signals.  From  visual  inspection 
of  these  attractors  in  delay  coordinate  space,  it  is  apparent 
that  the  stabilized  pcriod-4  and  pcriod-2  orbits  are  unstable 
orbits  of  the  unperturbed  chaotic  attractor.  In  the  quiescent 
state,  the  amplitudes  of  the  frequency  components  in  the 
Fourier  spectrum  were  found  to  be  20-30  dB  less  than  those 
of  the  chaotic  spectrum.  A  chaotic  signal  reemerged  from  the 
quiescent  state  when  the  gain  was  increased  even  further. 
Other  samples  show  similar  behavior. 
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FIG.  1.  Experimental  results  for  controlling  chaos  in  FMR  using  the  time 
delayed  feedback  method,  (a)  Chaotic  oscillation  of  FMR  signal  without 
perturbation,  (b)  Coniro.led  pcriod-4  oscillation  (guin=0.45  arbitrary  units), 
(c)  Controlled  period-2  oscillation  (gain=0.80  a.u.).  (d)  Controlled  period  -l 
oscillation  (gain=S..4U  a.u.).  (e)  The  quiescent  state  (gain=6.S0  a.u.),  in 
which  all  oscillations  were  extinguished. 

The  amplitudes  of  the  perturbation  field  required  to 
maintain  the  periodic  oscillations  were  in  the  range  of  0.01- 
0.1  Oc.  In  preserving  the  quiescent  state,  the  coil  produced 
fields  of  less  than  0.01  Oe.  Thus,  the  ratio  of  perturbation 
field  to  the  static  magnetic  field  was  about  10““*  for  control¬ 
ling  periodic  oscillations.  The  ratio  was  less  than  10“^  for 
maintaining  the  quiescent  state.  Removal  of  the  perturbation 
field  caused  the  system  to  revert  back  to  the  chaotic  state.  It 
was  possible  to  stabilize  periodic  orbits  for  several  values  of 
the  feedback  gain,  but  quiescence  was  only  achievable  with  a 
delay  time  of  around  470  ns. 

Figure  2  shows  another  example  of  controlling  chaos 
using  time  delayed  feedback.  However,  in  this  example,  the 
oerivative  of  the  sample  absorption  signal  was  time  delayed 
before  it  was  used  to  perturb  the  static  field.  Although  the 
quiescent  state  has  not  yet  been  achieved,  this  example  also 
shows  a  debifurcation  route  with  increasing  feedback  gain, 
as  seen  in  Fig.  1.  With  increasing  rf  power,  the  sample  dis¬ 
played  a  period  doubling  route  to  chaos.  Applying  time  de¬ 
layed  feedback  led  to  the  stabilization  of  period-2  and 
peiiod-1  orbits  as  the  feedback  gain  was  increased.  In  this 
example,  the  perturbation  fields  ranged  from  0.1  to  0.5  Oe 
and  the  delay  time  used  was  390  ns.  In  addition,  the  system 
attractors  of  both  the  controlled  and  uncontrolled  signals  in  a 
delayed  coordinate  plot  indicate  that  the  controlled  orbits 
were  unstable  orbits  of  the  unperturbed  chaotic  attractor. 
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FIG.  2.  Experimental  results  for  controlling  chaos  in  FMR  using  tin’  -  de¬ 
layed  derivative  feedback  method,  (a)  Chaotic  oscillation  of  FMR  signal 
without  perturbation,  (b)  Controlled  periud-2  oscillation  (gain=2.4  a.u.),  (c) 
Controlled  pcriod-1  oscillation  (gain=4.2  a.u.). 

III.  SIMULATION 

In  the  numerical  simulations  for  controlling  chaos  in 
FMR  using  the  time-delayed  feedback  method,  the  theoreti¬ 
cal  model  developed  by  McMichael  and  Wigen  was  used.** 
The  normal  modes  in  thin  circular  YIG  films  are  the  magne¬ 
tostatic  modes,  which  have  the  form  of  Bessel  functions.  By 
integrating  the  equations  of  motion  for  the  complex  ampli¬ 
tude  of  these  modes,  the  dynamic  behavior  of  the  system 
could  be  simulated.  The  FMR  signal  in  the  model,  S(/)  was 
proportional  to  the  sum  of  the  imaginary  parts  of  the  mode 
amplitudes.  This  corresponded  to  the  absorption  signals  mea¬ 
sured  in  experiments.  To  simulate  the  time  delay  feedback, 
the  static  magnetic  field  Hq  in  the  equations  of  motion  wa.s 
modulated  by  the  ac  component  of  the  FMR  signal 

H,,UO^Ho  +  K[S{l-  S)-S{t-  d)l 

Here  S  is  the  delay  time  and  K  is  proportional  to  the  gain  of 
the  feedback  loop  in  the  experiment.  The  dc  component  of 
the  FMR  signal  S{t—S)  is  subtracted  so  that  only  the  ac 
component  in  S(t)  is  used  for  perturbation.  The  debifurca¬ 
tion  route  caused  by  increasing  the  feedback  gain  observed 
in  the  experiments  is  predicted  in  the  simulations  for  both 
direct  and  derivative  time  delayed  feedback.  Also,  the  values 
and  sensitivity  of  the  delay  times  used  in  the  model  are  simi¬ 
lar  to  those  observed  in  the  experiment. 

IV.  CONCLUSION 

In  conclusion,  through  use  of  time  delayed  feedback, 
very  high  frequency  chaotic  absorption  signals  of  FMR  have 
been  controlled  by  perturbing  the  static  magnetic  field  con¬ 
tinuously.  In  using  this  time  delayed  feedback  method  for 
controlling  chaos,  no  detailed  analysis  of  the  system’s  attrac¬ 
tor  needs  to  be  made.  It  is  suitable  for  controlling  the  chaos 
in  complicated  systems  which  show  high  frequency  oscilla¬ 
tions.  All  that  is  required  is  the  alteration  of  some  system 
parameter  by  a  time  delayed  signal  of  the  system’s  output. 
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Another  advantage  of  this  method  is  that  the  chaotic  slate 
can  be  converted  to  the  periodic  state  as  well  as  the  quiescent 
state.  Finally,  a  mixture  of  the  derivative  signal  and  the  origi¬ 
nal  signal  of  the  system's  output  can  be  used  in  this  time 
delayed  feedback  method  to  control  the  chaos.  Experiments 
using  these  techniques  have  shown  promise  and  the  work  is 
ongoing. 
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Study  of  spin  wave  resonance  in  a  superconductor  with  paramagnetic 
impurities 

I.  A.  Garifullin,  Yu.  V.  Goryunov,  and  G.  G.  Khaliullin 

Kazan  Physical-Technical  Institute,  Kazan  420029,  Russia 

The  .spin  dynamics  of  paramagnetic  impurities  in  a  superconductor  in  the  presence  of  external 
magnetic  field  has  been  studied  both  theoretically  and  experimentally.  Long-wave  excitations 
where  |  is  the  coherence  length)  are  shown  to  have  coherent  spin-wave  nature  even  in  a 
paramagnetic  pha,se.  This  effect  is  caused  by  the  long-range  {R~^)  indirect  exchange  interaction 
between  localized  spins  in  a  superconductor.  The  spin-wave  effects  in  EPR  of  ions  in  the 
superconducting  (SC)  Lai-.  ,.Er,  thin  films  have  been  observed.  An  additional  absorption  at  the  high 
field  side  of  the  main  resonance  line  which  leads  to  its  distortion  has  been  found.  Satisfactory 
description  of  all  features  of  observed  spectra  was  obtained  by  simulating  the  spectra  with  account 
for  the  microwave  absorption  by  spin-wave  excitations.  The  spin  stiffness  coefficient  and  the 
temperature  dependence  of  the  spin  susceptibility  of  the  SC  lanthanum  has  been  determined. 


I.  INTRODUCTION 


II.  THEORY 


Previous  study  of  EPR  of  Er’^  ions  in  the 
superconductor'  revealed  anomalous  behavior  of  the  EPR 
linewidth  AH  which  contrasted  strongly  with  the  expected 
change  in  AH.  Instead  of  increasing  due  to  the  coherence 
effects  the  EPR  linewidth  narrowed  sharply  at  the  transition 
to  the  SC  state.  This  effect  was  attributed  to  a  new  long- 
range  exchange  coupling  of  local  moments  in  the  SC  phase 
due  to  correlations  in  Cooper  condensate.  This  idea  on  addi¬ 
tional  indirect  interaction  was  previously  proposed  by  Ander¬ 
son  and  SuhP  when  they  discussed  the  magnetic  ordering  in 
the  SC  phase. 

The  exchange-coupling  integral  in  a  superconductor^  can 
be  represented  approximately  as  a  sum  of  two  parts 
the  first  one,  acting  at  short  distance.s, 

>/„(/?)-(./, It;,, /47r/?’)cos(2M).  (D 

being  the  conventional  RKKY  interaction,  and  the  second  one 

y ,(/? )  -  (y„oo  /4  irfHi )  dx(  7')exp(  -R/^),  (2) 

being  the  SC  correction.  In  Eqs.  (1)  and  (2)  Uf,  is  the  volume 
per  lattice  site,  and  k/.-  is  the  Fermi  momentum.  The  quantity 

(3) 

characterizes  the  decrease  in  the  spin  susceptibility  x,  of 
conduction  electrons  in  the  singlet  DCS  state  as  compared 
with  the  Pauli  susceptibility  Xp  ■  The  constant 
J^)=JlfP{e,.■)v^^|2  is  determined  by  the  s-f  coupling  con¬ 
stant  and  the  electron  density  of  states  p(e,,). 

The  additional  interaction  (2)  is  of  an  antiferromagnetic 
character.  Its  contribution  to  the  total  molecular  field  is  of  the 
same  order  of  magnitude  as  the  normal  RKKY  contribution 
(1).  Furthermore,  even  when  the  concentration  x  of  magnetic 
impurities  is  low,  the  number  of  spins  in  the  in¬ 

teraction  region  is  anomalously  high,  since  ^  is  much  larger 
than  the  lattice  constant  a.  This  introduces  a  new  feature  into 
spin  dynamics:  the  long-wave  excitations  in  an  external  mag¬ 
netic  field  exhibit  spin-wave  behavior. 

This  report  is  devoted  to  the  investigations  of  the  .spin- 
wave  excitations  of  paramagnetic  impurities  in  a  supercon¬ 
ductor  in  an  external  field. 


We  calculated  the  dynamic  susceptibility  Xw.q  l^^cal 
moments  using  the  method  of  nonequilibrium  statistical 
operator."*  We  obtained  the  following  spin  excitation  spec¬ 
trum  at 


(4) 

Here  the  spin  excitation  energy  and  its  damping  due 
to  the  exchange  fluctuations  ( y^*)  and  dipole-dipole  coupling 
(y*0  can  be  written  as 

e^  =  g^H,-D"q\  D"  ^x{S')S^,e, 

(5) 

y“  =  D '  qt  ^  P'^-x  ‘  '  '^J  „n  “/4 , 

(6) 

IJ- 

(7) 

{S')  in  Eq.  (5)  is  the  local  moment  polarization  induced  by 
magnetic  field  //,),  g  being  g  value.  Note  that  the 
r/-dependent  part  of  Eq.  (5)  is  mainly  contributed  by  the  SC 
correction  (2).  It  is  precisely  the  long-range  potential  (2) 
which  produces  the  transverse  .stiffness  and  real  dispersion  of 
spin  excitations.  Comparinj  the  the  energy  (5)  and  the  damp¬ 
ing  (6)  we  find  that  the  condition  for  the  existence  of  coher¬ 
ent  spin  motion 


D'  \rj  k„T  " 


(H) 


is  easily  satisfied  in  superconductors  with  the  large  coher¬ 
ence  length  ^  (compared  with  the  average  distance  between 
impurities  in  magnetic  fields  of  the  order  of  several  ki- 
logauss  and  at  liquid-helium  temperatures.  For  c{>^  '  spin 
excitations  are  incoherent.  The  negative  sign  in  the  disper¬ 
sion  relation  (5)  reflects  the  antiferromagnetic  nature  of  the 
potential  (2);  as  the  temperature  decreases,  the  spectrum 
softens  and  magnetic  order  appears  at  nonzero  wave  sectors 
q~^  \  as  predicted  by  Anderson  and  Suhl.“  For  small  q  the 
damping  is  determined  by  the  dipole  contribution  A 
“window”  for  spin-wave  excitations  exists  if 

x{S’‘){6,].J,>y</ .  C.t:. 
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This  condition  can  also  be  satisfied,  since  exchange  coupling 
in  metals  is  usually  stronger  than  the  dipole-dipole  interac¬ 
tion.  Thus  when  the  conditions  (8)  and  (9)  are  satisfied,  the 
long-wave  spin  dynamics  has  a  magnon  character.  Of  course, 
the  contribution  of  these  excitations  to  the  thermodynamic 
parameters  is  negligible;  the  main  fraction  of  the  spectral 
density  of  spin  fluctuations  is  incoherent  and  is  determined 
by  the  short-range  RKKY  potential.  Spin  waves  can  only 
appear  in  the  long-wave  magnetic  response  of  a  supercon¬ 
ductor. 

We  present  below  the  experimental  evidence  for  spin- 
wave  effects  in  a  superconductor  with  magnetic  impurities, 
obtained  in  EPR  studies  performed  in  Lal_;^.Er^  thin  films. 

ill.  EXPERIMENT 

Films  of  Lai_j.Erj[  with  jr =0.008-0.02  and  thickness 
L  =2500-5000  A  were  prepared  by  separate  thermal  evapo¬ 
ration  of  the  components  from  tantalum  crucibles.  The  pre¬ 
pared  film  was  coated  immediately  by  a  protective  silicon 
monooxide  layer  of  3000  A  thickness. 

X-ray  structural  analysis  showed  that  all  prepared  films 
have  mainly  an  face-centered-cubic  structure.  Measurements 
of  the  electrical  resistivity,  of  the  SC  critical  parameters,  and 
of  the  magnetization  in  the  SC  state  have  been  performed  in 
addition  to  the  EPR  measurements.  These  data  will  be  used 
in  the  discussion  of  our  EPR  results, 

EPR  experiments  were  carried  out  at  9.4  GHz  in  a  rect¬ 
angular  TE,ij2  cavity  in  the  temperature  range  from  1.5  to  20 
K.  The  out-of-plane  angular  dependencies  of  the  spectra 
were  observed  with  the  microwave  field  lying  in  the  film 
plane. 

In  the  normal  state  we  observed  EPR  line  of  Er  ions 
which  was  just  similar  to  that  previously  observed  in  bulk 
samples.'  A  change  in  the  angle  between  the  plane  of  the 
sample  and  the  direction  of  the  dc  magnetic  field  had  no 
effect  on  the  position  and  shape  of  the  EPR  line  [Fig.  1(a)]. 
Upon  transition  to  the  SC  state  in  perpendicular  orientation 
of  the  film  to  the  direction  of  dc  magnetic  field  the  line  shape 
did  not  change  [Fig,  1(d)].  In  a  longitudinal  magnetic  field, 
however,  the  shape  of  the  signal  became  drastically  distorted 
as  the  temperature  was  lowered  [see  Figs.  1(b)  and  1(c)].  The 
degree  of  distortion  of  the  high  field  wing  of  absorption  sig¬ 
nal  was  dependent  on  thickness  of  film  and  erbium  concen¬ 
tration  in  the  sample  (Fig.  2).  These  effects  are  illustrated  by 
the  EPR  spectra  shown  in  Figs.  1  and  2. 

IV.  ANALYSIS  OF  RESULTS 

It  is  unlikely  that  the  unusual  behavior  of  the  EPR  spec¬ 
trum  in  the  studied  films  could  be  attributed  to  a  magnetic 
field  distribution  in  a  vortex  lattice  which  differs  from  that 
found  in  a  bulk  sample.  The  amplitude  of  the  magnetic  field 
variation  and  the  value  of  the  London  penetration  depth  \, 
which  we  estimated  from  our  measurements  of  the  critical 
field  and  the  SC  moment  of  the  films,  turned  out  to  be  on  the 
order  of  50  Oe  and  600  A,  respectively.  These  values  are 
essentially  the  same  as  those  obtained  for  the  bulk  samples.' 

We  believe  that  the  shape  of  the  signal  is  distorted  be¬ 
cause  of  the  additional  absorption  of  the  microwave  energy 
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FIG.  1.  EPR  spectra  fur  the  .sample  with  /,  ==4S0()  A,  .v=().()t4  and  critical 
temperature  7',.=5.0  K  at  different  temperatures;  in  a  normal  state  with 
magnetic  field  oriented  parallel  and  perpendicular  to  the  plane  of  the  film  (a) 
and  in  the  SC  state  with  magnetic  field  oriented  parallel  (b)  and  (c)  and 
perpendicular  (d)  to  the  plane  uf  the  film.  The  dashed  lines  arc  the  computed 
spectra.  The  relative  intensities  and  arrangement  of  the  spin-wave  resw.iaiice 
lines  in  the  computed  spectra  arc  indicated  below  each  spectrum. 


by  the  nonuniform  spin-wave  excitations  discussed  above. 
The  resonance  field  for  excitation  of  a  magnon  with  mo¬ 
mentum  can  be  approximately  written  as 


W„=Wo  +  Wo 


xJ^,dlT)S{S+\)  ^q„r 
koT  ■■■  3  TT(i^' 


(10) 


The  intensity  of  the  spin-wave  satellites  is  determined  by  the 
boundary  conditions  at  the  surface  of  the  film  and  the  degree 
of  nonuniformity  of  the  microwave  field  //i(z).  In  the  case 
of  symmetric  excitation 


FIG.  2.  EPR  spectra  for  the  samples  No,  1  (/. -Z.SOO  A.  .v  =  ().l)14,  and 
'/■,  -5.(1  K)-l,  No.  2  (/.  =,1SSI)  A,  v  =0.(12,  and  7',  =  4.8  K)-2,  No.  (7.  =40.t(l 
A.  a  =().(K)V,  ami  7’,,  =  5.2  K)-.1,  No.  4  (7.  =4800  A.  A  =t).014,  and  7',=5.0 
K)-4  at  a  temperature  of  1.6  K  with  the  magnetic  field  oriented  parallel  to 
the  surface  of  the  film.  The  dasherl  lines  were  computed. 
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where  H^  is  the  amplitude  of  the  incident  wave  and  a(co)  is 
the  complex  conductivity  at  the  resonance  frequency.  It  is 
well  known  that  in  type-II  superconductors  with  a  vortex 
lattice  the  conductivity  is  anisotropic  and  depends  strongly 
on  the  relative  orientation  of  the  dc  magnetic  field  H  and  of 
the  electric  component  i',  of  the  microwave  field  in  the 
sample,"’  It  can  be  shown  that  the  penetration  depth  of  the 
microwave  field  is  much  smaller  for  parallel  orientation  of 
the  film.  Therefore,  the  distribution  of  microwave  field  in  the 
SC  state  is  most  inhomogeneous  in  this  geometry  and  in  this 
case  the  best  demonstration  of  spin-wave  effects  would  be 
expected.  To  calculate  the  spectra  it  is  necessary  to  know  the 
parameters  of  the  studied  samples:  the  coherence  length  ^ 
and  the  inverse  penetration  depth  of  the  microwave  field. 
These  values  were  estimated  from  our  measurements  of  the 
critical  field  H,.2,  of  the  diamagnetic  susceptibility,  and  of  the 
integral  intensity  of  the  EPR  signal.  The  obtained  values  of 
^■(0)=200  A  and  \(0)=600  A  give  the  possibility  to  fit  all 
spectra  as  it  is  shown  in  Figs,  1  and  2.  Some  discrepancy 
between  the  calculated  and  experimental  spectra  at  low  field 
wing  is  caused  by  nonresonant  absorption  of  microwave 
power  by  superconductor  which  has  been  observed  earlier 
for  bulk  samples.'  The  only  fitting  parameter  was 

A=JoS(S+nS^/3,  (12) 

which  entered  in  expression  (10)  and  was  fitted  for  each 
spectrum  independently.  The  obtained  temperature  depen¬ 
dence  of  A  value  is  shown  in  Fig.  3.  This  figure  actually 
reflects  the  temperature  behavior  of  S^(T).  The  .solid  curve 
corresponds  to  the  temperature  dependence  of  in  a  BCS 
superconductor.  By  knowing  A  it  is  possible  to  determine  the 
spin  stiffness  coefficient  D"=0.04  cm^/s  at  7'=1.6  K  and 


T/T, 


PIG.  3.  Tlic  parameter  A  as  a  function  of  the  reduced  temperature  for  tlie 
.samples  No.  1—4.  The  solid  line  c,)rrcspond.s  to  S^{T)  of  a  liCS  supercon¬ 
ductor. 

a;=0,()1.  Thus  we  have  shown  experimentally  that  in  a  super¬ 
conductor  in  an  external  magnetic  field  weakly  damped  spin 
waves  exist.  These  excitations  resulted  from  the  nonlocal 
nature  of  spin  susceptibility  of  the  superconductor.  Their  ob¬ 
servation  is  the  direct  evidence  of  the  exi.stencc  of  a  long- 
range  exchange  interaction  between  impurities.  Previously, 
spin  waves  in  paramagnetic  spin  systems  have  been  observeu 
in  two  particular  cases:  first  the  spin  waves  in  the  Fermi 
liquid^’  and  second  the  nuclear  spin  waves  in  magnetics.^ 
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The  two-magnon  absorption  of  the  electromagnetic  waves  in  the  exchange  noncollinear  magnetic 
phase  of  four-sublattice  antiferromagnet  Nd2Cu04  has  been  considered.  The  spin-wave  density  of 
states  and  the  frequency  dependencies  of  the  absorption  coefficient  have  been  calculated.  It  is  shown 
that  the  intensity  of  the  two-magnon  absorption  by  exchange  magnons  in  exchange-noncollinear 
magnets  is  substantially  larger  than  in  magnets  collinear  in  the  exchange  approximation. 


I.  INTRODUCTION 

The  two-magnon  absorption  (TMA)  phenomenon  con¬ 
sists  in  the  decay  of  a  quantum  of  the  electromagnetic  radia¬ 
tion  into  two  magnons.  The  intensity  of  the  TMA  propor¬ 
tional  to  the  density  of  magnon  states.  Thus,  it  will  be  higher 
for  those  regions  of  the  spectrum  which  correspond  to  the 
flattened  portions  of  the  dispersion  curves.  In  the  case  of  the 
three-dimensional  magnets  the  flattening  of  the  dispersion 
curves  takes  place  only  for  the  exchange  magnons  due  to  the 
changes  of  the  spectrum  under  the  action  of  a  constant  ex¬ 
ternal  magnetic  field.'  The  TMA  has  been  investigated  in 
two-sublattice  quasi-two-dimensional  antiferromagnets.^"'' 
The  TMA  by  the  exchange  magnons  was  studied  for  the  first 
time  in  the  three-dimensional  antiferromagnet  in  Ref.  1  and 
then  in  the  quasi-two-dimensional  one  in  Ref,  5.  The  mag¬ 
nets  collinear  in  the  exchange  approximation  have  been  con¬ 
sidered.  In  these  magnets  the  TMA  is  due  to  the  interaction 
of  the  magnetic  component  of  the  electromagnetic  wave  with 
the  crystal.  The  TMA  in  exchange-noncollinear  magnets  has 
not  been  considered. 

The  exchange-noncollinear  four-sublattice  antiferromag¬ 
net  Nd2Cu04  is  unique  from  the  point  of  view  of  the  experi¬ 
ment:  First,  because  its  magnon  spectrum  has  quasi-two- 
dimensional  character  for  .some  particular  directions  of  the 
wave  vector;’’  second,  due  to  the  special  magnetic  and  crystal 
symmetry  of  this  compound  the  TMA  is  electro-dipole  active 
in  the  exchange  approximation. 

II.  SPIN-WAVE  SPECTRUM  OF  Nd2Cu04 

The  detailed  information  about  the  crystal  and  magnetic 
symmetry  and  possible  magnetic  phases  of  Nd2Cu04  car.  be 
found  in  Ref.  7.  The  magnon  spectrum  in  noncollinear  phase 
has  four  branches,  three  of  which  are  acoustic,  while  the 
fourth  is  the  exchange  spin  wave.*  In  the  case  k||[0()l]  (the 
fourfold  axis  of  the  tetragonal  crystal)  the  energies  of  the 
acoustic  modes  A  j  and  A  2  are  degenerate  and  do  not  depend 
on  k.  This  particular  case  of  the  pure  two-dimensional  be¬ 
havior  of  the  A 1  a  id  A  2  branches  is  connected  v/ith  the  .spe- 


■’On  leave  from:  Institute  for  Single  Crystals,  Academy  of  Sriciiccs  of 
Ukraine,  Kharkov,  31(X)01,  Ukraine. 


cific  crystal  and  magnetic  symmetry.  As  to  the  exchange  E 
mode,  it  has  a  very  weak  dispersion  and  its  dispersion  rela¬ 
tion  has  also  a  quasi-two-dimensional  character. 

In  the  case  when  k  has  components  in  the  plane  parallel 
to  CUO2  layers  (the  crystal  planes  normal  to  [001])  the  mag¬ 
non  dispersion  relations  are  typical  for  the  three-dimensional 
magnet.  As  in  all  parent  compounds  of  the  high-temperature 
superconductors  the  intralayer  exchange  interaction  is  much 
greater  than  the  others. 

The  parameters  describing  the  copper  magnetic  sub¬ 
system  of  Nci2Cu04  may  be  roughly  estimated  on  the  basis  of 
the  results  of  Refs.  8-10  (.see  also  Ref.  6).  The  frequencies 
of  the  homogeneous  vibrations  are  as  follows;*’’  ,^2 
=  165\/Jlo2l;  =  \6S\Jj\a2-ai\  and  W/,’  =  IbS'jjD, 

where  J  is  approximately  equal  to  intralaycr  exchange;  aj 
(1=2,  4,  6,  8)  are  the  anisotropy  constants  (see  Ref.  7  for 
details).  The  value  of  J=‘870  cm“'  was  obtained  in  Ref.  8 
and  it  is  supposedly  the  largest  of  the  exchange  parameters. 
Using  experimental  results’’"’  one  can  get  |a2|-2.87X10“‘‘ 
cm”'  and  ja2~ff4l“3’32Xl()  ^  cm”'.  The  other  anLsotropy 
constants  have  to  be  of  the  same  order  of  magnitude.*’’  The 
values  of  the  four-site  D  and  of  the  interlayer  I  exchange 
interactions  arc  unknown  at  present.  The  results  of  the  esti¬ 
mations  allow  us  to  suppose  that  J>D>A,  where  A  is  the 
combinations  of  the  anisotropy  constants. 

Numerical  calculations  will  be  done  for  the  I  and  D 
values  related  to  the  known  value  of  J  with  /  =  1 0  ” '  J ,  and 
D  =  10”’V.  The  corresponding  magnon  spectrum  can  be 
found  in  Ref.  6. 

III.  TMA  OF  ELECTROMAGNETIC  WAVES 

The  interaction  Hamiltonian  with  a  uniform  external 
electromagnetic  field  is 

«im=  M-gijPi,>h,Fi(i))  +  ejPjm\,  (1) 

where  hj  and  e,  are  the  components  of  the  magnetic  and 
electric  vectors  of  the  electromagnetic  wave,  i,j  =  x,y,z,  the 
X,  y  and  z  axes,  are  oriented  along  the  [100],  [010],  and 
[001]  crystal  axes,  respectively;  is  the  g-factor  tensor; 
F,(0)  and  F,(0)  are  the  zero  Fourier  components  of  the  mag¬ 
netization  vector  F=2;f,-|S„  (see  Ref.  7  for  details)  and  the 
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electric  dipole  moment  associated  with  the  pair  of  spins," 
respectively.  Magnetic  symmetry  allows  the  existence  of  the 
electric  dipole  moment,  associated  with  the  pair  of  spins, 
having  an  exchange  nature 


Py(0)=  2  wyk)A’„(-k)Vk).  (2) 

a,IJ\k 

The  tensors  are  nonzero  for  those  pairs  of  the  Cu^  *' 

ions  that  cannot  be  permuted  by  the  inversion  operation  and 
also  for  the  ions  whose  group  of  positional  symmetry  does 
not  contain  an  inversion.  That  is  why  for  the  crystal  symme¬ 
try  under  consideration  the  ten.sor  tt  {,/){{))  is  equal  to  zero  in 
case  the  lattice  structural  distortions  are  ab.sent  (see  Ref.  7 
for  details).  The  other  mechanisms  that  contribute  to  P  are 
not  considered  here. 

The  part  of  the  expression  (1),  which  is  quadratic  with 
respect  to  the  magnon  creation  and  annihilation  operators, 
may  be  obtained  with  the  help  of  quantization  of  the  spin- 
system  Hamiltonian  described  in  Ref.  6.  We  have 


^im’ 

k 

+  £!^;+h.c.]. 


(3) 


where  the  amplitudes  are  calculated  in  the  nearest- 

neighbor  approximation;  the  superscripts  m  and  e  denote  the 
magneto-dipole  and  electro-dipole  channels  of  the  TMA,  re¬ 
spectively,  Expression  (3)  corresponds  to  the  case  of  com¬ 
ponent  of  the  magnetic  vector  or  component  of  the  elec¬ 
tric  vector  of  electromagnetic  wave.  In  the  case  of  Ity  or  Cj, 
one  has  to  change  A  2^/4 1  in  (3).  For  the  orientation  of  the 
magnetic  component  of  the  electromagnetic  wave  along  the  z 
axis  the  TMA  will  not  take  place  in  the  approximation  con¬ 
sidered.  The  exchange  magnon  taking  part  in  the  absorption 
process  is  always  accompanied  by  the  acoustic  spin  wave.  In 
contrast  to  the  three-dimensional  magnets'  collinear  in  the 
exchange  approximation  the  amplitudes  do  not  con¬ 

tain  any  small  parameter.  The  TMA  leading  to  the  generation 
of  the  magnons  corresponding  to  the  same  branches  of  spec¬ 
trum  is  absent. 

The  separation  of  the  electro-dipole  and  magneto-dipole 
channels  of  the  TMA  may  be  carried  out  by  the  proper 
choice  of  the  orientation  of  the  polarizations  of  the 
electromagnetic-field  components  and  the  propagation  direc¬ 
tion  of  the  incident  radiation.  For  example,  in  the  case  when 
k||0y  and  e||0z  only  magneto-dipole  absorption  by  the  -4 ,  ,A , 
and  E,A2  magnons  takes  place.  For  the  magneto-dipole  ab¬ 
sorption  by  the  A  ,  and  A  ^  branches  in  the  frequency  region 
o)<e„  =  SSJ,  one  can  obtain 


(A'/ifl) 


if/iHr  ri  Lw, 


[W4  sign(a4)-t-<a^.(  1  -r)]^ 


c/t. 


(4) 


where  (and  henceforth)  the  notations  w,  =  16.S’\//|a,|  and 
o>ij  =  165\/,/|«,-<j;|  ((=2,  4,  6,  8)  are  used.  The  electro¬ 
dipole  contribution  to  the  TMA  is  as  follows: 


(StTij)*  ft 

sign(a4) 

Ibw^jW"  •''lit") 


/,)(w)  = 


+  dt.  (5) 

The  limiting  value  /|,((o)  in  Eqs.  (4)  and  (5)  is  determined  by 
the  relations 

{(i)].-  +  sign(a4)4- 

>1^0), 

in  which  ai()  =  ^  -t-  andoii  =  -I-  y  oj^- -I- The  co¬ 

efficients  of  the  magneto-dipole  and  electro-dipole  absorp¬ 
tion  by  the  A  2  and  E  modes  may  be  re)n‘escnted  by  the  ex¬ 
pressions 

(i’M«)^  [Wft  sign(a(,)-t-w|(l+r)]'' 


I  at 
[  t)  at  £0) 


,.2, .2 


di 


(6) 


and 


(A’tt 


12^ 


1  ()a)?vW^ 


■<(i( 

Jo 


,„)  [w^+W(,  sign(a(,)  +  w^.(H-r)]-f 


dl, 


(7) 


respectively.  In  these  formulas 

at  tU()^w=SaJi, 

(1  at 
and 


W()=w^j+  \luil+(ol2  sign(tt,,-a2), 

=  sI2(dI+  cofij  sign(  a  -  a  2 )  ■ 

Following  from  Eq.  (4), (5),  and  (6), (7),  increase 

with  increasing  frequency  whereas  the  frequency  dependence 
of  A^M(aj)  is  nonmonotonic.  Such  a  behavior  is  connected 
with  specific  featuics  of  the  spin-wave  spectrum  and  the 
structure  of  ‘iJ^'J.'ik).  'Ihc  quasi-two-dimen.sionality  of  the 
spin-wave  spectrum  leads  to  different  behavior  in  the  ampli¬ 
tudes  of  magnon  normal  modes  in  two  regions  of  the  wave 
vector  k  space.  These  amplitudes  of  magnon  normal  modes 
enter  the  expressions  for  fl>"'l,'‘7(k).  In  the  first  region 
<  \]{D+A)J~'  (a,,  is  the  lattice  parameter  in  the 
basal  plane)  these  amplitudes  do  not  depend  or  depend 
weakly  on  the  component  of  the  wave  vector  which  varies 
from  0  to  7r/C(,.  So,  in  this  region  of  the  wave  vectors  they 
are  approximately  equal  to  their  values  at  k=().  The  second 
region  is  determined  by  \I(D+A)J  '  <  (A^o)  1.  In  this 

region  <l>Jj"'(k)  is  proportional  to  the  inverse  square  of  the 
frequency.  The  frequency  dependencies  of  the  coefficients 
and  ^^(aj)  are  presented  in  Fig.  1.  The 
curves  arc  obtained  by  the  numerical  integrations  of  the  cor¬ 
respondent  expressions  using  the  values  of  the  parameters  of 
the  copper  subsystem  given  in  the  previous  section.  The  de¬ 
pendencies  of  the  coefficients  K]l‘^  /.{w)  and  /.  (m)  are 
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FIG.  1.  The  frequency  depondeneios  of  the  absorption  cocflicieiils 
and 


FIG.  2.  The  frequency  dependencies  of  the  absorption  coefficients 

“I'd 


given  in  Fig.  2.  The  dependence  of  the  coefficient  of 
magneto-dipole  absorption  does  not  follow  the  frequency  de¬ 
pendence  of  the  density  of  magnon  states  in  the  low- 
frequency  region.  This  discrepancy  in  the  frequency  depen¬ 
dencies  of  the  absorption  coefficient  and  the  spin-wave  states 
density  is  caused  by  the  structure  of  the  amplitude 

discussed  above. 

The  TMA  by  the  exchange  mode  has  the  main  peculiari¬ 
ties  similar  to  that  of  the  absorption  by  the  acoustic  magnons. 
They  arc  the  nonmonotonic  behavior  of  in  the  re¬ 

gion  of  the  frequencies  near  the  activation  energy  of  the  ex¬ 
change  and  acoustic  magnon  and  monotonic  behavior  of 
ui)  in  the  same  region.  It  is  important  to  note  that  the 
peak  height  of  the  magneto-dipole  absorption  by  the  ex¬ 
change  mode  is  of  the  same  order  of  magnitude  as  the  peak 
height  of  the  magneto-dipole  absorption  by  the  acoustic 
modes.  Thus,  the  TMA,  by  the  exchange  modes  in  exchange 
noncollinear  magnets  in  the  absence  of  the  external  magnetic 
field,  has  substantially  larger  intensity  than  in  many- 
sublatticc  magnets  collincar  in  exchange  approximation.  It  is 
caused  by  the  fact  that  at  the  heights  of  the  step  of  the 

density  of  magnon  states  for  the  exchange  and  acoustic 
modes  coincide  with  each  other. 

It  is  necessary  to  note  an  interesting  peculiarity  of  the 
TMA  originated  from  the  structure  of  the  In  the  case 
when  the  radiation  is  propagated  along  the  z  axis  the  absorp¬ 
tion  coefficient  does  not  depend  on  the  orientation  of  the 
polarization  of  the  incident  electromagnetic  wave  with  re¬ 
spect  to  the  X  and  y  axes.  It  is  connected  with  the  fulfillment 
of  the  relations. 

“A  =  ‘«>A,(^y 

(H) 

From  relation  (8)  and  explicit  form  of  it  follows  that 


Ky,  (m)  =<■>'*  {a>), 


‘A,, A, 


K 


A,.  A., 


(CO). 


(9) 


During  the  experimental  investigations  of  the  TMA  with 
the  scheme  of  the  experimental  setup  using  the  fixed  fre¬ 
quency  of  the  generator  the  absorption  channels  A  |  .A  3  and 
A 2, A 3  will  be  undistinguishable  with  respect  to  the  energy. 
Thus,  for  the  case  kljOz  and  arbitrary  polarization 
/iv=/icos<p,  fi,,  =  /isin(p  the  combined  absorption  coeffi¬ 
cient  observed  in  the  experiments  does  not  depend  on  (p.  The 
combined  absorption  coefficient 

contains  the  contributions  which  are  determined  by  formulas 
(5)  and  (6).  The  same  phenomenon  takes  place  for  the  case 
of  the  absorption  by  the  exchange  mode  £  because  relations 
(8)  and  (9)  are  valid  at  the  interchange  A3=>£. 
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Surface  precession  solitons  (surface  “Magnetic  drops”)  in  uniaxial 
magnetics  (abstract) 

Yurij  Bespyatykh,  Igor  Dikshtein,  and  Sergey  Nikitov 
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Surface  spin  waves,  localizing  near  the  surface  of  magnets  as  a  consequence  of  nonlinear  properties 
of  material,  have  been  studied  in  Ref.  1.  According  to  the  Lighthill  criterion  this  wave  is 
modulationally  unstable.  This  can  lead  to  the  creation  of  nonunidimensional  surface  states.  In  this 
work,  a  new  class  of  nonlinear  exitations  in  a  pure  exchange-coupled  uniaxial  ferro-  and 
antiferromagnets  is  considered.  These  exitations  are  3D  surface  precession  .solitons  or  “magnetic 
drops”  localized  near  the  surface  of  a  crystal.  Such  solitons  are  the  space  localized  solutions  of  the 
Landau-Lifshits  equation  of  motion  for  magnetization  field  with  appropriate  boundary  conditions 
for  the  spins  on  the  surface  of  magnetics.  They  keep  their  dynamic  structure  during  the  motion  in 
space.  The  conditions  of  their  stability  are  found.  The  problem  of  soliton  motion  is  considered.  It  is 
shown  that  energy  and  precession  frequency  for  surface  3D  solitons  is  less  than  for  volume  3D 
solitons.  which  was  studied  in  Ref.  2.  The  possibility  of  experimental  registration  of  such  solitons 
is  di.scusscd. 
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Nonlinear  self-localized  surface  spin  waves  in  ferromagnets  (abstract) 
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Russia 

It  is  well  known  that  in  linear  theory,  surface  spin  waves  (SW)  do  not  exist  in  a  pure 
exchange-coupled  ferromagnet  for  the  case  of  free  spins  at  the  surface.  However,  in  these 
approximations  of  the  linear  theory  the  plane  volume  spin  waves  (VW),  propagating  along  the 
surface  of  a  ferromagnet,  satisfies  not  only  the  Landau-Lifshitz  equation  for  the  magnetization 
motion,  but  the  boundary  conditions  for  the  free  surface  spins.  Such  VW  can  be  unstable  and  can 
be  transformed  into  SW  under  small  changes  of  a  magnetic  medium,  e.g.,  if  the  surface  spins  arc 
partly  pinned.  In  the  present  work  a  new  type  of  self-localized  SW  in  the  ferromagnet  has  been 
considered.  The  existence  of  such  waves  is  conditioned  entirely  by  the  nonlinear  properties  of  a 
ferromagnet.  The  penetration  length  of  such  SW  is  proportional  to  1/A,  where  A  is  a  maximum  of 
the  magnetization  amplitude  on  the  surface  of  the  crystal.  The  dispersion  equations  have  been 
obtained  for  pure  exchange  and  dipole  -exchange  nonlinear  SW.  In  the  latter  case  the  iniluencc  of  the 
second  harmonic  generation  on  the  wave  propagation  at  the  fundamental  frequency  was  .‘  ‘udied.  The 
conditions  when  the  SW  excites  the  VW,  carrying  the  energy  into  the  volume  of  the  crystal,  are 
derived.  The  nonlinear  Schrddinger  equation  for  the  SW  envelope  amplitude  was  derived  and  its 
.solitonic  solutions  are  obtained.  The  estimations  of  threshold  values  for  the  wave  numbers  (rf  the 
propagating  waves  are  provided. 


J.  Appl.  Phys.  76  (10).  15  November  1994 


0021  -8979/94/76(1 0)/6895/1/$6.00 


©  1994  American  Institute  of  Physics  6895 


Spin  wave  dispersion  in  ferromagnetic  nickel  (abstract) 
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Department  of  I’liysica,  University  of  Texas  at  Ariington,  Arlington,  Texas  76010-005^ 

The  spin  wave  dispersion  in  ferromagnetic  nickel  has  been  computed  in  random  phase 
approximation  using  the  wave  vector  and  frequency  dependent  magnetic  susceptibility  including 
many  body  enhancement  effects.  The  latter  were  included  using  an  orbital  basis  to  invert  the 
susceptibility  matrices  that  arc  encountered  in  a  local  density,  first  principles  veision  of  a  Stoner-like 
theory  of  many  body  enhancements.  The  complicated  computer  codes  employed  in  the  calculation 
were  tested  by  computing  numerically  the  wave  vector  and  frequency  dependent  .spin  and  orbital 
magnetic  susceptibility  of  the  uniform  electron  gas  and  comparing  with  known  analytic  expressions. 
Numerical  work  was  done  using  the  analytic  tetrahedron  method.  For  nickel  the  theory  was 
simplified  by  introducing  a  single  adjustable  parameter  in  lieu  of  calculation  of  complicated 
integrals  involving  the  band  structure.  The  parameter  was  adjusted  to  yield  agreement  with  a  long 
wavelength  .spin  wave  neutron  scattering  measurement.  With  the  fit  parameter,  good  agreement  with 
the  experimental  dispersion  of  spin  waves  in  nickel  was  obtained  for  other  wavelengths  as  well. 
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The  magnetic  properties  of  epitaxial  Fej|.Sii_^  films  on  Si(lll)  have  been  determined  by  means  of 
ferromagnetic  resonance  (FMR)  and  Brillouin  light  scattering  (BLS).  The  investigated  films  are 
(111)  oriented,  with  thicknesses  /i  =  150  A,  250  A,  710  A,  and  Fe  concentrations  x=().75,  0.79,  and 
0.75,  respectively.'  All  experiments  have  been  carried  out  at  room  temperature.  For  BLS,  the 
frequencies  of  both  surface  and  bulk  magnons  have  been  measured  as  a  function  of  the  external  in 
plane  field  H  and  the  in  plane  direction  of  magnon  propagation  versus  the  main  crystallographic 
axis.  Moreover,  the  wave  vector  dependence  has  been  used  to  identify  the  surface  and  bulk  magnons 
present  in  the  thicker  films.  FMR  has  been  used  in  the  parallel  configuration  (PC)  and  normal 
configuration  (NC),  where  the  external  applied  field  lies  in  the  .sample  plane  and  normal  to  the 
sample,  respectively.  Several  waveguide  setups  were  used  to  cover  the  frequency  range  from  18  to 
92  GHz.  For  the  numerical  analysis  we  used  the  resonance  conditions  for  a  thin  single  crystalline 
film  grown  in  the  (1 1 1)  plane.  From  our  fits  we  obtained  for  the  Lande  g  value  2. 1,  for  the  saturation 
induction  47rA/  j=8.8  kG,  10.7  kG,  13.7  kG  for  //  =  150  A,  710  A,  and  250  A,  respectively.  The 
magnetic  parameters  have  been  found  to  depend  strongly  on  the  Fe  concentrations  and  Fe,Sii  ,.-Si 
substrate  interface  interdiffusion.  The  magnetic  parameters  of  epitaxial  FefSii_^.  films  are  in 
agreement  with  the  data  obtained  from  single  crystals  by  Hines  el  al}  The  Landau-Lifshitz  FMR 
relaxation  constant  is  very  small,  ranging  from  5  to  8X10’  rad/s. 
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The  formation  of  the  secondary  nuclear  spin  echo  signals  in  ferromagnets  has  been  investigated 
taking  into  consideration  the  quadrupoie  and  Suhl-Nakamura  interactions,  It  is  a.ssumed  that  the 
inhomogeneous  distribution  of  the  quadrupoie  frequency  cjq  +  Sojq  is  independent  of  the 
distribution  of  nuclear  magnetic  resonance  frequency  a>„+  Sta,,,  and  a  characteristic  size  of  these 
inhomogeneities  is  small  in  comparison  to  the  correlation  radius  of  the  exchange  interaction  in  the 
electron  ferromagnetic  system.  It  is  shown  that  the  quadrupoie  interaction  causes  the  formation  of 
the  secondary  echo  signals  at  l  =  (2k+  1)7,  1  1/2,  where  I  is  the  nuclear  spin,  the  time  t 

is  measured  from  the  second  rf  pulse,  and  ris  the  time  interval  between  the  rf  pulses.  The  spectrum 
of  the  spin  echo  signal  with  maximum  at  r  =  //.;  contains  (21+  X—t/Jr)  frequencies.  The  Suhl- 
Nakamura  interaction  causes  the  additional  echo  signals  with  maximum  at  even  values  t!  t. 


INTRODUCTION 

It  is  well  known  that  in  ferromagnets  after  the  action  of 
two  pulses  with  the  nuclear  magnetic  resonance  (NMR)  fre¬ 
quency  one  can  observe  not  only  the  usual  Hahn’s  nuclear 
spin  echo  but  also  the  secondary  echo  signals.’  This  article  is 
dealing  with  the  investigation  of  these  signals. 

First  of  all  we  note  that  the  secondary  echoes  may  be 
caused  by  two  “external”  circumstances.  (1)  High  frequency 
of  the  pulse  pairs  repetition  in  the  real  experiments.  If  the 
period  of  repetition  is  small  in  comparison  with  the  time  of 
longitudinal  relaxation,  then  the  secondary  echoes  may  be 
caused  by  the  influence  of  previous  pairs.  (2)  If  the  connec¬ 
tion  between  the  magnetic  system  of  a  sample  and  a  measur¬ 
ing  circuit  is  strong  enough,  the  currents  in  the  circuit,  that 
are  induced  by  the  first  echo  signal,  act  on  a  sample  and 
cause  the  additional  echo  signal,  etc.  Furthermore,  we  will 
suggest  that  these  situations  are  eliminated,  so  we  will  con¬ 
sider  internal  mechanisms  of  a  secondary  echo  formation. 

QUADRUPOLE  INTERACTION 

The  Hamiltonian  of  a  nuclear  system  with  the  quadru¬ 
poie  interaction  is 

H=  —fi{((x)i,+  S(o„)J^  +  (  1/2)(wq+  SajQ)I1  +  {l/2) 

^[<?i(0  +  r/2(^)][/-iCxp(/w/)-t-C.C.]},  (1) 

where  /  is  the  nuclear  spin,  (0,,+  Saj„  is  the  inhomogeneous 
NMR  frequency,  w^j+StoQ  is  the  inhomogeneous  quadru¬ 
poie  frequency,  and  r/,,(/)  is  the  envelope  of  the  /?th  rf  pulse. 
The  evolution  of  nuclear  spins  is  described  by  the  equation 
of  motion  for  the  density  matrix  p 

ihf}  =  [H  ,p].  (2) 

To  describe  the  echo  signals  we  calculated  the  average  trans¬ 
verse  component  of  a  nuclear  spin 


(/,)=  J  j  g(dcu„,Sa)Q)Tr(l  tp)d{Soj„)d{Sajp).  (3) 
—  « 

where  g(  Sco„ ,  Soiq)  is  a  distribution  function. 

The  secondary  echo  formation  depends  on  values 
(|^'ru„|)T  and  (|(5wo|)t,  where  ris  the  time  interval  between 
the  rf  pulses,  (|<5ar„])  and  are  characteristic  inhomo¬ 

geneities  of  NMR  and  quadrupoie  frequencies.  The  situation 
S(o„  =  Q  that  is  typical  for  nonmagnetic  substances  was  first 
considered  by  Solomon.”  The  opposite  situation  =  was 
considered  by  Abe  el  al. ' 

We  have  considered  another  realistic  situation 

(l5w„l)T,<l5Wy|)T&>l.  (4) 


t  =  {lk+\)T,  ()«A:^/-l/2,  (5) 

where  t  is  measured  from  the  end  of  the  second  pulse,  (The 
usual  Hahn’s  signal  corresponds  to  the  value  k-i)). 

If  Wy>(|<5(Wy|),  i.e.,  the  NMR  spectrum  is  a  quadrupoie 
split  one,  then  the  spectra  of  echo  signals  are  essentially 
different.  The  spectrum  of  the  spin  echo  with  maximum  at 
r  =  r/.  contains  (21+  frequencies.  The  echo  spec¬ 

trum  at  /  =  r  has  21  frequencies  that  coincide  with  the  quad- 
rupolc  split  NMR  spectrum,  the  echo  spectrum  at  i-3t  has 


In  this  case  the  nuclear  spin  system  acquires  an  inhomoge¬ 
neous  phase  caused  by  the  inhomogeneity  in  both  6io„  and 
dojQ .  For  the  signal  formation  this  inhomogeneous  phase 
must  be  canceled  after  the  second  rf  pulse.  For  analytical 
calculations  we  used  the  Symbolic  Formulas  method.^  The 
results  of  calculations  depend  sufficiently  on  correlation  be¬ 
tween  inhomogeneities  of  Saj„  and  Sojq  .  We  have  consid¬ 
ered  the  situation  when  inhomogeneitics  of  Saj„  and  SatQ 
were  independent.  According  to  our  calculations  the  echo 
signals  appear  at 
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{21-2)  frequencies  and  so  on.  For  half-integer  spin  /  the 
spectrum  of  the  echo  at  i  =  /;r  consists  of  frequencies  w 

(D=  (ji)„±qwQ ,  —  Ij.; /2t.  (6) 

For  integer  spin  /  we  have  received 

0)=  a>„±  (Uy(f/+ 1/2),  0=^(7^/— 1/2  — //.72t.  (7) 

In  particular  for  1  =  212  the  spectrum  of  the  echo  at  i=t 
contains  frequencies  0)  =  u)„,oj„±o)q,  and  the  spectrum  of 
the  echo  at  /  =  3  t  has  only  one  frequency  a>=  ai„ .  This  result 
is  in  agreement  with  experiments  of  Abelyashev  et  al.^ 

The  mechanism  of  formation  of  secondary  echo  .signals 
and  their  frequencies  may  be  explained  with  the  symbolic 
formulas.’  For  example,  the  latest  echo  signal  for  half¬ 
integer  spin  /  is  described  by  symbolic  formulas 

(l]j-2^;''*),  (  =  27+1,  k  =  il2.  (8) 

This  means  that  under  the  action  of  the  first  pulse  the  initial 
matrix  elements  pjj  are  transformed  into  the  off-diagonal  el¬ 
ement  pi,  that  oscillates  with  the  frequency 
a)x,=  -21{<i)„+  S(o„).  In  a  time  interval  r  between  the  rf 
pulses  the  quantity  p,,  acquires  an  inhomogeneous  phase 
-2I{o)„+  Sw„)t.  The  second  pulse  transforms  p,,-  into 
Pi+i  *,  that  oscillates  with  the  frequency  wi^.  =  o)„+  Sw,, . 
So,  the  advance  of  the  inhomogeneous  phase  <I>  continues, 
and  we  obtain 

<&  =  —  2/( Oil,  +  Saj„)  T-h  (ai„  +  Sco,,) I .  (9) 

Consequently,  at  time  t  =  2lT  the  inhomogeneous  phase  4> 
has  the  same  value  for  all  the  spins,  and  the  spin  echo  signal 
appears  with  a  carrier  frequency  o>„ . 

SUHL-NAKAMURA  INTERACTION 

To  take  into  consideration  the  Suhl-Nakamura  interac¬ 
tion  we  u.sed  the  half-classical  theory  of  motion  for  nuclear 
spins  in  ferromagnets.’  The  half-classical  Hamiltonian  of  the 
Suhl-Nakamura  interaction  may  be  written  as 

7/sn=  +C.C.,  {10) 

where  is  the  parameter  of  the  interaction  which  coincides 
with  the  frequency  pulling  for  homogeneous  nuclear 
system,^’ 

s  =  (/,)/{/'’>,  (11) 

(/;)  is  the  equilibrium  value  of  (7^).  We  regard  a  character¬ 
istic  size  of  the  inhomogeneity  in  the  nuclear  system  as  a 


small  one  in  comparison  with  the  correlation  radius  of  the 
exchange  interaction  in  the  electron  spin  system. 

Putting  H  +  H^f^  into  (2)  we  receive  the  integrodifferen- 
tial  equations  for  the  nuclear  density  matrix  that  include 
P{Sq}„,8u)q)  and  J J pgd{ScOi,),d{SwQ).  Integral  terms  de¬ 
scribe  the  Suhl-Nakamura  interaction  which  is  “turned  on” 
only  at  those  time  intervals  when  the  average  transverse 
nuclear  spin  (7  , )  has  a  sufficiently  large  value.  This  effect  is 
cau.sed  by  a  small  characteristic  size  of  nuclear  inhomogene¬ 
ity:  the  electron  spins  interact  with  the  average  nuclear  spin 
</.)• 

In  the  linear  approximation  to  the  Suhl-Nakamura  inter¬ 
action  we  have  received  the  additional  echo  signals  that  have 
maximum  at 

i  =  2pT,  l^p^N,  (12) 

where  N  =  2l  for  he  half-integer  spin,  and  N  =  2I-  I  for  the 
integer  spin.  For  example,  the  mechanism  of  formation  of  the 
echo  signal  with  maximum  at  /  =  2r  is  described  by  sym¬ 
bolic  formulas 


Here  the  first  pulse  transforms  the  diagonal  matrix  elements 
into  p  ,  ,n.  In  a  time  interval  r  between  the  pulses  the  quan¬ 
tity  Pi,,+  i  acquires  an  inhomogeneous  phase  |r.  The 
.second  pulse  again  transforms  p/,,.).  i  to  diagonal  elements 
p,„,„  that  do  not  change  a  phase  between  the  second  pulse  and 
the  first  echo  signal.  When  the  first  echo  signal  is  formed,  the 
average  transverse  nuclear  spin  {7,,,)  has  the  maximum 
value.  Consequently,  the  Suhl-Nakamura  interaction  is 
‘turned  on,”  and  it  transforms  p,„„,  into  p,- , , The  inhomo¬ 
geneous  phase  advance  d>  is 

(14) 

and  the  spin  echo  appears  at  t  =  2  t. 

In  conclusion  we  note  that  for  uiQ  =  ()  all  secondary  sig¬ 
nals  except  the  signal  at  r  =  2T  disappear.  It  means  that  other 
signals  at  even  values  t/r  are  caused  by  both  the  Suhl- 
Nakamura  and  the  quadrupolc  interactions. 
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The  causes  of  the  coercivity  enhancement  and  the  coercivity  instability  of  acicular  cobalt  ferrite 
particles  containing  0-9.2  wt  %  Fe^^  ions  under  the  influence  of  magnetic  field  and  temperature 
were  investigated  by  means  of  transverse  magnetic  field  annealings  torque,  and  Mossbauer 
experiments.  The  coercivity  enhancement  and  the  instability  of  Co  modified  iron  oxide  particles  are 
closely  related  to  the  uniaxial  magnetic  anisotropy.  A  Fe^^-CO‘''  pair  model  was  proposed  to 
explain  the  uniaxial  magnetic  anisotropy  of  Co  modified  iron  particles.  To  verify  the  nature  of  the 
Fe^'‘'-Co^^  pair,  the  probability  of  one  or  more  Co  ions  appearing  in  the  neighborhood  of  a  B  site 
Fe^"*  ion  was  calculated  using  the  chemical  composition,  the  Mossbauer  parameters,  PiCFei )  and 
Pi(Fe^'^)  and  discussed  conditions  for  forming  the  pair  between  the  nearest-neighbor  Co“  and  Fe‘  ‘ 


ion. 


I.  INTRODUCTION 

Cobalt  modified  iron  oxide  particles  are  the  predominant 
materials  for  use  in  video  tapes  and  disks  for  high  density 
digital  recording  density,  but  there  are  still  some  problems  to 
be  addressed.  For  cobalt  body  doped  iron  oxide  particles,  the 
coercivity  decreases  irreversibly  with  temperature  and  time 
in  a  magnetic  field.  On  the  other  hand,  the  coercivities  of 
cobalt  surface  doped  or  adsorbed  iron  oxide  particles  cannot 
increase  significantly,  usually  from  600  to  800  Oe,  compared 
to  2000  Oe  for  cobalt  body  doped  ones.‘'^  Therefore,  it  is 
important  to  investigate  the  mechanism  of  the  coercivity  en¬ 
hancement  and  the  coercivity  instability  of  cobalt  modified 
iron  oxide  particles. 

In  this  article,  a  Co^‘'  -Fe^'^  model  was  proposed  to  ex¬ 
plain  the  results  of  the  transverse  magnetic  field  annealing 
and  the  torque  experiments  of  cobalt  modified  iron  oxide 
particles.  Also  calculated  was  the  probability  of  one  or  more 
Co^'*'  ions  appearing  in  the  neighborhood  of  a  ZJ  site  Fe^^  ion 
using  Mossbauer  parameters,  Pi(Fe^)  and  Pi(Fe'^')  to  verify 
the  nature  of  the  Co^'*^-Fe^^  pair. 

II.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

A.  Preparation  of  samples 

Cobalt  body  doped  iron  oxide  particles  were  prepared  by 
coating  acicular  y-Fe203  particles  (an  average  length  of  0.5 
yum,  an  aspect  ratio  of  10)  with  about  3.5  wt  %  Co^^  and 
different  Fe^  contents  by  the  usual  chemical  coprecipitation 
method  and  then  heated  at  390  °C  in  atmosphere  for  2  h 
for  diffusing  Co^'*'  and  Fe^^  ions  into  the  core  of  y-Fc2Ui 
particles.  The  powders  were  mixed  with  the  organic  rc.sin  ink 
and  coated  on  a  plastic  film  in  the  presence  of  external  mag¬ 
netic  field  at  room  temperature  (denoted  A  i -A  ^).  A  magnetic 
field  of  2  kOe  applied  an  in-plane  direction  of  the  sheets  and 
the  direction  was  fixed  during  magnetic  drying.  For  compari¬ 
son  to  the  body  doped  particles,  surface  epitaxial  iron  par¬ 
ticles  were  also  prepared.  Detailed  procedures  for  preparing 
these  particles  were  described  elsewhere.’  Magnetic  tapes 
using  these  particles  were  made  by  the  same  process  above 
except  the  heating  (denoted  B). 


Table  I  represents  the  composition  of  samples  A ,  -A  f, 
and  B  analyzed  by  an  inductive  coupled  plasma  method. 

B.  Magnetic  measurement 

Magnetic  properties  of  samples  were  measured  using  a 
vibrating  sample  magnetometer  (Princeton  model  155). 

The  coercivity  instability  of  the  sheets  was  measured 
using  the  method  proposed  by  Filing.^  The  oriented  particu¬ 
late  magnetic  sheets  were  put  in  a  magnetic  field  of  3  kOe 
perpendicular  to  the  sheet  plane  and  annealed  at  85  °C  for  12 
h  (denoted  A  J  -  Af,  and  B').  The  coercivities  measured  par¬ 
allel  to  the  orientation  direction  of  the  samples  before  and 
after  the  transverse  magnetic  annealing  (TMA)  were  denoted 
as  Wfii  and  //(.'n  and  that  perpendicular  to  the  plane  of  the 
samples  as  and  respectively.  The  results  are  listed 
in  Table  11. 

The  torque  curves  of  the  sheets  were  measured  using  a 
TOEI  torque  magnetometer.  The  detailed  procedure  to  mea¬ 
sure  the  uniaxial  magnetic  anisotropy  constant,  K^^  and  the 
crystalline  magnetic  anisotropy  constant,  Ki  of  the  acicular 
cobalt  ferrite  particles  is  presented  elsewhere.'*  Table  111  rep¬ 
resents  the  ZCy  and  Kj  before  and  after  TMA. 

C.  Mossbauer  spectrum  measurement 

The  Md.ssbauer  equipment  used  is  an  electromagneti- 
cally  driven,  constant  acceleration  Mossbauer  spectrometer. 
The  radioactive  source  is  Co(Rh)  of  20  mCi.  The  ^^ray 
propagation  direction  was  perpendicular  to  the  plane  of  the 
samples.  The  Mossbauer  curves  of  the  samples  before  and 
after  TMA  were  taken  at  room  temperature.  The  Mossbauer 
parameters  were  deduced  from  the  Mossbauer  spectra  by  the 


TABLt;  1.  The  conlent  of  Fc’*  and  ('o‘‘  ions  of  cohalt  modified  iron  par- 
tietes. 


Sample 

A; 

A, 

A,, 

A, 

A„ 

B 

Co’‘  (wt%) 

.1.(1 

.i.,s 

.1.4 

1.1 

1.1 

3.2 

1.1 

l-e-'  (wt';;.) 

II 

2.K 

.S.O 

h.4 

d.2 

y.i 
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TABLE  II,  The  cocrcivity  changc.s  of  magnetic  sheets  before  (A)  and  after 
(A')  TMA. 


Sample 

(Oe) 

(Oe) 

Sample 

(Oe) 

(Oe) 

^  1 

969 

604 

703 

608 

^2 

845 

611 

719 

642 

939 

637 

717 

712 

A, 

1001 

630 

749 

781 

1130 

671 

a; 

744 

875 

1164 

653 

K 

750 

889 

B 

648 

548 

B' 

514 

625 

usual  least-squares  fitting  techniques,  using  a  computer.  The 
spectra  were  fitted  assuming  two  magnetic  components:  Fe^^ 
on  the  A  sites,  Fe^^  and  Fe"^'^  on  the  B  sites. 

The  Mossbauer  spectra  of  sampled..,  and  B  were  taken 
because  the  Fe^^  ion  content  of  these  samples  is  significantly 
different.  Figure  1  shows  the  Mossbauer  spectra  of  sample 
A4,  and  B  and  Table  IV  represents  the  Mossbauer  parameters 
deduced  from  these  spectra.  The  Mossbauer  spectra  of 
samples  before  TMA  are  presented  in  Fig.  1  because  there 
were  no  significant  differences  between  the  spectra  of 
samples  before  and  after  TMA. 

According  to  the  theory  of  the  hyperfine  field  of  transi¬ 
tion  metal  ions^'^’  and  the  Mossbauer  parameters  given  in 
Table  IV  the  value  of  Pi(Fe'^^)  and  Pi(Fe^^)  can  be 

calculated  from  the  following  equations 

=  (1) 

where  is  the  local  average  number  of  the  d  electron 

with  unpaired  spins,  unpaired  -electron  number  of 

Fe^'*’  ions,  which  is  5,  Wy(Fe’'*')  the  hyperfine  field  of  Fc‘^^ 
ions,  which  is  equal  to  517  kOe.^’ 

(Hp)  =  P(Fe^'^  )Hp(  Fe^^ )  +  P(  Fe*’  +  )W/,-(  Fe'^  + ),  (2) 

where  Pi(Fe'^^)  and  Pi(Fe  are  normalized  probabilities  for 
the  admixture  of  Fe^^‘  and  Fe'^”^  ions. 

The  calculated  (Nj)  and  Pi  are  also  given  in  Table  IV. 

III.  DISCUSSION 

From  Tables  I  and  II,  it  may  be  seen  that  the  coercivity 
of  cobalt  body  doped  iron  particles  (A,)  increased  linearly 
with  increasing  Fe^'*'  content,  although  the  Co  content  of 
these  samples  was  the  same  at  about  3.5  wt  %.  The  of 
samples  A,  increased  with  increasing  Fe^'^  content,  while  K/ 


TABLE  III.  The  changes  of  magnetic  anisotropy  constant  of  magnetic 
sheets  before(A)  and  after(A')  TMA. 


Sample 

K„  (XIO^ 
erg/cc) 

a:,(xio' 

erg/cc) 

Sample 

K„  (XIO^ 
erg/cc) 

K,  (xlO' 
erg/cc) 

A, 

7.6 

12.6 

7,6 

12.6 

/la 

11.0 

11.4 

A2 

8.9 

10. 1 

13.9 

7.6 

10.1 

8.3 

A4 

14,9 

7.0 

a; 

10.9 

8.5 

16.0 

6.6 

11.2 

8.1 

/i,, 

19.2 

4.6 

a;. 

11.1 

5.4 

Velocity  (mm/s) 


Vi'i'H  iiv  l.i’ini/;.) 

FIG.  I.  Mossbauer  spectra  for  sample  A4  (a)  and  B  A  (b).  No.  I  and  No,  2 
represent  A  and  B  sites,  respectively. 

of  these  samples  decreased,  as  seen  in  Table  Ill.  These  re- 
.sults  are  in  good  agreement  with  that  of  Wang  et  alJ  They 
reported  that  the  of  cobalt  body  doped  particles  increased 
with  increasing  Fe^"^  content,  which  was  attributed  to  the 
increase  of  Ku  ■ 

From  the  changes  of  the  coercivities  and  the  magnetic 
anisotropies  of  the  before  (A)  and  after  (A ')  TMA,  given  in 
Tables  II  and  Ill,  one  can  see  that  the  //^,||  of  samples  de¬ 
creases  significantly  with  increasing  Fe“^  content,  while  the 
increases  slightly  with  TMA,  and  this  is  mainly  attrib¬ 
uted  to  the  decrease  of  with  TMA,  From  the  above  ex¬ 
periments,  one  may  understand  that  the  coercivity  and  the 
coercivity  instability  of  cobalt  modified  iron  particles  are 
strongly  dependent  on  the  uniaxial  anisotropy  arid  are  closely 
related  to  the  Fe^*  ions  as  well  as  the  Co^''  ions.  These 
results  cannot  be  explained  by  the  model  proposed  by 
Kishimoto**  and  Sharrock.'^  They  reported  that  the  uniaxial 


TABLE  IV.  Mossbauer  parameters  and  l\  of  magnetic  sheet  A  4  and 

B  before  TMA. 


Mossbauer 

subspcctrum 

IS 

(mm/s) 

H, 

(kOe) 

Area 

ratio 

(%) 

l’(Fe‘') 

F(Fc'‘) 

A  4(A) 

0.34 

502 

92.3 

4.9 

0.9 

0.1 

A.,(«) 

0.43 

444 

7.7 

4.3 

0.4 

0.6 

B(A) 

t).,36 

501 

91.3 

4.9 

0,8 

0.1 

B(B) 

0.60 

441 

8.7 

4.3 

0,4 

0,6 
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anisotropy  of  cobalt  ferrite  powders  was  closely  related  to 
the  coercivity  instability  but  induced  by  the  migration  of 
Co^'*'  ions  in  a  spinel  lattice,  and  ions  facilitated  the 
migration  of  cobalt  ions  only. 

On  the  basis  of  these  results,  we  suggest  that  the  uniaxial 
magnetic  anisotropy  of  cobalt  modified  iron  particles  would 
be  originated  from  the  arrangement  of  Fe^'*'  ions  with  Co^'^ 
ions,  i.e.,  Fe^’^-Co^’*^  pair, 

The  Mossbauer  parameters  of  magnetic  sheets  A  4  and  B 
before  TMA,  given  in  Table  IV,  are  comparable  to  those  of 
other’s  works.’  There  is  no  significant  change  in  the  {N,i)exp, 
Pi(Fe^^)  and  Pi(Fe^^)  between  samples  A4  and  B  except  the 
values  of  Pi(Fe'^^)  and  Pi(Fe'^^)  in  the  A  site.  The  difference 
of  these  values  may  be  attributed  to  the  different  Fe^^  con¬ 
tent  of  samples  A  4  and  B.  From  the  values  of  Pi(Fe^’)  and 
Pi(Fe^^)  of  subspectra,  it  may  be  deduced  that  the  subspectra 
(A)  of  samples  are  mainly  attributed  to  Fe^^  ions  and  the 
subspectra  (B)  to  Fe^'*'  and  Fe^"*"  ions.  The  higher  the  value 
of  IS  and  area  ratio  in  the  B  subspectrum  of  sample  B  than 
those  of  A4,  is  attributed  to  the  higher  the  Fe^”^  content  of 
sample  B  tl.  ,1  that  of  A4. 

The  probability  of  n-Fe  ions  appearing  in  the  neighbor¬ 
hood  of  a  B  site  Fe  ion  may  be  calculated  from  the  following 
equation'” 

F(n)  =  6C„C''(l-C)''“«,  (3) 

where  C  is  the  concentration  of  Fe  ions  on  B  sites  in  the 
spinel  lattice. 

Substituting  C=0.91  in  Eq.  (5),  the  concentration  of  Fe 
in  sample  A 4,  P{n)  for  A/ =6,  5,  4,  and  3  were  obtained. 
P(«)  was  calculated  as  0,57, 0.34, 0.08,  and  0.01  for  n  =6, 5, 
4,  and  3,  respectively.  The  probability  of  one  01  more  Co^  *' 
ions  appearing  in  the  neighborhood  of  a  fi  site  Fe  ion  is  0.43 
and  that  of  a  B  site  Fe^'*'  ion  is  about  0.25,  calculated  using 
the  values  of  Pi(Fe'*'^)  and  Pl(Fc  in  the  B  subspectrum  of 
sample  A 4.  We  did  not  calculate  the  probability  for  sample  B 
because  sample  B  was  prepared  using  Co  surface  epitaxial 
particles.  However,  the  probability  of  this  sample  might  be 
higher  than  that  of  sample  A4,  because  of  the  higher  Fe^'* 
content  and  confinement  of  Co^^  and  Fe^^  ions  to  surface 
epitaxial  layer  of  iron  particles  of  sample  B. 


It  is  thought  that  these  Co"^-Fe‘^  arrangements  may 
form  the  Co^^-Fe^”^  pairs,  but  the  appearance  of  Co  ions  in 
the  neighborhood  of  the  B  site  Fe“'*'  is  only  a  requisite  con¬ 
dition  for  forming  the  Co^^-Fe‘^  pair  because  more  than  a 
Co  ion  can  appear  in  the  neighborhood  of  a  B  site  Fe^^  ion 
and  more  than  a  Fe^^  ion  can  also  appear  in  the  neighbor¬ 
hood  of  a  Co^'*  ion.  Therefore,  there  may  be  another  condi¬ 
tion  for  forming  the  Co^^-Fe^"^  pair  between  the  nearest- 
neighbor  Co^^  and  Fe^'^  ion.  These  may  include  the  ion- 
configuration  around  a  Co”^  ion  as  well  as  that  of  a  Fe‘  ion, 
and  that  distance  between  the  nearest-neighbor  Co^"^  and 
Fe^^  because  that  is  not  the  same  due  to  the  crystalline 
field."  Additional  study  on  these  points  is  suggested. 

IV.  CONCLUSIONS 

(1)  The  coercivity  enhancement  and  instability  of  Co 
modified  iron  oxide  particles  containing  0-9,2  wt  %  Fe^’*' 
ions  are  closely  related  to  the  uniaxial  magnetic  anisotropy 
from  the  transverse  magnetic  annealing  and  torque  experi¬ 
ments. 

(2)  The  Fe'’'^-Co^^  pair  model  was  proposed  to  explain 
the  uniaxial  magnetic  anisotropy  of  the  magnetic  particle.s. 

(3)  To  verify  the  nature  of  the  Fe^^-Co^'^  pair,  the  prob¬ 
ability  of  one  or  more  Co  ions  appearing  in  the  neighborhood 
of  a  B  site  Fe^"''  ion  was  calculated  using  the  chemical  com¬ 
position,  the  Massbauer  parameters,  Pi(Fe^^)  and  ri(Fe^'’). 
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X-ray  photoelectron  spectroscopy  and  Mossbauer  study  of  Ho(Fei-xMnx)2 
compounds 
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Institute  of  Physics,  Academia  Sinica,  Bcijini^,  People's  Repuhlie  of  China 

S.  M.  Pan 

General  Research  Institute  for  Non-Perrous  Metals,  CNNC,  lieijing.  People  's  Republic  of  China 

Cubic  Laves  compounds  Ho(Fei  .  (.v  =  (),  0.1,  0.2,  0.3)  were  investigated  by  XPS  and 

Mossbauer  measurements.  It  was  found  that  the  binding  energy  (BE)  of  compounds  obtained  by 
XPS  remains  almo.st  the  same  for  all  the  compounds  and  no  chemical  shift  (<5)  of  the  core-electron 
binding  energy  was  found,  which  implies  that  no  charge  transfer  takes  place  from  Mn  atoms  to  Fe 
atoms  due  to  Mn  substitution.  Mossbauer  study  has  shown  that  the  average  hyperlinc  fields  and  the 
deduced  Fe  moment  decrease  with  increasing  Mn  content.  It  is  considered  that  the  variation  of 
isomer  shift  (IS)  due  to  Mn  substitution  obtained  by  Mossbauer  measurement  is  mainly  due  to  the 
size  effect  since  the  isomer  shift  {Sj  for  the  compounds  are  almost  linearly  dependent  on  the  volume; 
electron  transfers  seem  to  be  of  minor  importance. 


I.  INTRODUCTION 

In  recent  years  much  research  has  been  carried  out  on 
the  magnetic  and  magnetostrictive  properties  of  R(Fe, 
(R=rare  earth  elements,  7'=Mn,  Al,  B,  Ga,  Si...)  pseudobi¬ 
nary  cubic  Laves  compounds  in  order  to  examine  the  substi¬ 
tution  effect.''’  It  was  found  from  Mossbauer  study  that  the 
isomer  shift  (IS)  in  Dy(Fe| ..  ^.T()2  (T=A\,  B)  compounds 
increases  with  increasing  a;  value,  which  was  ascribed  to  the 
2p  or  3p  electrons  of  B  or  Al  atoms  are  transferred  into  the 
2d  band  of  Fe  atoms.’  However  since  it  was  also  found  that 
the  isomer  shift  (IS)  in  R(Fe,.Nii..v)2  (R=Dy,  Ho)  com¬ 
pounds  are  linearly  dependent  on  the  volume  of  the  variation 
of  the  isomer  shift  (IS)  and  was  suggested  to  be  mainly  due 
to  the  size  effect  and  is  not  related  to  the  increase  of  the 
electron  concentration  of  the  system. A  better  knowledge  of 
these  phenomena  can  lead  to  a  better  understanding  of  the 
substitution  effect  for  transition  metals  on  magnetic  and 
magnetostrictive  properties  in  RFcj  compounds.  X-ray  and 
photoeiectron  spectroscopy  (XPS)  analysis  can  provide  use¬ 
ful  information  about  the  energy  shift  of  the  core-electron 
binding  energies.  These  energy  shifts  are  related  to  the  po¬ 
tential  al  the  nucleus,  which  is  approximately  a  function  of 
the  valence  electron  population  and  the  potential  due  to  the 
atoms  of  the  environment,  so  detailed  study  on  R(Fe|  ,Tj)2 
compounds  by  XPS  can  provide  direct  information  about  the 
charge  transfer  due  to  substitution.  By  Mossbauer  study,  th 
charge  density  p(0)  at  the  nucleus  is  measured  through  the 
isomer  shift  (IS).  Mossbauer  studies  on  ’^Fe  for  RFe,  com¬ 
pounds  have  shown  that  even  though  these  compi)und.s  have 
an  identical  crystallographic  structure,  they  present  several 
types  of  spectra.’  With  the  direction  of  easy  magnetization 
(n)  along  the  [lOOj  axis  all  iron  atoms  are  equivalent  and  a 
simple  six-line  spectrum  is  obtained,  as  was  observed  for 
HoFe2  and  DyFei.  If  n  is  along  the  [111]  or  [110]  direction, 
there  are  two  magnetically  inequivalent  iron  sites,  giving  rise 
to  a  spectrum  superposed  by  two  six-line  patterns  with  popu¬ 
lation  ratios  1:3  or  2:2,  as  observed  for  YFci,  TbFei,  ErFci, 
and  I’niFei  or  SmFei  at  low  temperature.  For  R(FC|  jT,.), 
compounds  the  spectrum  become  more  complex  when  I'e 


was  substituted  with  other  elements,  which  is  due  to  the  ex¬ 
istence  of  a  range  of  hyperfine  fields  in  the  material  occa¬ 
sioned  by  the  random  distribution  of  Fe  and  T  atoms  over  the 
transition  metal  sublattice. 

In  the  pre.scnt  study  the  chemical  shift  (<^  obtained  by 
XPS  and  isomer  shift  (IS)  measured  by  ”Fe  Mossbauer  for 
HofFe,  ...(.Mn,),  (a  =  ()-().3)  compounds  were  c.-amined  in 
order  to  reveal  the  substitution  effect. 


II.  EXPERIMENT 

Ho(Fe|  (dViPv):  (•'=(),  0.1,  0.2,  0,3)  compounds  were 
arc  melted  in  an  arc  furnace  under  high  pure  argon  atmo- 
.sphere,  and  annealed  al  900  °C  for  a  week  under  a  purified 
argon  atmosphere.  The  x-ray  analysis  showed  that  all 
samples  were  a  single  phase  of  cubic  Laves  structure  (C 1 .5), 
and  the  lattice  constant  were  calculated  by  using  the  (440) 
peak  of  x-ray  spectra  for  the  compounds.  The  Mossbauer 
.spectra  were  recorded  at  room  temperature  with  a  conven¬ 
tional  constant  acceleration  spectrometer  with  a  ’^Co  source 
in  a  Pd  matrix.  The  record  time  for  each  sample  is  about  two 
days  and  the  velocity  was  calibrated  with  an  a-Fe  foil  of 
2,b-^m  thickness.  The  x-ray  photoeiectron  spectra  (XPS) 
were  obtained  by  an  ESCALAB.^  ESCA  spectrometer 
equipped  with  an  Al  radiation  source  E(Ma)=  1486.6  eV 
and  with  a  resolution  of  ()..5  eV.  The  samples  were  supported 
in  the  appropriate  sample  holders  and  mounted  on  high 
vacuum  feedthroughs,  then  argon  sputtered  for  1.*)  min  to 
ensure  clean  surface  for  examination. 


III.  RESULTS  AND  DISCUSSION 

The  lattice  constants  of  IIo(Fei  ,Mn,.)2  (.v  =  (),  0.1.  0.2, 
0.3)  compounds  are  obtained  by  the  x-ray  method  and  listed 
in  Table  I.  They  increase  with  increasing  Mn  content.  The 
binding  energy  (BE)  calculated  from  the  XPS  spectra  are 
also  listed  in  Table  I.  For  metals,  the  binding  energy  is  the 
minimum  energy  required  to  excite  a  core  electron  to  an 
available  unoccupied  slate  above  the  Fermi  level  and  is  in- 


J.  Appl.  Phys,  76  (10),  15  November  1994 


0021  -8979/94/76(1 0)/6903/3/$6.00 


©  1994  American  Institute  of  Physics  6903 


TABLE  I.  Lattice  constant,  binding  energy,  hypcrfinc  parameters,  and  magnetic  moment  /Xi.,,  in  HoiFe,  ,Mn,)i 
(x  =  0,  0.1,  0,2,  0.3)  compounds  at  room  temperature. 


X 

a 

(A) 

Binding  energy  (cV) 

H*/ 

(kOe) 

IS 

(mm/.s) 

SQ 

(mm/.s) 

(A/)/t-’c) 

Fe2p|,2 

Fc2/j„2 

Mn2pv2 

0 

7.333 

706.8 

719.8 

195.4 

-0.121 

0.038 

1.43 

0.1 

7.343 

706.6 

719.4 

639.2 

179.6 

-0.135 

0.063 

1.31 

0.2 

7.361 

706.7 

719.5 

639.1 

138.1 

-0.084 

0.072 

1.01 

0.3 

7.381 

706.6 

719.6 

639.3 

130.3 

-0.022 

0.058 

0.96 

fluenced  by  the  chemical  environment.  According  to  charge 
potential  model, ^  the  ionization  energy  of  a  core  subshell 
(i^)  is  approximated  by 

+  (1) 

where  is  the  partial  charge  on  the  atom  A,  ,  is  an  ad¬ 
justable  parameter,  and  is  the  potential  of  atom  A  due  to 
the  other  atoms  B  in  the  system.  With  a  simple  point-charge 
approximation 


47re()«^a’ 


(2) 


where  the  are  internuclear  distances.  From  analyzing  the 
binding  energy  of  Fe  2pij2,3/2  ^^td  of  Mn  2pj/2  'n 

Table  1  we  found  that  the  binding  energy  (BE)  of  compounds 
remains  almost  the  same  value  for  all  the  compounds  and  no 
chemical  shift  of  the  core-electron  binding  energy  was 
found.  This  implies  that  no  charge  transfer  takes  place  from 
Mn  atoms  to  Fe  atoms  due  to  Mn  substitution. 

The  Mdssbauer  spectra  present  in  Fig.  1  were  analyzed 
using  a  standard  computer  procedure.  Depending  on  the 
shape  of  the  spectrum  one  to  five  independent  six-line  pat¬ 
terns  with  u.ircstricted  intensities,  hyperfine  fieids,  quadruple 


Velocity  (mm/s) 

FIG.  t.  Mossbaucr  spectra  of  Ho(FC|-  ,Mn,)2  compounds  (x  =  (),  0.1,  0.2, 
0.3)  at  room  temperature. 


splitting,  and  isomer  shift  were  fitted  in  order  to  reproduce 
the  broadening  of  the  spectra  with  increasing  Mn  content. 
The  half-width  of  all  the  six-line  patterns  was  kept  constant. 
The  spectrum  of  HoFe2  was  fitted  as  one  six-line  pattern, 
indicating  that  the  magnetic  moment  is  directed  along  the 
[100]  axis.*  It  is  obvious  that  Mn  substitution  has  a  great 
influence  on  Ihe  hyperfine  interaction,  as  can  be  seen  from 
Fig.  1.  The  Mossbauer  absorption  spectra  for  Ar>0  com¬ 
pounds  indicate  the  exi.stence  of  the  wide  hyperfine  field  dis¬ 
tribution  because  of  the  random  distribution  of  Mn  atoms  in 
transition  metal  sublattice.  The  broadening  of  spectra  was 
also  found  in  other  R(Fei  -^.T_j.)2  compounds  due  to  substitu¬ 
tion  and  was  explained,  for  RfFC]  -tAlj)2  compounds,^  on 
the  basis  of  the  local  environment  effect  which  supposes  that 
the  hyperfine  fields  distribution  for  a  given  iron  atom  has  a 
proportionality  relation  with  the  number  of  Fe  nearest-  and 
next-nearest-neighbors  calculated  from  the  binomial  for¬ 
mula.  However,  no  reasonable  results  can  be  obtained  in  the 
present  study  when  the  same  procedure,  as  used  for 
R(Fei_^Al^)2  compounds,  was  employed  to  fit  the  spectra  of 
Ho(Fei_^.Mn^)2  compounds,  which  means  that  no  definite 
conclusion  can  be  drawn  about  the  existence  of  the  local 
environment  effect  in  Ho(Fei_^Mn,)2  compounds.  Through 
fitting  the  spectra,  the  average  hyperfine  field  isomer 
shift  (IS),  and  quadruple  splitting  (QS)  are  obtained  and 
listed  in  Table  1.  It  is  clearly  seen  from  Table  1  that  the 
average  hyperfine  field  decreases  with  increasing  Mn  con¬ 
tent.  It  has  been  shown^  from  combined  NMR  and  Moss¬ 
bauer  investigation  that  the  average  iron  hyperfine  field  and 
average  iron  moment  are  proportional  to  each  other 

(3) 

The  proportionality  constant  a  equals  145  kOc//Mn  for  Y-Fe 
compounds^  and  125  kOe/fi,)  was  used  for  Dy(Fei_vB,.)2 
compounds.'^  Here  we  consider  u=137  kOe/zu.^  for 
Ho(Fe|  _^Mnf)2  compounds,  which  was  deduced  from  the 
hyperfine  field  and  iron  moment  for  HoFe2  in  the  present 
study.  The  Fe  moments  calculated  from  Eq.  (3)  were  listed  in 
Table  1.  The  decrease  of  with  increasing  Mn  content  is 
evident  which  means  that  Fe  moment  is  strongly  influenced 
by  Mn  atoms. 

From  Table  1  it  can  also  be  seen  that  the  average  isomer 
shift  (IS)  shows  a  weak  concentration  dependence,  which  is 
the  characteristic  of  these  compounds.  We  note  that  the  IS  for 
the  compounds  are  almost  linearly  dependent  on  the  volume, 
as  can  be  seen  from  Fig.  2.  Taking  the  XPS  results  for  the 
compounds  into  account  we  suggest  that  the  variation  of  IS 
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Volume  (A^) 

FIG.  2.  Volume  dependence  of  the  isomer  shift  in  Ho(FC|  _jMnj)2 
compounds. 


due  to  Mn  substitution  is  mainly  due  to  size  effects;  electron 
transfers  seems  to  be  minor  importance. 


IV.  CONCLUSION 

In  conclusion,  we  would  like  to  point  out  that  for 
Ho(Fei_i.Mnjf)2  (j;  =  0,  0.1,  0.2,  0.3)  compounds: 


(1)  From  the  XPS  measurement  it  was  found  that  the 
binding  energy  (BE)  of  compounds  remains  almost  the  same 
value  for  all  the  compounds  and  no  chemical  shift  {S)  of  the 
core-electron  binding  energy  was  found,  which  implies  that 
no  charge  transfer  takes  place  from  Mn  atoms  to  Fe  atoms 
due  to  Mn  substitution. 

(2)  From  the  Mdssbauer  study  it  was  found  that  the  av¬ 
erage  hyperfine  fields  and  the  deduced  Fe  moment  decrease 
with  increasing  Mn  content.  ITie  variation  of  the  IS  due  to 
Mn  substitution  is  mainly  due  to  size  effects;  electron  trans¬ 
fers  seem  to  be  of  minor  importance. 
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The  combined  hyperfine  interaction  of  mercury  in  a  hexagonal  close-packed  cobalt  single  crystal 
was  measured  using  the  e  ‘  —  y  perturbed  angular  correlation  technique  with  the  and  ''*‘*Hg 
probes,  without  applied  magnetic  field.  The  magnetic  and  quadrupole  coupling  constants  of  the  5/2 
levels  in  both  ‘‘^Hg  and  '‘*‘*Hg  were  measured  with  extremely  high  precision,  w,  (  '‘”Hg)  =  d51(d) 
Mrad/s,  <o,,  (''^‘'Hg)  =  1039(10)  Mrad/s,  Uq  ('”Hg)=3.7(5)  MHz  and  Vq  ('‘''’Hg)  =  32(2)  MHz. 
Using  the  well-known  g  factors  and  quadrupole  moments  of  the  respective  levels,  the  magnetic 
hyperfine  field,  |W;,y^(HgCo)|  =  581(12)  kG,  and  the  electric  field  gradient,  iV.-lHgCo)! 
=2.0(3) X  lO'^  V/cm^,  were  derived.  The  importance  of  using  thc.se  hyperfine  probes  for  studying 
the  microscopic  structure  of  cobalt-based  multilayers  is  introduced  and  discussed. 


I.  INTRODUCTION 

The  potential  applications  of  the  giant  magnetorcsistance 
effect  in  recent  years  led  to  a  considerable  interest  of  mag¬ 
netic  multilayers  consisting  of  a  magnetic  material,  usually 
cobalt,  separated  by  a  thin  nonmagnetic  spacer.  The  optimi¬ 
zation  of  the  effect  depends  on  the  thickness,  structure,  and 
interface  properties  of  the  spacer  and  Co  layers.  Using  the 
"'Cd  nucleus  from  the  decay  of  "'in  as  a  probe  implanted  in 
Co/Re  and  Co/Cu  multilayers,'’^  the  perturbed  angular  cor¬ 
relation  (PAC)  technique  proved  to  be  sensitive  for  the  mi¬ 
croscopic  characterization  of  structural  and  point  defects, 
phases,  and  interfaces  in  magnetic  multilayers.  The  applica¬ 
tion  of  this  technique  is,  however,  limited  to  suitable  probes. 
In  the  present  work,  it  is  .shown  that  the  ''”"'Hg  and  ''''""Hg 
isotopes  are  appropriate  for  these  studies:  the  hyperfine  fields 
are  higher  and  the  substitutional  fraction  of  Hg  implanted  in 
Co  is  a  factor  of  three  higher  than  in  the  Cd  case,  with  no 
need  to  perform  annealing  treatments  after  the  implantation. 

The  magnetic  hyperfine  interaction  of  Hg  in  Co  has  been 
previously  studied  by  Kricn  and  co-workers,''  Their  measure¬ 
ment  could  not,  however,  explain  if  the  Hg  atoms  are  at 
different  sites  in  the  Co  lattice  or  if  a  combined  hyperfine 
interaction  is  responsible  for  the  observed  modulation,  since 
a  quadrupole  interaction  is  expected  for  the  Co  hexagonal 
close-packed  (hep)  phase.  To  clarify  this  problem,  new  re¬ 
sults  are  reported  here,  using  the  e"-y  PAC  technique  with 
the  ‘‘^^"'Hg  and  ‘‘^''"'Hg  isotopes,  in  a  Co  single  crystal.  The 
lattice  site  location  of  the  Hg  atoms  has  also  been  studied  by 
a  high  precision  channeling  experiment  performed  after  the 
radioactive  decay  on  the  same  sample. 


II.  EXPERIMENTAL  DETAILS 

The  ''^’'"'Hg  and  '‘'‘'"'Hg  isotopes  were  implanted  into  a 
Co  single  crystal  at  60  keV,  using  the  ISOLDE  facility  at 
CERN,  to  doses  of  5X  lo'^  and  5X  10'‘  at./cnr,  respectively. 
The  mean-Hg  range  profile  value  is  11  nm. 


"'Current  adcirc.ss;  I’Pli  irivision,  CURN,  C:il-I21l  Cicncvii,  SwitzcrUinil. 


The  PAC  experiments  were  performed  using  the  165- 
134  keV  cascade  from  the  decay  of  the  23.8-h  isomeric  state 
of  '"’Hg,  and  the  374-158  keV  cascade  from  the  decay  of 
the  43-min  isomeric  state  of  '‘’‘'llg.  The  first  transitions  in 
these  cascades  arc  strongly  converted,  «/(l65  keV, 
'"’Hg)=173  and  qx'(374  keV,  '""Hg)=3.5,  which  makes 
them  ideal  for  e  -y  measurements.  The  calculated  anisotro¬ 
pies  are  /r2A22('”Hg)=().213  and  b2A22(‘‘"Hg)  =  0.2.35.‘' 

The  experimental  setup  consists  of  two  magnetic  /S 
.spectrometers  of  the  Siegbahn  type'  for  detection  of  conver¬ 
sion  electrons  and  two  BaF2  scintillators  for  y  detection, 
arranged  in  a  plane.  Each  lens  makes  90°  with  one  y  detector 
and  180°  with  the  other.  The  time  resolution  (PWHM) 
of  the  setup  for  the  '‘'’"'Hg  and  '‘'‘'"'Hg  cascades  was  1,0  ii:s. 
Four  coincidence  spectra  were  recorded,  corresponding 
to  the  combinations  of  each  magnetic  lens  with  a  y 
detector.  From  these  spectra  the  usual  time  differential 
anisotropy  /?(r)  =  2  [/V(180°,  /)-/V(90°,r)]/I/V'(  1  80°,/) 
-t-2  /V(90°,/))  was  calculated. 

The  theoretical  R(t)  function  was  calculated  numerically 
taking  into  account  the  full  Hamiltonian  for  a  combined  hy¬ 
perfine  interaction,  as  described  by  Barradas  and 
co-workers."  In  the  calculation,  independent  fractions  /,  of 
probe  nuclei  were  considered,  each  experiencing  a  Larmoi 
frequency,  oji  —  - gpr^^H and  a  quadrupole  frequency, 
Vq  =  <’QV^,/Ii.  H I, f  is  the  magnetic  hyperfine  field  and  F,,  is 
the  main  component  of  the  electric  field  gradient  (EFG)  ten¬ 
sor  at  the  nucleus.  Q  and  g  are,  respectively,  the  quadrupole 
moment  and  g  factor  of  the  /=5/2  intermediate  state  of  the 
cascade.  For  '"’llg  and  '""Hg  these  parameters  are  well 
known,  ('"’llg) =0,057(7)  /;,  ('‘“'Hg)  =  ().674(77; 

/x'-"  g.v2  ('"’Hg)  =  0.342(6),  and  g,,.  ('""Hg)  =  0.352(13)." 
Lattice  imperfections,  impurities,  or  defects  cause  a  damping 
of  the  R{t)  function,  described  by  a  Lorentzian  distribution 
with  relative  width  S,  centered  at  a  given  tO/  . 

No  external  magnetic  field  was  necessary  to  o:ient  the 
magnetic  domains,  since  below  525  K.  the  spins  of  the  hep 
Co  lattice  are  aligned  along  the  c  axis.  This  is  also  the  direc¬ 
tion  of  the  main  component  of  the  EFG  tensor.  For  each 
isotope,  experiments  were  performed  on  two  complementary 
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FIG.  1.  Anisotropy  ratio.s  obtained  with  for  (a)  single  crystal  with  c 
axis  on  the  detectors'  plane  at  45°;  (b)  with  c  axis  perpendicular  to  the 
detectors'  plane. 

geometries.  In  geometry  G1  the  c  axis  of  the  Co-single  crys¬ 
tal  lies  on  the  detectors’  plane  at  an  angle  of  4S°  with  the 
detectors,  and  in  geometry  G2  it  is  perpetidicular  to  that 
plane.  For  a  collinear  interaction,  only  the  £a/  ±2aJo 
2<«)/ ±a»o  frequencies  (dj(i=37r.yg/10)  have  observable  ampli¬ 
tudes  in  geometries  G1  and  G2,  respectively. 

Complementary  RBS/channeling  experiments  were  car¬ 
ried  out  after  the  decay  in  the  channeling  line  of  the 
2.5-MeV  Van  de  Oraaff  of  INETI,  Sacavcm,  using  a  1.6- 
MeV  He^  beam.  The  backscattered  particles  were  detected  at 
angles  of  140“  and  180“  using  two  silicon  surface  barrier 
detectors  with  resolutions  of  13  and  18  keV,  respectively. 

III.  RESULTS 

Figures  1(a)  and  1(b)  show  the  anisotropy  ratios  R{t) 
obtained  with  the  '‘^^"'Hg  implanted  sample  in  geometries  G 1 
and  G2,  respectively.  The  measurements  have  been  per¬ 
formed  at  room  temperature.  Assuming  the  Hg  ions  are  sub¬ 
stitutional  in  the  Co  lattice  they  would  experience  only  one 
combined  interaction,  described  by  a  theoretically  predicted 
modulation.  However,  to  obtain  a  satisfactory  least-squares 
fit  to  both  geometries,  it  was  necessary  to  consider  that  the 
Hg  atoms  are  located  in  three  nonequivalent  Co  lattice  sites. 
The  results  are  shown  in  Table  I.  Parameter  /,  gives  the 
percentage  of  Hg  atoms  described  by  a  theoretical  function 
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FIG.  2.  Anisotropy  ratios  obtained  with  '““Hg  for  (a)  single  crystai  witli  c 
axis  on  the  detectors'  plane  at  45°;  (b)  with  c  axis  perpendicuiar  to  the 
detectors'  plane. 


assuming  well-defined  magnetic  and  electric  frequencies.  Pa¬ 
rameter  f2  corresponds  to  Hg  atoms  characterized  by  the 
same  values  for  the  frequencies,  but  with  a  small  Lorentziaii 
distribution  on  the  magnetic  frequency.  The  remaining  Hg 
atoms  are  described  by  a  strongly  damped  frequency  distri¬ 
bution,  characterized  by  a  large  value  of  S, 

Figures  2(a)  and  2(b)  show  the  corresponding  anisotropy 
ratios,  R{t),  obtained  with  the  ‘''''"’Hg  implanted  sample. 
Again,  it  was  necessary  to  consider  three  fractions  of  Hg 
atoms  in  the  Co  lattice.  The  results  are  shown  in  Table  II. 

Figure  3  shows  the  angular  scans  obtained  for  the  (0001) 
plane  (c  plane)  and  for  the  (1120)  and  (1010)  axes  along  that 
plane.  From  the  minimum  yields  of  the  Hg  and  Co  signals,  a 
fraction  of  70%  of  Hg  atoms  in  regular  positions  in  the  Co 
single  crystal  is  obtained.  The  slight  narrowing  of  the  Hg 
signal,  clearly  seen  in  the  (0001)  plane  and  in  the  (1010) 
axis,  indicates  a  fraction  of  Hg  ions  deviated  from  the  Svib- 
stitutional  positions.  The  continuous  line  in  Fig.  3  is  a  Monte 
Carlo  simulation  of  these  scans,  using  a  modified  version  of 
the  FLUX  program,”'  assuming  a  50%  substitutional  frac¬ 
tion,  a  20%  slightly  deviated  fraction,  and  a  30%  randoni 
fraction.  The  errors  in  the  determination  of  these  fractions 
are  of  the  order  of  10%. 


TABLE  1. 

'“’HgCo  fit  parameters. 

TABLE  11. 

'““llgQ)  fit  parameters. 

Fraction 

(%) 

(Mrad/s) 

S 

U(,(MHz) 

Fraction 

(%) 

'V/. 

(Mrad/s) 

fi 

Vq 

(MHz) 

/i 

.13(3) 

9.51(9) 

0 

3.7(5) 

/. 

5.3(3) 

1039(10) 

0 

.32(2) 

fi 

3«(3) 

951(9) 

0.12(2) 

3.7(5) 

h 

29(3) 

1039(1(1) 

0.15(2) 

.32(2) 

h 

29(3) 

3()()(30) 

0,5(1) 

0 

/r 

1«(3) 

510(40) 

0.0(1) 

0 
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FIO.  3.  Channeling  scans  for  the  (0001)  plane  and  the  (1120)  and  (loio) 
axes  along  that  plane.  The  continuous  line  is  a  Monte  Carlo  simulation. 


IV.  DISCUSSION  AND  CONCLUSIONS 

The  PAC  experiments  show  the  surprising  result  that 
about  75%  of  the  implanted  probe  atoms  (fractions /j  and  /2) 
stop  at  regular  sites,  and  the  channeling  experiment  proves 
that  the  Hg  atoms  are  substitutionally  located  in  the  Co  ma¬ 
trix.  The  observed  frequency  distribution  of  fraction  /2  is 
small  and  the  modulation  could  be  followed  for  about  eight 
half-lives  of  the  intermediate  state  of  the  cascades.  This  is 
due  to  the  fact  that  the  magnetic  coupling  constant  is  much 
higher  than  the  quadrupole  coupling  constant. 

Although  the  quadrupole  coupling  constants  are  very 
small,  as  a  consequence  of  the  small  deviation  for  Co  of  the 
c/a=1.6228  ratio  from  the  ideal  vr'ue  (c/a=  1.633),  in  this 
work  they  were  derived  veij  accurately;  Vq 
(‘’■'Hg£o)= 3.7(5)  MHz  and  Vq  (^”HkCo)=32(2)  MHz. 
From  the  value  of  iig(*®’Hg  Co)  and  the  corresponding  quad¬ 
rupole  moment,  the  derived  EFG  is  |V'„(Hg 
C^1=2.0(3)X10'’  V/cm^.  According  to  known  trends'*  its 
sign  should  be  negative.  In  Ref.  3,  the  ionic  EFG  produced 
by  the  Co  ions  at  the  Hg-probe  nucleus  has  been  calculated 
as  +  1.14X10*^  V/cm^.  Hie  enhancement  of  the  ionic 
EFG  by  the  conduction  electrons  is  usually  described  by  a 
factor  K,  as  V„=(l-X)  V^"".  For  the  present  case  we  de¬ 
duce  K=2.S  which  is  of  the  same  order  as  for  most  cases. 


An  important  result  of  this  work  is  the  derivation  of  a 
more  precise  value  for  the  magnetic  hyperfine  coupling  con¬ 
stant  measured  by  the  Larmor  frequency  w/,('’^Hg 
Co)=951(9)  Mrad/s.  Due  to  the  high  statistics  obtained  in 
these  measurements,  the  errors  in  the  magnetic  frequencies 
are  limited  only  by  the  1%  uncertainty  of  the  time  calibra¬ 
tion.  Using  the  known  g  factor,  g5/2~('^’Hg)= 0.342(6),'*  the 
derived  magnetic  hyperfine  field  is  |//i,^(HgCo)l =581(12) 
kG,  which  fits  very  well  in  the  systematic  of  hyperfine  fields 
in  Co.'^  ' 

In  conclusion,  the  '''^Hg  and  are  very  attractive 

probes  for  the  study  of  Co-based  structures  using  the  FAC 
technique,  due  to  the  high  substitutionality  in  Co  achieved 
after  implantation  at  room  temperature.  Additionally,  the 
availability  of  two  isotopes  with  quadrupole  moments  differ¬ 
ing  by  one  order  of  magnitude  allows  q  great  flexibility  for 
the  study  of  EFGs.  Since  the  EFGs  at  the  Hg  site  in  the. 
interfaces,  or  at  the  Co  site  with  trapped  defects  or  impuri¬ 
ties,  are  normally  much  higher  than  the  EFG  of  Hg  in  Co,  a 
large  range  of  values  can  be  measured  selecting  the  appro¬ 
priate  probe,  '^’Hg  or  '^®Hg,  for  the  high  or  low  range  of 
EFGs.  These  advantages  are  currently  being  explored  at 
ISOLDE/CERN  due  to  the  high  yields  for  the  production  of 
these  isotopes. 
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Simulation  of  nuclear  magnetic  resonance  spin  echoes  using  the  Bloch 
equation:  Influence  of  magnetic  field  inhomogeneities 

J.  A,  Nyenhuis  and  0.  P.  Voe 

School  oj  Lkctrical  Lniiiin'crini^,  Ihuduc  University,  Wi’.sV  Lafayette,  Iiulitina  47907 

There  are  a  nuitibcr  of  low  cost  nuclear  magnetic  resonance  (NMR)  applications  that  are  based  on 
measurements  of  spin-spin  (T^)  and  spin-lattice  (Ti)  relaxation  times.  Pulsed  i  f  magnetic  fields  are 
typically  used  to  flip  the  nuclear  spins  in  these  measurements.  The  ability  to  perform  these 
measurements  in  relatively  nonuniform  magnetic  fields  is  a  factor  in  minimising  costs.  In  this  work, 
we  explore  the  limitations  of  field  inhomogeneity  on  spin  echo  techniques  for  measuring  relaxation 
times.  Using  a  computer  model  that  was  developed  for  this  study,  we  numerically  integrate  the 
Bloch  equation  to  simulate  spin  echo  peaks  for  CPMG  and  other  pulse  sequences.  We  quantify  how 
higher  intensity  rf  pulses  result  in  increased  amplitudes  of  spin  echo  peaks  in  an  inhomogeneous 
static  magnetic  field.  An  rf  amplitude  which  is  five  times  the  maximum  inhomogeneity  in  the  .statie 
field  results  in  less  than  0.5%  attenuation  between  even  numbered  peaks  in  ti  CPMG  sequence. 


I.  INTRODUCTION 

Numerous  applications  of  nuclear  magnetic  resonance 
(NMR)  have  been  developed:  for  example,  it  has  been  pro¬ 
posed  that  NMR  be  used  to  sort  fruits  and  vegetables,'  to 
measure  the  percentage  of  saturated  fats  in  vegetable  oils," 
and  for  the  early  detection  of  osteoporosis  in  humans.'^ 

NMR  techniques  have  several  advantages  over  other 
methods  of  experimental  analysis;  they  are  neither  destruc¬ 
tive  nor  invasive  to  the  sample  under  study,  Ultimately,  how¬ 
ever,  it  is  cost  and  not  these  advantages,  which  will  deter¬ 
mine  whether  NMR  can  compete  with  experimental  methods 
already  in  place,  A  major  factor  affecting  the  cost  of  a  NMR 
system  is  the  magnet.  Magnets  that  produce  highly  uniform 
magnetic  fields  are  difficult  to  ma.nufacture  and,  corre.spond- 
ingly,  are  expensive. 

This  paper  investigates  the  effects  of  nonuniform  mag¬ 
netic  fields  on  spin  echo  techniques  for  measuring  relaxation 
times.  We  seek  to  answer  the  question;  how  uniform  must  the 
fields  be  in  order  to  achieve  good  measurements? 


II.  SIMULATION  MODEL 

A  computer  model,  written  in  I'OR  rR,''.N,  of  NMR  plie- 
nomena  was  deveioped  for  this  study.  The  assumptions  made 
in  this  model  are  (1)  a  one-dimensional  model  is  used,  (2) 
the  sample  is  magnetically  homogeneous,  (3)  the  applied  rf 
fields  arc  uniform  across  the  sample,  and  (4)  diffusion  effects 
are  ignored.  These  assumptions  aie  made  in  order  to  isolate 
the  effects  of  nonuniform  magnetic  fields  and  arc  not  limita¬ 
tions  of  the  computer  model. 

In  the  .simulation  model  the  sample  is  divided  into  re¬ 
gions  of  magnetization  =  ,iW,.  ,A/.),  which  represent 

the  vector  sum  of  all  magnetic  moments  in  the  region. 

The  number  of  regions  used  in  the  simulations  was  24dh, 
although  a  choice  as  low  as  ‘>9  regions  would  yield  compa¬ 
rable  results.  For  a  sufficiently  large  number  of  regions,  the 
.solutions  are  basically  independent  of  the  number  of  regions, 
because  the  magnetization  in  each  region  is  independent  of 
that  in  another  region;  however,  if  diffusion  is  included  in  the 
model,  magnetization  in  one  region  is  coupled  to  adjoining 
regions,  and  the  accuracy  of  solutions  improves  by  increas¬ 
ing  the  number  of  regions.  The  number  of  regions  chosen 


must  be  large  enough,  however,  to  obtain  a  good  sampling  of 
the  dephased  spins  in  an  inhomogeneous  magnetic  field. 

An  rf  field  of  carrier  frequency  w,,  wifh  only  a-  and  > 
components  is  assumed:  hn— (/i  j  The  static  field  is  as¬ 
sumed  fo  lie  in  the  e  direction  and  has  an  amplitude 
//(i  +  A//,-,  where  Hk^tojy,  with  y  being  the  nuclear  gyro- 
magnetic  constant,  //n  is  thus  the  field  for  which  the  reso¬ 
nance  frequency  is  equal  to  the  rf  frequency  and  A/7,  ac¬ 
counts  for  inhomogeneity  in  the  static  field. 

The  time  evolution  of  each  region's  A7,  in  response  to 
the  static  and  rf  magnetic  fields  is  given  by  the  Bloch  equa¬ 
tion 


r/M, 

tit 


■=  y{M,X[(//||-l- A//,)z+hrf]}  —  y 


M,;,  .  ^ 

Ti,i 


I  2.i 


- ITT -  i, 


(1) 


I./ 


where  A/o,,-  is  the  saturation  magnetization  in  the  presence  of 
the  static  field. 

In  Eq.  (1),  the  subscript  i  indicates  that  the  Bloch  equa¬ 
tion  is  applied  separately  to  each  region  in  the  sample. 

The  normalized  magnetization  in  a  region  is  expressed 
as  ni|  =  IVIt/A7(| ;,  where  A7;, ;  is  the  saturation  magnetization 
in  that  region.  Magnetic  fields  are  normalized  to  the  value  of 
static  field  for  which  the  nuclear  spins  have  re.sonance  fre¬ 
quency  (U||,  e.g.,  Time  is  normalized  to  cycles  of 

the  rf  field,  e.g.,  i= 

Transforming  Eq.  (1)  into  a  coordinate  frame'*  that  ro¬ 
tates  at  the  rf  field  frequency  Wi,,  and  lefting  //,.|f( 
=  A//,//7|),  the  normalized  Bloch  equation  in  component 
form  for  each  region  is 


(lm,j 

=  2  7r(/7,,||,,/;i,,,  - 

(It 

ditty  , 

=  27r(/ip/i.,,-/7,ii,,w,,,) 

Itiv., 

(It 

1  Z.i 
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FIG.  1.  rf  pulse  sequence  Used  in  tile  spin  echo  simulations. 


The  Bloch  equation  is  now  in  the  form  of  three  first-order 
differential  equations  that  are  solved  numerically  for  each 
region  in  the  sample.  The  simulations  implement  the  fourth- 
order  Runge-Kutta  method  with  a  step  time  of  five  cycles  of 
the  rf  field.  This  step  time  was  cho.sen  because  it  was  a  large 
enough  step  that  excessive  computing  time  was  not  required 
and  at  the  same  time  the  solutions  would  converge  to  five 
decimal  places. 

For  the  case  when  the  rf  signal  is  turned  off,  simple 
closed  form  expressions’  for  the  magnetization  components 
exist,  which  reduces  the  computational  time  of  the  simula¬ 
tions. 

After  each  time  step  in  the  simulation,  the  transverse 
magnetization  components,  and  niyj ,  arc  summed  vec- 
torially  over  all  the  regions  in  the  sample.  The  receiver  coils 
in  a  NMR  system  will  detect  signals  proportional  to  the 
transverse  magnetization  of  the  sample.  The  receiver  flux, 
normalized  to  the  maximum  possible  value  when  all  the 
spins  are  in  phase,  is  then 

Normalized  receiver  response 


III.  SIMULATION  RESULTS  AND  DISCUSSION 

The  rf  pulse  sequence  used  in  the  simulations  is  shown 
in  Fig.  1.  A  90°  rf  pulse  cants  the  nuclear  magnetization  from 
the  z  direction  into  the  transverse  plane.  180°  pulses  are  used 
to  generate  the  spin  echoes,  which  result  from  refocusing  of 


the  .spins  after  the  180°  pulse.  The  90°  rf  pulse  is  taken  to  be 
in  the  x  direction  in  the  rotating  frame.  For  a 
Carr-Purcell-Meiboom-GilF’  (CPMG)  pulse  sequence,  the 
180°  puLses  are  in  the  y  direction,  while  they  are  in  the  x 
direction  for  a  Carr-Purcell’  (CP)  pulse  sequence.  With  the 
180°  pulses  depicted,  spin  echoes  occur  near  times  2t,  4t, 
6r,  and  8t.  Amplitude  /i.f  and  durations  7\,||  and  f  ,(,0  of  the 
rectangular  rf  pulses  were  varied  for  different  simulations. 
From  Eq.  (2),  it  can  be  shown  that  for  a  90°  flip  fy()=  1  /4/(;r 
and  f  ,((()  =  27’m). 

A  linear  inhomogeneity  was  assumed  for  the  simulation 
results  presented  here: 

=  -L^Xi^L.  (4) 

For  the  results  presented  here,  the  normalized  inhomogeneity 
A/fmax'^^max/^o  5X10'“*,  i.c.,  .“iOO  ppm.  This  inho- 


FlCi.  2.  tiffed  cif  rf  iiniplitudc  on  spin  echo  iimpliludcs.  A  CPMG  rf  pulse 
sequence  was  used  for  a  linear  iiihomogeiieily  wilh  A/y,„,„-.S()()  ppni  and 
t=25(K)  cycles.  7',“/\=l()'’  cycles  of  rf  Held  in  the  model,  (a) 
/i,i=2.,‘ix  1(1  ■'  and  T’ini,  -  27', m -=  2(1(1  cycles.  Response  peaks  are  O.W.S.S, 
0.987,1,  0.9W,S,  0.987.1,  and  0.994(i.  (b|  /)„  =  1(1  '  and  ■/  ,„„=  .S()()  cycles  of 
rf  field.  Response  peaks  are  0.9(1 1(1,  ().92(i0,  0,9.190,  (),90«7,  and  0.921(1. 
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1  t  (cycles  of  RF  field) 

I 

FIG.  3.  Effect  Ilf  u,sing  CP  rf  pulse  sequence  on  spir  echo  simulations,  rf 
pulse  amplitude  /i,(=2.5X  10  ■'  (7’ij||=  100  cycles  of  rf  field)  and  a  linear 
inhomogencity  with  i^H^„=5n)  ppm  was  used.  r=2.SOO  cycles  and 
7'[  =  7'i  =  lO'^  cycles  of  rf  field.  Response  peaks  are  0.9933,  0.9864,  0.9514, 
0.8905,  and  0.8195. 


mogeneity  is  of  the  order  of  magnitude  that  is  experienced  in 
low  cost  NMR  applications.  However,  spectrometers  and 
medical  imagers  use  magnets  with  much  better  homogeneity. 
The  normalized  relaxation  times  f  \  and  were  arbitrarily 
set  to  a  large  value  of  10‘^  cycles.  With  the  effects  of  nuclear 
relaxation  essentially  removed  from  the  calculations,  we 
could  focus  on  the  effects  of  inhomogeneity  in  the  static  field 
on  the  spin  echo  response. 

In  Fig.  2,  we  evaluate  the  effect  of  rf  amplitude  on  the 
echo  peaks  for  a  CPMG  sequence.  In  Fig.  2(a)  a  rf  field  with 
amplitude  /iff=2.5Xl()“-^  is  used,  which  results  in  a  normal¬ 
ized  duration  f,«(|  =  2()()  cycles.  As  is  expected  for  the 
CPMG  pulse  sequence,  even  echo  peaks  have  '.iie  greatest 
height,  and  the  fourth  peak  in  the  sequence  has  normalized 
amplitude  0.9946.  In  Fig.  2(b),  the  rf  field  amplitude  has 
been  reduced  to  /i,f=  10”'^,  and  the  180°  pulse  has  a  duration 
of  500  cycles.  Compared  to  the  case  for  /i,f=2.5X10''\  the 
echo  peaks  have  a  smaller  amplitude,  with  the  fourth  peak 
having  an  amplitude  of  0.9236. 

The  reduction  between  even  numbered  peaks  in  a  spin 
echo  sequence  is  used  to  determine  7'2  in  a  CPMG  sequence: 
normalized  reo  iver  response  <^exp(- tlT2).  For  an  accurate 
T2  measurement,  we  would  like  the  attenuation,  due  to  mag¬ 
netic  field  inhomogeneity,  between  even  peaks  to  be  much 
less  than  the  attenuation  due  to  spin-spin  relaxation.  For  Fig. 
2(a),  the  reduction  in  signal  between  the  even  peaks  corre¬ 
sponds  to  an  effective  spin-spin  relaxation  time  7'2,jff  of 
2.6X10^  cycles,  whereas  in  Fig.  2(b)  0.27X10*’ 

cycles.  Thus,  the  higher  intensity  rf  field  results  in  a  more 
accurate  T2  measurement.  Less  effect  of  the  inhomogeneity 
could  also  be  achieved  by  increasing  t.  For  instance,  increas¬ 
ing  T  to  5000  cycles,  but  maintaining  the  other  conditions  of 


Fig,  2(a),  results  in  7’2,ef(  of  6.2X10*’  cycles.  For  t=7000 
cycle.s,  for  r=9000  cycles, 

=  10.6  XU)*’’. 

An  intuitive  argument  can  be  made  to  explain  why 
shorter  (i.e.,  higher  intensity)  rf  pulses  result  in  higher  echo 
peaks  in  a  CPMG  .sequence.  With  inhomogeneity  in  the  static 
field,  nuclear  spins  will  have  precession  frequencies  different 
from  the  frequency  of  the  rotating  rf  field.  Assume  that  the 
direction  of  the  rf  field  is  fixed  in  the  rotating  frame.  The 
azimuthal  angle  of  the  nuclear  magnetization  will  rotate  at 
frequency  Aa;=yA//|  with  respect  to  the  direction  of  the  rf 
field.  Let  represent  the  change  in  angle  during  the 

180°  pulse  between  the  rf  field  and  the  transverse  component 
of  nuclear  magnetization: 

^  01 8(1  9^7' !(,()-  SO 

=  2  -n-A/7„„*T  1  so  =  irA//,n„ /It ,( .  (5) 

If  there  is  significant  change  in  angle  between  the  rf  field  and 
the  nuclear  spins  during  a  rf  pulse,  the  flip  angle  will  not 
have  the  desired  value.  For  spin  echo  peaks  with  maximal 
value,  we  thus  expect  A<^,so<^L  For  /i,f=2.5X  10"’  in  Fig. 
2(a),  A(0isi)=O.63  and  for  /jf|=10'’  in  Fig.  2(b), 
A0i8o°°1'57. 

Figure  3  shows  a  spin  echo  sequence  using  the  same 
conditions  as  in  Fig.  2(a),  except  that  both  the  90°  and  180° 
pulses  are  in  the  x  direction.  For  this  CP  sequence,  the  echo 
peaks  progressively  decrease  in  amplitude,  with  the  fourth 
peak  having  an  amplitude  of  0.8195.  Comparison  of  Figs. 
2(a)  and  3  clearly  shows  the  advantage  of  the  CPMG  over 
the  CP  sequence  in  an  inhomogeneous  field.  In  the  CMPG 
.sequence,  deviations  from  the  ideal  flip  between  successive 
180°  pulses  are  partially  compensated,  whereas  errors  in  flip 
angle  accumulate  in  the  CP  sequence.** 

The  CPMG  sequence  is  forgiving  of  imperfections  in  rf 
pulse  duration.  The  parameters  of  Fig.  2(a)  were  maintained, 
but  and  Ti^o  were  independently  made  10%  too  long. 
The  amplitudes  of  the  fourth  echo  peaks  were  then  respec¬ 
tively  0.9829  and  0.9840,  only  slightly  less  than  those  shown 
in  Fig.  2(a). 
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Correlation  of  magneto-volume  effects  and  local  properties 
of  the  Fe2Ti-laves  phase  (abstract) 

J.  Pelloth,  R.  A.  Brand,  and  W,  Keune 

Lahoratoriwn  fiir  Angewandte  Physik,  Univenitiir  Duisburn,  D-47()4H  Duisburg’,  Germany 

Magneto-volume  effects  have  been  calculated'  and  shown  to  exist’  ’  in  Fe^Ti  alloys.  .Since 
Mbssbauer  spectroscopy  provides  insight  into  local  magnetic  properties  we  haw  performed  such 
measurements  in  the  temperature  range  4.2  K<r<8()0  in  and  ^0  on  Fci ,  ,.Ti|  ,  powder 

samples  with  a:  =  -0.05  to  -t-0.1.  The  spectra  of  FciTi  at  4.2  K  show  two  subspectra,  one  belonging 
to  the  antiferromagnetically  coupled  (th  sites,  and  the  other  one  to  the  paramagnetic  2a  sites,  in 
agreement  with  Ref.  4.  A  detailed  analysis  shows  that  the  electric  field  gradient  of  the  b/i  sites 
changes  in  sign  and  value  when  going  from  the  antiferromagnetic  to  the  paramagnetic  state  at  .^10 

K.  Moreover,  the  isomer  shift  values  of  the  two  sites  are  found  to  be  different  at  4.2  K,  while  they 
are  equal  above  310  K,  Both  changes  suggest  a  change  in  the  local  electronic  band  structure  between 
the  paramagnetic  and  antiferromagnetic  states.  An  increase  of  the  linewidth  is  observable  in  the 
temperature  region  of  200  K<7’<3 10  K  that  could  be  caused  by  a  distribution  of  hyperfine  fields 
on  the  6/t  sites  or  by  spin  fluctuations  during  the  lifetime  of  the  excited  state  of  the  Mbssbauer 
nucleus.  For  a‘X)  and  4.2  K,  an  additional  magnetically  split  subspectrum  appears  that  is  associated 
with  b/i  sites  and  neighboring  Fe  antisitc  atoms.  For.v<0  the  spectra  are  similar  to  tho.se  of  Fe^Ti. 
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Giant  magnetoresistance  (GMR)  effects  are  observed  in  several  classes  of  bulk  magnetic  materials. 

The  resistance  changes  at  metamagnetic  transitions  connected  with  reorientation  of  4/  moments  are 
only  moderate  due  to  the  relatively  weak  coupling  of  the  4 f  and  conduction  electrons.  Much  larger 
GMR  effects  can  be  achieved  by  mechanisms  involving  the  d  states  (RhFe,  f?Co2),  though  the  most 
spectacular  resistance  variations  are  connected  with  metamagnetic  transitions  in  t/-intermetallic 
antiferromagnets.  This  phenomenon  can  be  interpreted  as  due  to  Fermi  surface  gapping  (due  to 
magnetic  superzones)  and/or  due  to  spin-dependent  scattering  in  analogy  with  magnetic  multilayers. 


I.  INTRODUCTION 

During  the  dramatic  development  in  the  research  of 
magnetic  multilayers,  the  magnetoresistance  has  become  one 
of  the  frequently  reported  quantities.  This  originated  by  the 
discovery  a  large  (“giant")  magnetoresistance  (GMR)  in 
Fe/Cr  multilayers.*  Since  then,  further  multilayer  systems  ex¬ 
hibiting  GMR  have  been  reported.  One  of  the  most  impres¬ 
sive  effects  has  been  observed  in  Co/Cu  multilayers,  in 
which  the  electrical  resistivity  at  low  temperatures  is  reduced 
in  magnetic  field  to  half  of  its  zero-field  value. ^  The  strong 
interest  in  GMR  effects  is  closely  connected  with  promising 
industrial  applications  in  magnetoresistive  reading  heads  and 
similar  elements. 

Magnetic  multilayers  are  artificial  superlattices  in  which 
the  layers  of  atoms  carrying  magnetic  moments  are  separated 
by  nonmagnetic  layers.  The  nonmagnetic  layers  mediate  ex¬ 
change  interactions  between  the  magnetic  ones.  In  systems 
exhibiting  GMR,  these  exchange  interactions  are,  as  a  rule, 
antiferromagnetic.  As  a  result  we  obtain  antiparallel  inter¬ 
layer  coupling.  These  exchange  interactions  are  relatively 
weak  and  can  be  easily  overcome  by  magnetic  field  and  a 
ferromagnetic  alignment  of  spins  can  be  achieved  in  a  rela¬ 
tively  low  field.  A  pronounced  reduction  of  the  electrical 
resistivity  can  be  observed  due  to  this  transition,  because  the 
resistance  in  the  ferromagnetic  aligned  is  much  smaller  than 
in  the  antiferromagnetic  case.  The  occurrence  of  GMR  ef¬ 
fects  in  multilayer  systems  is  usually  ascribed  to  the  spin- 
dependent  scattering.^ 

Magnetic-field-induced  transitions  in  antiferromagnets 
have  been  studied  in  bulk  materials  for  decades.  These  tran¬ 
sitions  are  called  metamagnetic  in  analogy  to  the  metastable 
(metamagnetic)  state  which  sets  in  above  the  critical  field. 
They  take  place  in  a  magnetic  field  sufficient  to  overcome 
the  antiferromagnetic  interactions  and  to  modify  the  mag¬ 
netic  structure.  The  modification  of  the  magnetic  structure  is 
frequently  connected  with  a  change  of  the  translational  svm- 


metry,  and  is  usually  accompanied  by  a  noticeable  change  of 
the  electrical  resistivity. 

Another  type  of  metamagnetic  transition,  which  is  also 
reflected  in  the  electrical  resistivity,  can  be  found  in  itinerant 
electron  materials,  which  are  close  to  a  magnetic  instability. 
This  class  of  materials  can  be  well  represented  by  the  RC02 
compounds  (R=rare-earth  metal).  Here  a  sufficiently  large 
magnetic  field  can  induce  magnetic  moment  on  Co  sites'*’® 
and,  simultaneously,  the  system  undergoes  a  transition  from 
the  paramagnetic  to  a  magnetically  ordered  state. 

Note  that  the  magnetoresistance  is  usually  defined  by  the 
expression 

Ap/p=[p(r,//)-p(7',0)]/p(r,0),  (1) 

where  p{T,H)  and  p(7',0)  are  the  resistivities  at  a  given 

temperature  in  the  actual  and  zero  magnetic  field,  respec¬ 

tively.  For  the  transition  from  the  antiferromagnetic  to  the 
ferromagnetically  aligned  state  with  the  resistivities  p,,  i.'  and 
Pf ,  respectively; 

^p/p=^iPAF-Pr)IPAr-  (2) 

In  the  multilayer  research  it  is  customary  to  use  a  modified 
expression: 

Ap/P  =  {PAF-Pf}/Pf.  (3) 

which  provides  naturally  much  more  spectacular  values.  Un¬ 
less  especially  mentioned,  we  will  use  the  representations  (1) 
and  (2). 

Here,  we  review  the  magnetoresistance  effects  in  differ¬ 
ent  classes  of  bulk  magnetic  materials  with  a  special  empha¬ 
sis  on  single-crystal  data  available  only  very  recently  for 
lower  symmetry  materials.  We  want  to  demonstrate  that  the 
GMR  effects  are  frequently  observed  especially  in  5/  elec¬ 
tron  intermetallics  and  discuss  the  origin  of  these  phenom¬ 
ena.  We  will  discuss  also  required  model  parameters  of  an 
intermetaliic  system  to  achieve  GMR  effects  at  conditions 
desirable  for  practical  applications. 
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II.  RESISTANCE  IN  METALLIC  SYSTEMS 

For  simplicity,  the  resistance  in  metallic  systems  can  be 
discussed  as  due  to  independent  scattering  mechanism  (i.e., 
supposing  the  validity  of  the  Mathiessen’s  rule); 

P=Pu  +  Pe-p  +  P.s,„l-  (4) 

Both  the  temperature  independent  term  pg  due  to  crystal 
structure  imperfections  and  the  electron-phonon  scattering 
term  are  present  in  all  materials.  In  magnetic  materials 
the  scattering  of  conduction  electrons  on  magnetic  moments 
should  be  taken  into  account.  This  is  reflected  in  the  spin- 
disorder  resistivity  term  p^pj.  In  the  paramagnetic  range, 
where  the  magnetic  correlations  are  absent,  electrons  are 
scattered  on  entirely  disordered  magnetic  moments.  The 
spin-disorder  resistivity  originates  in  the  exchange  interac¬ 
tions  acting  on  the  conduction-electron  spin  and  scales  there¬ 
fore  with  the  De  Gennes  factor  (g-  1)V(J+  1)  and  with  the 
square  of  the  coupling  parameter  For  a  system  with 
stable  magnetic  moments,  p^pj  is  constant  above  the  mag¬ 
netic  ordering  temperature.  In  ferromagnets  below  Tc,  P^pd 
decreases  with  temperature  in  a  way  characteristic  for  the 
type  of  magnetic  excitation  in  a  particular  system.  Finally,  it 
should  vanish  in  the  low  temperature  limit.  For  low  tempera¬ 
tures,  a  quadratic  temperature  dependence  of  p,.^^  can  be 
derived^’^  and  is  frequently  observed  experimentally. 

The  situation  is  less  clear  in  antiferromagnets,  in  which 
the  magnetic  periodicity  can  be  different  from  the  crystallo¬ 
graphic  one.  This  leads  to  creation  of  new  Brillouin  zone 
boundaries  (superzone  boundaries!  and,  consequently,  gaps 
can  appear  on  the  Fermi  surface.  In  this  case,  the  effective 
number  of  charge  carriers  is  reduced  leading  to  initial  in¬ 
crease  of  the  resistivity  with  decreasing  temperature  below 
the  Neel  temperature  Such  effect  can  be  found  both  in 
itinerant  antiferromagnets’**  and  in  rare-earth  local-moment 
systems.”  The  resistivity  can  be  described  as 

Po Pe-/)  T  Pspd  ,  , 

P  1  /'r\  ♦ 

where  ni{T)  is  a  normalized  sublattice  (staggered)  magneti¬ 
zation.  The  truncation  parameter  g  characterizes  the  effective 
reduction  of  the  number  of  conduction  electrons  as  a  con.se- 
quence  of  the  Fermi  level  gapping.  It  is  evident  that  this 
factor  enhances  the  resistivity  even  in  the  low  temperature 
limit.  The  difference  between  pp  (resistance  in  the  ferromag¬ 
netic  state)  and  p^p  (resistance  in  the  antiferromagnetic 
state)  depends  on  the  width  of  the  gap  in  the  electron  energy 
spectrum,  which  scales  with  the  exchange  coupling,  param¬ 
eter  Therefore,  the  magnetoresistance  effect  connected 
with  the  metamagnetic  transition  (between  the  antiferromag¬ 
netic  state  and  the  state  with  “ferromagnetically”  aligned 
magnetic  moments)  should  scale  approximately  with  p,,,j, 
which  is  governed  by  similar  parameters. 

In  compounds  based  on  regular  rare-earth  metals,  the 
Pjpj  values  are,  however,  rather  modest  despite  large  ionic 
magnetic  moments.  The  reason  is  apparently  a  weak  cou¬ 
pling  of  the  conduction  electron  spin  and  the  ionic  spin  mo¬ 
ment  S.  Much  larger  p^p,/  values  can  be  expected  in  materials 
where  a  strong  coupling  can  be  expected.  This  situation  is 


B  (T) 


FIG. !.  (a)  Magnetization  and  (b)  transversal  magnetnrcsistance  vs  magnetic 
field  applied  along  the  h  axis  measured  on  NdCu2  single  crystal  at  2  K  (data 
taken  from  Kef.  1 1 ). 

likely  in  actinide  and  transition  metal  intermetallic  com¬ 
pounds,  as  will  be  demonstrated  on  several  examples. 


As  an  example  of  one  of  the  largest  magnetoresistance 
effects  in  regular-rare-earth  intermetallic  compounds,  we 
show  in  Fig.  1  the  magnetoresistance  of  NdCu2  which  is 
antiferromagnetic  below  6.3  By  applying  the  mag¬ 

netic  field  along  the  b  axis  two  metamagnetic  transitions  can 
be  induced  leading  to  a  step-wise  increase  of  the  magnetiza¬ 
tion  in  sO.6  and  s2.8  T.  Both  transitions  arc  associated  with 
pronounced  changes  of  the  resistance  leading  to  Ap/p 
s— 10%  in  3  T.  The  increase  of  Ap/p  with  the  approaching 
critical  Held  can  be  attributed  to  the  enhanced  scattering  due 
to  intersite  fluctuations.’'*’’'* 

The  large  magnetoresistance  changes  in  NdCu2  are  con¬ 
fined  to  very  low  temperatures  because  of  the  low  value  of 
T/^.  Therefore,  SmMn2Ge2,  which  is  antiferromagnetic  be¬ 
tween  slOO  and  150  K  and  ferromagnetic  outside  this 
range,’^''*’  might  be  more  attractive  for  applications.  The 
transition  from  the  antiferromagnetic  state  to  a  low- 
resistance  ferro-state  can  be  induced  by  moderate  fields  (be¬ 
low  1  T),  but  the  reduction  of  the  resistivity  does  not  exceed 
10%. 

A  similar  situation  can  be  found  in  Ce(Fei ..  vCo,.)2,  with 
~1()%  cobalt  substitution.  This  material  first  becomes  ferro¬ 
magnetic  below  —180  K,  and  with  further  lowering  tempera¬ 
ture  a  transition  to  the  low-temperature  antiferromagnetic 
state  appears  at  s=80  K.’”  ’”  This  transition  manifests  in  a 
dramatic  increa.se  of  the  electrical  resistivity.'”  The  ferro¬ 
magnetic  (and  presumably  the  low-resistance)  state  can  be 
then  recovered  by  application  of  a  sufficient  magnetic  field.'” 
Similar  loss  of  ferromagnetism  at  low  temperatures  can  also 
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FIG.  2,  Temperature  dependence  of  the  electrical  resistivity  in  HoCoj  in 
several  magnetic  fields  (sec  Ref.  4). 

be  observed  for  small  substitutions  of  Fe  (in  CeFe2)  by  Al,^** 
Si,^‘  Ru,  Ir,  and  Os,^^  which  could  also  lead  to  large  magne¬ 
toresistance. 

Significantly  larger  effects  can  be  observed  in  materials, 
where  the  external  magnetic  field  assists  in  the  stabilization 
of  magnetic  moments.  This  situation  can  be  followed,  e.g.,  in 
RC02  compounds.  For  some  rare  earths,  the  Co  moments  are 
formed  from  the  highly  susceptible  matrix  of  the  3d  states  by 
the  concerted  action  of  ordered  rare  earth  moments  at  the 
Curie  temperature  ,  which  thus  becomes  a  first  order  tran¬ 
sition.  Above  Tc'i  *he  large  resistivity  is  affected  not  only  by 
disordered  rare-earth  moments,  but  the  strong  spin- 
fluctuations  in  the  Co  3r/-electron  subsystem  contribute,  as 
well.  The  electron-spin  fluctuation  scattering  is  removed  in 
the  transition  by  a  sudden  drop  of  a  considerable  absolute 
value  (e.g.,  =80  fdl  cm  in  DyCo<  "'iij  ‘  iCo2).‘'’*'^^  The  ef¬ 
fect  of  exchange  fields  of  thf  4  ,  on  the  3d  one 

can  be  naturally  assisted  by  magnetic  field, 

which  shifts  the  transition  tov  .iJ.s  ■  .er  temperatures. 
Thus,  for  a  particular  ter  .  r  'are  1  ..nited  range  above 
Tc  the  resistivity  can  b<.  .  ..ed  d.  wily.  A  typical  ex¬ 
ample  of  H0C02  can  be  .seer  ri  Fig.  2  Qualitatively  similar 
behavior  also  occurs  in  DyCo2,  L1C02,  f.nd  TmCo2  Al¬ 
though  presen:  in  compounds  containing  rare  earths,  the  ef¬ 
fect  is  clearly  due  to  the  onset  of  3d  magnetism  in  this  case. 

There  are  also  purely  d  systems  with  a  large  magnetorc- 
sistance.  One  case  known  for  many  years  is  the  equiatomic 
ordered  FeRh  compound.^"*  It  is  antiferromagneiic  below  340 
K,  where  it  undergoes  a  transition  to  the  ferromagnetic  state. 
At  lower  temperatures,  the  ferro-state  can  be  achieved  in  the 
magnetic  field,  which  increases  from  0  T  at  340  K  to  about 
30  T  at  4.2  K  (the  critical  field  is  4  T  at  room  temperature). 
As  the  resistivity  increases  strongly  at  340  K  due  to  the 
F-^AF  transition,  the  suppression  of  antiferromagnetism  in 
the  field  leads  to  a  dramatic  reduction  of  the  resistivity.  As 
the  residual  resistivity  in  the  ferromagnetic  state  can  be 
rather  small,  the  relative  drop  of  its  value  is  largest — by  the 
factor  of  20 — in  the  low  temperature  limit  (Ap=20  pTl  cm). 
Recent  calculations^"’  yield  the  electron  structure  in  both 
phases.  The  Fe  atoms  display  loi  '  moments  of  =3/4^, 
while  the  Rh  local  moments  are  zero  m  the  antiferromagnetic 
configuration  and  Ip,/)  for  the  ferromagnetic  configuration. 
This  means  that  the  Rh  magnetic  moment  is  induced  by  the 


FIG.  3.  Temperature  dependence  of  the  electrical  resistivity  in  the  UNiOa 
single  crystal  for  /||c  and  ilc.  For  i||c  also  rc.sults  measured  in  2  and  14  T 
(B|lc)  arc  di.spliycd. 


AF—*F  transition  similar  to  the  onset  of  the  Co  magnetic 
moment  at  the  ordering  temperature  in  some  RC02  com¬ 
pounds.  Then  both  the  spin-flip  transition  of  Fe  magnetic 
moments  and  the  onset  of  Rh  magnetism  cun  be  accounted 
for  by  the  large  magnetoresistance  change  in  FeRh.  Large 
magnetoresistance  changes  accompanying  the  magnetic- 
phase  transitions  in  the  transition  metal  sublatticc  have  also 
been  observed  in  the  La(Fe,.A!i..^)i3  system.^*’ 

Much  larger  MR  effects  occur  in  sy.stems  with  uranium, 
a  most  thoroughly  studied  light  actinide.  We  will  review 
some  experimental  data  on  UT’A'  compounds,  which  are 
formed  in  several  types  of  crystal  structures.  The  compounds 
crystallizing  in  the  hexagonal  ZrNiAI  structure  have  been 
studied  most  thoroughly.  This  structure  consists  of  U-2’  and 
T-X  basal-plane  layers  alternating  along  the  c  axis.  The 
stronger  U-U  coupling  within  the  plane  leads  to  a  very  strong 
magnetic  ani.sotropy  confining  the  U  moments  in  the  c  direc¬ 
tion.  The  magnetic  interactions  along  c  arc  much  weaker  and 
in  some  cases  antiferromagnetic  with  various  propagation 
vectors.  The  electrical  resistivity  in  antiferromagnetic  com¬ 
pounds  shows  qualitatively  different  behavior  for  the  current 
along  the  basal  plane  and  along  tlic  c  axis  (see  Fig,  3),  A 
typical  example  is  UNiGa,^^  which  orders  antiferromagneti- 
cally  below  40  K.  The  ground  state  can  be  characterized  by 
the  sequence  of  (-f-l - 1- — )  orientation  of  equal  U  mag¬ 

netic  moments  of  1.4yU/( .  The  ferromagnetic  configuration  is 
reached  in  ~0.8-l  T  (at  4.2  K).  As  shown  in  Fig.  4,  the 
first-order  metamagnetic  transition  is  accompanied  by  a  dras¬ 
tic  decrease  of  the  resistivity  of  about  120  piicm 
(Ap/p=86%).^**  Knowing  the  complex  magnetic  phase  dia¬ 
gram  of  UNiGa,  one  can  gain  some  insight  into  the  magne¬ 
toresistance  effect  by  inspection  of  the  p(T)  dependencies  in 
various  magnetic  fields  (Fig.  3).  In  high  magnetic  fields  suf¬ 
ficient  to  suppress  the  antiferromagnetic  correlations,  p(7') 
behaves  as  in  a  ferromagnet,  with  a  resistance  drop  below  the 
ordering  temperature.  Th  .s  the  anomalies  in  p(7’)  found  be¬ 
tween  35  and  40  K,  which  arc  connected  with  several  differ¬ 
ent  antiferromagnetic  phases  existing  in  zero  field,  totally 
disappear  in  the  field  of  2  T,  The  slower  increase  of  the 
resistivity  in  the  ferromagnetic  phase  means  that  the  largest 
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FIG.  4.  (a)  Magnetization  and  (b)  relative  electrical  resistivity  for  I'Hc  vs 
magnetic  Held  applied  along  the  c  axis  measured  on  UNiGa  single  crystal  at 
4,2  K, 


drop  Apas200  fxil  cm  is  found  at  25  K.  Around  this  tempera¬ 
ture  a  two-step  metamagnetic  process  is  observed  (see  Fig. 
5).  For  current  perpendicular  to  the  c  axis,  which  is  sensing 
essentially  the  ferromagnetic  ordering  of  U  moments  within 
the  basal-plane  sheets,  the  p{T)  dependence  resembles  that 
of  a  ferromagnet  already  in  the  zero-field  phase,  but  the  field 
applied  along  c  still  reduces  the  residual  resistivity  from  —30 
to  ~10  (ufl  cm. 

The  second  compound  of  this  type  of  structure  is  UPdIn, 
where  the  layers  of  the  U  moments  of  1.5/Xg  are  stacked 
along  c  in  the  sequence  (+H — b-),  which  gives  a  net 
ground-state  magnetization  of  VSfXu .  As  can  be  seen  in  Fig. 
6,  an  increase  of  the  resistivity  is  found  at  low  temperatures 
for  current  along  the  c  axis.^^  Below  the  inflection  point  in 
p(T)  at  20  K,  which  coincides  with  the  ordering  tempera- 


B  (T) 


FIG.  5.  (a)  Magnetization  and  (b)  relative  electrical  resistivity  for  i||c  vs 
magnetic  field  applied  along  the  c  axis  mca.surcd  on  UNiGa  single  crystal  at 
25  and  28  K,  respectively. 


0  50  100  150  200  250  300 
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FIG.  6.  Temperature  dependence  of  the  electrical  resistivity  of  a  UPdIn 
polycrystal  and  a  single-crystalline  whisker  for  i||c.  The  two  additional 
points  indicate  the  value  to  which  the  resistance  of  the  whisker  drops  itl 
applied  fields  above  the  two  nictaniagnetic  tratisitions  seen  in  Fig.  7. 


lure,  a  gradual  saturation  to  Po^gO  pD,  cm  is  observed.  For 
current  perpendicular  to  the  c  axis,  a  more  regular  behavior 
with  a  low  temperature  decrease  of  the  resistivity  appears.  In 
a  field  of  4  T  along  the  c  axis,  the  magnetic  structure  trans¬ 
forms  into  the  (+  +  -)  stacking,  and  the  full  parallel  align¬ 
ment  of  moments  is  achieved  in  16  T.  Both  metamagnetic 
transitions  (Fig.  8)  are  accompanied  by  a  drop  in  the  resis¬ 
tivity.  The  major  part  of  the  magnetoresistance  effect  (total 
drop  of  60  pH  cm)  is  concentrated  into  the  latter  transition. 
From  these  two  examples  with  Ap>p,),  it  is  evident  that  the 
magnitude  of  Ap/p  at  low  temperatures  is  strongly  dependent 
on  the  residual  resistivity  p,  in  a  “ferromagnetic”  state, 
which  is  essentially  related  to  crystal  imperfections.  Inspect¬ 
ing  the  temperature  dependence  of  Ap/p,  we  note  that  this 
parameter  should  decrease  at  high  T  even  in  cases  where 
electron-phonon  scattering  is  not  of  primary  importance.  The 
reason  is  the  increase  of  the  resistivity  due  to  magnetic  ex- 


FIG.  7.  (a)  Magnetization  and  (b)  relative  electrical  resistlvay  for  i||c'  vs 
magnetic  field  applied  along  the  c  axis  measured  on  Ul’dlii  single  crystal  at 
4.2  K. 
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FIG.  8.  (a)  Magnetization  and  (b)  relative  electrical  re.sistivity  for  ;'||r-  v.s 
magnetic  field  applied  along  the  three  principal  crystallographic  axes  mea¬ 
sured  on  UNiGc  single  crystal  at  4.2  K. 


citations,  which  affects  p(7’)  progressively  with  raising  tem¬ 
perature  up  to  the  ordering  temperature. 

UNiGc’"  crystallizes  in  tlie  orthorltombie  TiNiSi  struc¬ 
ture  type.  Below  41.5  K,  this  compound  orders  antiferromag- 
netically  with  a  propagation  vector  (0,1/2, 1/2).  Applying  the 
magnetic  field  along  the  c  axis,  one  first  induces  (in  approxi¬ 
mately  4  T)  another  magnetic  structure  with  the  propagation 
vector  (0,1/3, 1/3)  and  a  net  magnetic  moment  corresponding 
to  the  stacking  (  +  4--),  The  parallel  alignment  of  U  mo¬ 
ments  is  achieved  above  10  T.  In  the  longitudinal  geometry 
(i||c',/l||f),  we  find  that  p  is  reduced  by  a  similarly  large 
relative  value  as  in  the  compounds  mentioned  above  (Fig.  H). 
The  absolute  value  of  the  resistivity  decrease  is  about  80 
yuXlcm.  However,  in  contrast  to  the  previous  cases,  p{B) 
first  increases  by  the  transition  from  the  ground-state  phase 
(-1- -)  to  the  one  with  the  (-F -F  -)  stacking. 

UPdOc”  is  formed  within  the  same  structure  type.  Un¬ 
like  UNiGe,  it  is  ferromagnetic  below  7^  =28  K.  The  anti¬ 
ferromagnetic  ordering  (long  'vavelength  modulated  struc¬ 
ture)  existing  between  28  and  .50  K,  can  be  suppressed  by  a 
moderate  magnetic  field  applied  along  the  c  axis  (see  Fig.  h). 
The  transition  field  can  be  tuned  by  temperature  variations, 
and  the  maximum  size  of  the  drop  of  p  can  reach  about  150 
pil  cm. 


IV.  DISCUSSION  AND  CONCLUSIONS 

The  examples  presented  above  show  unambiguously  an 
additional  contribution  to  the  electrical  resistivity  due  to  the 
antifcrromagnctic  coupling  of  magnetic  moments,  which  can 
be  removed  by  forcing  the  moments  to  orient  parallel  to  each 


B  (T) 


FIG.  V.  (II)  Mugiioliziition  and  (b)  cicelriciil  resistivity  for  (||c  vs  magnetie 
field  applied  along  the  three  principal  crystallographic  axes  measured  on 
IJI’dGe-single  crystal  at  different  temperatures. 


other.  Thi.s  contribution  docs  not  vanish  in  the  low- 
temperature  limit,  and  at  low  temperatures  it  can  contribute  a 
substantial  part  of  the  total  resistivity. 

C-’oncerning  possible  mechanisms  by  which  the  antifer- 
romagnetic  ordering  intluenccs  the  electrical  resistivity,  one 
should  also  consider  the  spin-dependent  scattering,  which 
can  play  an  important  role  besides  the  Fermi-surface  gap¬ 
ping,  and  which  is  often  considered  in  the  context  of  multi¬ 
layers,  In  this  concept  the  electrons  with  different  .spin  ori¬ 
entation  arc  supposed  to  experience  different  potentials  and 
have  a  different  /:-.space  distribution.  The  origin  of  the  spin- 
dependent  scattering  can  be  understood  if  we  consider  the 
different  scattering  amplitude  for  electrons  with  spin  parallel 
or  antiparallel  to  ionic  magnetic  moments  in  a  local  moment 
case,  In  band  magnetism,  the  asymmetry  of  the  scattering  is 
given  due  to  significantly  different  partial  densities  of  states 
at  hi,  for  each  subband  (spin-up  or  spin-down).  In  both 
cases,  the  increment  of  the  re.sistivity  in  the  AF  state  is  de¬ 
pendent  on  a  concentration  of  +-  interfaces.  It  is  worih 
systematic  experimental  effort  to  check  whether  it  is  really 
the  case,  i.e.,  whether  the  larger  resistivity  in  the  AF  state  is 
due  to  an  additional  scattering  mechanism,  or  if  the  explicit 
parameter  is  the  modification  of  the  effective  conduction- 
electron  concentration.  In  a  case  such  as  this  there  should  be 
a  proportionality  between  p^,,  and  p,.-  irrespectively  of,  e.g., 
the  pi)  value.  The  unique  proportionality  constant  given  by 
the  truncation  factor  mentioned  above  should  be  observed  at 
least  in  the  low-7',  limit,  where  different  excitations  in  anti¬ 
ferromagnetic  and  “ferromagnetic"  states  can  be  neglected. 
The  size  of  the  rnagnetoresistance  effect  should  scale  more 
with  the  size  of  the  AF'  unit  cell  in  this  case. 

Keeping  in  mind  an  applicability  potential,  ..'uture  effort 
should  focus  on  materials  with  exchange  ir.,eractions  strong 
enough  to  guaraiUee  ordering  in  the  room  temperature  range. 
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As  shown  in  the  example  of  FeRh,  this  need  not  lead  to 
extremely  high  metamagnetic  fields  in  compounds  with  com¬ 
peting  ferro-  and  antiferro-interactions.  The  orientation  on 
artificial  multilayers  or  cluster  systems  is  apparently  not  the 
only  promising  stream  of  GMR  research. 
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A  systematic  comparison  of  magnetoresistaiice,  Hall  effect,  tlicrmal  conductivity,  and  thermoelectric 
power  has  been  made  on  systems  exhibiting  giant  magnetoresistance  (GMR),  Co/Cu/Ni(Fe) 
multilayers,  and  AgCo  granular  alloys,  for  examples.  Each  property  exhibits  field  dependence 
characteristic  of  the  GMR  and  justifies  its  own  merit  in  characterizing  the  conduction-electron 
scattering  responsible  for  the  GMR.  The  compari.son  was  extended  to  intermctallic  compounds  such 
as  REGai  and  RECot  (RE:  rare  earth  element)  which  also  show  a  large  magnctoresistancc, 


I.  INTRODUCTION 

The  GMR  in  magnetic  multilayers'  is  one  of  the  most 
attractive  subjects.  Most  of  experimental  works  focus  mainly 
on  the  magnetoresistaiice  (MR). “To  characterize  the  conduc¬ 
tion  electron  .scattering  responsible  for  the  GMR,  it  is  best  to 
study  the  Hall  effect,  thermoelectric  power,  and  thermal  con¬ 
ductivity  simultaneously  on  the  same  sample  and  under  the 
same  experimental  geometry.’  From  thermal  conductivity 
measurements,  it  can  be  judged  whether  the  scattering  re¬ 
sponsible  for  the  GMR  is  large  angle  in  nature  or  not.  Such 
works  on  magnetic  multilayers  and  granular  alloys  are  still 
scarce.'*'''  Thermoelectric  power  measurements  give  informa¬ 
tion  on  the  density  of  electron  states  at  £/.•.  Thermoelectric 
power  measurements  on  magnetic  multilayers  and  granular 
alloys*'""  reveal  common  main  mechanism  of  conduction- 
electron  scattering.  The  extraordinary  part  of  the  Hall  icsis- 
tivity  contains  information  about  the  left-right  asymmetry  of 
conduction-electron  scattering.''  Several  reports"’"  correlate 
the  anomalous  behavior  of  the  extraordinary  Hall  resistivity 
correlated  with  the  GMR. 

The  large  resistance  change  in  UNiGa  (Ref.  14)  and 
SmMniGcT,'*’  at  their  metamagnetic  transition  has  a  close 
similarity  to  multilayers.  First  of  all,  they  have  geometrical 
similarity,  i.e.,  the  neighboring  magnetic  layers  are  coupled 
antifcrromagnetically  at  zero  field,  and  are  aligned  ferromag- 
netically  under  magnetic  fields. 

We  describe  here  the  systematic  comparison  of  the  trans¬ 
port  properties  correlated  with  the  GMR  in  both  metallic 
superlattices  and  in  magnetic  granular  films.  For  the 
multilayer,  we  chose  a  typical  noncoupled  one,  Cu/Co/Cu/ 
Ni(Fe),  in  which  the  large  resistance  state  is  attained  utilizing 
the  large  difference  of  the  coercive  field  of  the  two  ferromag¬ 
netic  components.  AgCo  was  selected  as  an  example  of 
granular  alloys  with  the  largest  MR  ratio.  We  further  extend 
the  comparison  to  the  with  REGa^  and  RF.C'oj. 


II.  EXPERIMENT 

The  multilayer  samples  are  Cr(3()  A)/[Co(2(<  A)/Cu(4() 
A)/Ni(Fe)(20  A)/Cu(4()  AiJjo  (sample  ML-1)  and  Cr(3()  A)/ 
[Co(2()  A)/Cu(40  A)/Co(I  A)/Ni(Fc)(2()  A)/Co(l  A)/Cu(4{) 
A)].™  (sample  ML-2).  AgCo  granular  samples  containing  two 
different  Co  concentrations  of  27.2  at.  %  (GL-I)  and  42 
at.  %  (GL-2)  have  a  total  thickness  of  5()()()  A.  Both  systems 
were  evaporated  in  ultrahigh  vacuum  on  glass  substrates  at 
room  temperature.  Samples  for  the  Hall  effect  and  the  MR 
were  made  with  a  mask  suitable  for  transport  measurements. 
Samples  for  thermal  measurements  were  evaporated  on  tain 
gla.ss  substrates  (~-8()  /xm)  in  order  to  reduce  the  ihermal 
shunt  effect.  REGa2  (RE:Nd,  Pr,  and  Sm)  single  crystals 
were  grown  in  a  triarc  furnace  by  the  Czochralski  pulling 
method.  Polycrystallinc  RECoi  (RE:  Ho  and  Dy)  were 
melted  in  an  arc  furnace  from  elements  with  a  purity  of  at 
lca.st  W.d%,  and  were  annealed  100  h  at  900  °C. 

III.  RESULTS  AND  DISCUSSION 

A.  Magnetic  multilayers  and  granular  alloys 

The  larger  MR  ratio  is  desirable  for  investigating  the 
influence  of  the  GMR  effect  on  other  transport  properties, 
The  MR  ratios  at  4.2  K  for  ME-1  and  GL-1  (annealed  at 
240  °C)  are  .51%  and  84%  for  the  field  in-plane,  respectively. 
The  MR  ratio  is  defined  as  MRR,  =(p|,|,,,-p, )//;,,  (p,,,,,^  and  p,. 
are  a  maximum  value  of  the  electrical  resistivity  p  and  p  at 
maximum  applied  field,  respectively). 

The  result  of  the  field  dependence  of  the  thermoelectric 
power  (,V)  for  ML-2  is  shown  in  Fig.  1  along  with  the  cor¬ 
responding  MR  curves.  The  resemblance  of  the  field  depen¬ 
dence  to  that  of  MR  is  clear,  including  the  anisotropy,  which 
suggests  that  the  conduction-electron  .scattering  responsible 
for  GMR  plays  a  major  role  also  in  the  S(H)  dependence.  In 
the  .spin-split  density  of  states  (DOS)  model  given  by  Shi 
.S'  is  a  lineal  function  of  p(())/p(//),  which  was  re¬ 
ported  to  hold  well  for  C'o/Cu  multilayers  aiul  for  AgC'o 
granular  alloys. 'I'he  corresponding  plot  for  ML-2  is 
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FIG,  1.  The  Held  dependence  of  the  thermoelectric  power  (,S')  itnd  the  re¬ 
sistivity  (p)  ill  ML-2  for  the  fields  parallel  and  perpendicular  to  the  film. 


shown  in  Fig,  2.  The  data  points  are  also  on  a  line  regardless 
of  the  field  direction.  Recently,  Tsui  et  at.  reported  a  more 
restricted  scaling  relation  of  S,  i.e.,  the  plots  of  S{H)/T  vs 
p(0)/p(W)  for  7’=78,  113,  and  161  K  in  Co/Cu  superlattices 
are  all  on  a  single  line.  For  the  present  multilayers,  however, 
the  data  plotted  in  the  same  procedure  at  79  and  at  296  K  arc 
on  different  lines,  which  indicates  that  the  scaling  relation¬ 
ship  by  Tsui  et  at.  is  not  a  universal  one  for  GMR  systems. 

Thermoelectric  power  measurements  on  AgCo  granular 
alloys  were  reported  by  Piraux  et  al.^  and  Shi  et  The 
dependence  S{T)  in  the  two  works  is  roughly  similar;  how¬ 
ever,  two  different  characteristics  have  been  found  at  lower 
temperatures.  Shi  el  reported  that  S  changes  sign  from 
negative  at  high  temperatures  to  positive  below  about  25  K. 
In  Ref.  5,  on  the  other  hand,  the  sign  is  always  negative  and 
a  small  negative  peak  near  70  K  was  found.  Wc  also  mea¬ 
sured  S  vs  r  on  an  as-giown  sample  and  on  one  annealed  at 


FIO.  2.  .S'(H)  vs  !/()(//)  plots  for  M1.-2  obtaiiieJ  from  the  data  In  I-ig.  I, 


FIG.  .1.  The  field  dependence  of  .S'  and  p  of  OL-2  for  the  fields  parallel  and 
perpendicular  to  the  film. 


310  "C  (not  shown).  Overall,  our  result  is  similar  to  that  in 
Ref.  .5,  although  we  have  found  neither  the  sign  change  nor 
the  negative  minimum.  The  sign  change  might  not  be  intrin¬ 
sic  in  AgCo  granular  samples  since  it  has  not  been  found  in 
either  the  present  work  or  in  Ref.  5,  The  anisotropy  observed 
in  the  MR  is  also  clearly  reflected  in  the  S(H)  dependence  as 
.shown  in  Fig.  3,  The  figure  shows  that  the  scattering  respon- 
.sible  for  GMR  dominates  also  in  the  S(H)  dependence  in 
AgCo  granular  alloys  although  there  is  a  slight  discrepancy 
for  the  ////plane  curve  due  to  the  liiermul  delay  effect. 

We  have  reported  the  field  dependent  thermal  conductiv¬ 
ity  correlated  with  GMR  for  the  first  time  on  Co/Cu/ 
Ni(Fc)/Cu  multilayers.''  Piraux  et  at.  reported  the  extensive 
investigation  of  thermal  conductivity  on  Co  20  vol  %  (27.2 
at.  %)  AgCo  granular  alloys,-'’  In  order  to  measure  the  abso¬ 
lute  value  of  thermal  conductivity,  their  method  of  using  very 
thick  and  substrate  free  films  has  a  considerable  uo'vantag.e. 
However,  we  can  obtain  data  as  reliable  as  them  even  on  'i 
thinner  sample  with  a  substrate  for  the  field  dependent  part 
of  thcrinul  conductivity  A«(//)  US'* 

A  «(//)  =  K ,  ,v(  //.V )  D  /■(//)/  A  y.s ,  ( 1 ) 

where  is  the  total  thermal  conductance  of  a  sample  in¬ 
cluding  the  substrate  at  saturation  field,  /  the  sample  length, 
and  .S'  the  sample  cross  section;  /7 /'(//)/ A 7',v  is  the  ratio  of 
the  field  dependent  change  of  the  temperature  gradient  to  that 
at  saturation  field.  Figure  4  shows  typical  examples  of  the 
field  dependent  part  of  thermal  conductivity  Ak(H)  for 
ML-1  and  GL-1  along  with  the  calculated  k{H)  from  the 
field  dependence  of  f>{H)  measured  on  the  same  samples 
based  on  the  Wiedemann-Franz  law  (W-F-f.), 

K(H)^LJIp(H),  (2) 

assuming  the  Lorenz  number  of  /.,|  =  2.45X1()  "  W  li/K’. 
Present  experiments  show  that  the  W-F-L  is  well  obeyed  at 
least  for  the  field  dependent  part  of  thermal  conductivity  bolh 
for  tlie  multilayer  and  for  the  granular  samples  within  a  5% 
accuracy.  It  agrees  with  the  result  of  Piraux  et  at.  where  the 
absolute  value  of  thermal  conductivity  on  the  granulai  .AgCo 
samples  fulfills  the  W-F-L  within  a  10%  accuracy.  These 
results  suggest  that  the  conduction-electron  scatleting  re- 
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sponsible  for  GMR  in  AgCo  gru..iilar  alloys  is  large  angle  in 
nature  as  well  as  in  the  magnetic  multilayers. 

The  Hall  effect  in  magnetic  m'iltilayers  and  granuiar  al¬ 
loys  is  still  controversial. The  key  issue  is  the  field  de¬ 
pendence  of  Ra ,  which  has  not  been  taken  into  account  by 
most  researchers.  The  Hall  resistivity  is  described  as 
the  sum  of  the  two  terms,  the  normal  part  proportional  to 
magnetic  field  H  and  the  extraordinary  one  proportional 

to  magnetization  M  us 

p,y=RoH+47rRiiM,  (3) 

where  Rq  and  R,f  arc  the  normal  and  the  extraordinary  Hall 
coefficient,'*  respectively.  In  most  experiments  on  ordinary 
ferromagnetic  films  and  on  multilayer  samples'*’'^  with  a 
small  MR  ratio,  p,,j.(H)  has  been  described  fairly  well  by  Eq. 
(3),  assuming  a  field  independent  R^  ■  In  this  case  Pxy{H)  is 
a  simple  superposition  of  a  linear  normal  part  and  an  anoma¬ 
lous  term  that  mimics  the  M{H)  dependence.  During  recent 
experiments  on  magnetic  multilayers  exhibiting  the  GMR, 
Fe/Cr,“’’‘^  and  Co/Cu  (Ref.  18)  multilayers,  an  anomalous 
peak  in  the  field  dependence  of  Pxy{H)  has  been  found.  It 
can  never  be  explained  by  a  field  independent  since  M 
increases  monotonously  with  increasing  field.  This  suggests 
that  Rs ,  representing  the  magnitude  of  asymmetric  scattering 
of  conduction  electrons,  is  no  longer  a  field-independent  con¬ 
stant  in  GMR  systems.  Rg  is  known  to  originate  from  two 
different  asymmetric  scattering  mechanisms,  i.e.,  the  skew 
scattering  and  the  side-jump  mechanisms.'* 

Rs=ap  +  bp^,  (4) 

where  a  and  b  represent  the  magnitudes  of  the  skew¬ 
scattering  and  the  side-jump  components,  respectively.  Tak¬ 
ing  into  account  the  p(//)  dependence,  Eq.  (3)  has  been  suc¬ 
cessfully  applied  to  reproduce  the  anomalous  p^yiH) 
dependence.  For  both  Fe/Cr  (Ref.  12)  and  Co/Cu  (Ref.  18) 
multilayers,  the  experimental  data  R^/p  vs  p  are  nearly  on  a 
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FIG.  5.  The  dependence  for  GL-1, 

line,  which  means  that  the  parameters  a  and  b  are  indepen¬ 
dent  of  magnetic  field  strength.  In  other  words,  the  scattering 
responsible  fur  the  GMR  has  the  same  characteristics  as  that 
of  the  residual  seattering  at  saturation  fields  from  the  view¬ 
point  of  left-right  asymmetry. 

We  cannot  properly  explain  the  Hall  effect  on  large 
GMR  samples  without  taking  into  account  the  field  depen¬ 
dent  decrease  of  conduction-electron  scattering.  Granular 
systems  cannot  be  a  exception.  For  AgCo  granular  samples 
at  4.2  K,  Xiong  et  a/."  reported  an  experimental  correlation 
conflicting  with  the  existing  theory  given  by  Eq,  (3) 
without  taking  into  account  the  field  dependence  of  p.  In 
order  to  clarify  the  origin  of  the  discrepancy,  wo  carefully 
measured  the  field  dependence  of  p^y  simultaneously  with 
MR,  M  was  also  measured  in  the  same  geometry,  i.e,,  the 
Hi.  film  plane.  Figure  5  shows  the  Pxy{H)  dependence  on  an 
as-grown  sample  (denoted  as  AG)  and  a  sample  annealed  at 
240  °C  (7'^=240  °C)  for  15  min,  where  /?,)  was  already  sub¬ 
tracted  using  the  linear  slope  at  higher  fields.  It  is  negative  at 
4.2  K  and  the  overall  behavior  is  basically  the  same  as  that  of 
Xiong  et  a/,”  The  field  dependence  for  the  as-grown  sample 
resembles  that  of  M  in  Ref.  1 1 ,  including  the  hysteresis.  pJJ, 
shifts  to  a  positive  direction  with  increasing  temperature,  and 
the  sign  is  always  positive  at  273  K. 

The  most  salient  feature  is  the  peak  below  10  kOe  for 
r^=24()'’C.  The  dependence  is  close  to  that  reported  for 
Fe/Cr  (Ref.  12)  and  Co/Cu  (Ref.  18)  multilayers  exhibiting 
the  large  GMR.  Xiong  et  a/,"  asserted  the  independence  of 
Ry  on  H  based  on  the  fact  that  the  field  dependence  of  pj^ 
resembles  that  of  M .  However,  the  resemblance  exists  only 
on  heat  treated  samples  at  low  temperatures.  Even  for  these 
samples,  the  resemblance  is  only  approximate  (see  Fig,  6). 
For  the  samples  annealed  at  higher  temperatures  in  the  both 
experiments,  however,  p^y  shows  a  peak  or  more  complex 
structures  below  1  T.  If  Fig.  1  in  Ref.  11,  7^  =  330  °C,  for 
example,  is  re-examined  carefully,  one  can  clearly  identify  a 
peak  of  similar  magnitude  to  our  data,  i.e.,  the  magnitude  of 
the  peak  is  about  150%  of  the  saturation  value  of  pj(,  if  the 
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normal  part  were  properly  subtracted.  It  must  be  pointed  out 
that  one  must  determine  the  extraordinary  part  of  Hall  resis¬ 
tivity  (not  the  total  Hall  resistivity)  within  the  required  pre¬ 
cision  in  order  to  discuss  the  influence  of  the  GMR  effect  on 
the  left-right  asymmetry  of  conduction-electron  scattering. 

Starting  from  Eq.  (3),  the  peak  in  indicates  that 
decreases  with  increasing  H  since  M  increases  monoto¬ 
nously.  Due  to  the  competition  between  the  increasing  M 
and  the  decreasing  R^,  a  peak  may  appear  in  the  flcld  de¬ 
pendence  of  p]^.  It  seems  very  natural  since  the  magnitudes 
of  the  two  terms  in  Eq.  (4)  decrease  with  increasing  //  for 
constants  n  and  .  Of  course,  there  is  no  guarantee  that  a  and 
b  arc  constant  since  the  character  of  conduction-electron 
scattering  might  change  with  Held  and  temperature.  In 
order  to  sec  the  field  dependence  more  clearly, 
=  plotted  against  H  in  Fig.  6. 

The  dependence  of  on  H  is  far  beyond  the  experimental 
error.  The  field  dependence  at  273  K  is  relatively  simple 
since  the  predominant  side-jump  component  with  positive 
sign  decreases  monotonously  with  increasing  H  in  the  same 
manner  as  the  MR.  The  dependence  is  not  simple  at  lower 
temperatures  since  both  the  negative  skew-scattering  and  the 
positive  side-jump  one  compete.  At  low  fields,  Rs  initially 
decreases  with  H  since  the  decrease  of  the  positive  side-jump 
component  with  p^  dependence  overcomes  the  increase  of 
the  negative  skew-scattering  component  with  p  dependence. 
Rn  has  a  peak  at  a  field  where  the  change  of  the  two  com¬ 
ponents  becomes  equal.  Additional  details  of  the  AgCo  sys¬ 
tem  will  be  published  elsewhere.''^ 

In  the  noncoupled  multilayers,  p^^  looks  different,  as 
shown  in  Fig.  7.  No  peak  can  be  seen  against  f/;  however,  it 
does  not  mean  that  is  independent  on  p.  If  /i  ^  is  constant, 
the  field  dependence  of  and  M  must  be  exactly  alike. 
However,  p^  becomes  nearly  constant  above  10  kOe  while 
M  is  still  increasing.  Above  10  kOe,  the  increasing  contribu¬ 
tion  to  the  second  term  in  Eq.  (3)  from  M  is  canceled  out  by 
the  decreasing  R^  correlated  to  the  negative  MR  in  Fig.  7. 
The  hysteresis  is  also  largely  different  between  p^,  and  M\ 
i.e.,  we  find  the  largest  difference  between  the  increasing  and 
the  decreasing  field  curves  near  zero  field  for  M  while  it  is 
near  7  kOe  for  pj^..  That  can  be  also  understood  as  due  to  the 


field  dependence  of  since  the  largest  difference  in  the  MR 
ratio  is  near  7  kOe  us  is  also  shown  in  Fig.  7.  It  must  also  be 
noted  that  the  arrows  given  to  the  hysteresis  curves  for  pj(, 
and  M  are  directed  inversely.  The  present  Hall  effect  mea¬ 
surement  proves  that  the  reduction  of  conduction-electron 
scattering  associated  with  the  GMR  undoubtedly  affects  the 
field  dependence  of  the  extraordinary  Hall  resistivity  both  in 
the  magnetic  multilayers  and  in  granular  alloys.  Furthermore, 
it  gives  a  clue  that  some  change  in  the  scattering  character 
with  field  strength  (the  field  dependence  of  a  and  h)  is  larger 
in  granular  alloys  compared  to  ordinary  multilayers  such  as 
Fe/Cr  (Ref.  12)  and  Co/Cu.*** 

B.  Intermetaillc  compounds 

In  rare  earth  intermctallic  compounds,  the  large  MR  ef¬ 
fect  associated  with  metamagnetic  transitions  is  not  excep¬ 
tional.  We  first  list  the  characteristics  to  compare  to  the  mag¬ 
netic  multilayers  and  granular  alloys. 

(1)  The  effect  has  a  magnetic  origin. 

(2)  The  MR  ratio  is  larger  than  10%  with  negative  sign. 

(3)  The  dimensionality  of  iniignetic  layers  plays  an  im¬ 
portant  role. 

(4)  Different  conduction  electron  mean  free  paths  of  two 
spin-split  bands  play  an  essential  role. 

(5)  The  magnitude  of  each  magnetic  moment  does  not 
change  under  the  magnetic  field. 

Of  these,  (1)  and  (2)  are  taken  as  necessary  conditions  as 
the  starting  point,  Both  the  UNiGa  (Ref.  14)  and  SniMn2Ge2 
(Ref.  15)  liave  the  charaeteristie  (3),  which  is  not  a  necessary 
condition  for  granular  alloys  but  is  for  the  multilayer 
samples.  Characteristics  (4)  and  t.i)  seem  to  be  key  issues  to 
the  usual  GMR  effect. 

Recently  many  RE-  or  U-intcrnietallie  compounds  have 
been  investigated  and  few  compounds  have  been  iound  to 
possess  the  above  characteristics  except  for  char;',ei';i  islii;  (4). 
An  example  is  NdGui,  although  tlie  delinite  magnet ie  struc¬ 
ture  is  not  clear  yet.’"  For  most  RE,  RBGui  has  an  antil'crro- 
inagnetic  ground  state  and  shows  several  step  iiietamagnelic 
transition.  PiGai  shows  two  peaks  in  the  MR  near  tlic  spin- 
flip  transition  as  was  already  reported  for  ErGon  (Ref.  21), 
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while  SniGa2  shows  a  steplike  increase  of  MR  at  each  meta- 
magnetic  transition.'^  The  field  dependence  of  the  MR  for 
NdGa2,  which  resembles  that  of  UNiGa,  is  shown  in  Fig,  8 
along  with  M  and  p^y  at  4.2  K.  Clear  resistivity  drops  can  be 
.seen  associated  with  metaniagnetic  transitions.  NdGa2,  we 
do  not  discuss  in  depth  here,  but  it  can  be  stressed  that  a 
large  negative  MR  over  40%  is  obtainable  on  a  compound 
without  the  characteristies  of  (4). 

YCoj  exhibits  a  typical  itinerant  metamagnetism  at  high 
magnetic  fields.’'^’''*  When  Y  is  replaced  by  magnetic  RE 
ions,  the  exchange  field  from  the  ions  splits  the  d  band  and  a 
ferrimagnetic  state  is  stabilized  below  .  The  transition  is 
of  the  first  order  for  Er,  Ho,  and  Dy  with  a  large  and  sudden 
change  of  resistivity."*'  Recently  I-I0C02  and  ErCo2  have  been 
reported  to  show  a  drast’c  resistivity  decrea.se  under  mag¬ 
netic  fields  above  The  decrease  may  be  caused  by  the 
suppression  of  spin-fluctuation  scattering  due  to  the  field- 
induced  transition. 

This  system  has  no  characteristic  (3)  but  has  (4),  on  the 
same  level  as  magnetic  multilayers  and  granular  alloys.  The 
temperature  dependence  of  the  Hall  coefficient,  the  resistiv¬ 
ity,  and  the  magnetic  su,sccptibility  are  shown  in  Fig.  ‘.I  for 
H0C02  and  DyCo2.  Overall,  />(7')  is  close  to  those  reported 
by  Gratz  et  cil}^  Rj,  is  always  positive  for  H0C02  while  for 
DyCo2  it  changes  sign  depending  on  7',  which  suggests  that 
the  two  components  in  Eq.  (4)  have  a  different  sign  in 
E)yC02. 

Figure  10  shows  the  field  dependence  t)f  MR,  p^.y,  and 
M  in  the  same  geometry.  The  magnitude  of  the  trunsver.se 
MR  in  polycrystulline  H0C02  is  nearly  the  same  as  was  re¬ 
ported  for  the  longitudinal  MR  in  the  single  cry.stal.  For 
DyCo2,  a  MR  ratio  over  25%  has  been  observed  at  138  K, 
de.spitc  the  fact  that  the  large  spin-fluctuation  scattering  al¬ 
ready  exists  below  7V  and  the  sample  quality  is  not  satisfac¬ 
tory.  The  main  source  of  the  resistance  drop  may  be  the 
suppression  of  spin-fluctuation  scattering  due  to  field- 

induced  hand  splitting.^'’ 

*  «  ^  1 

From  the  band  structure  calculation  on  YCo2,‘  '‘''  on  the 

other  hand,  we  naturally  expect  that  the  s-d  scattering  con¬ 
tribution  similar  to  the  usual  GMR  effect  in  the  magnetic 
multilayer  also  plays  a  role.  In  a  paramagnetic  state,  the  va¬ 
lence  band  structure  of  HoCoi  and  DyCo2  is  similar  to  YCoi. 
Under  that  condition,  the  s-d  Mott  mechanism  may  reduce 
the  mean  free  path  of  .v-like  conduction  electrons  since  the 
Fermi  level  is  just  at  the  dropping  part  of  the  d  band  where 
the  density  of  the  c/-likc  states  is  still  high,  close  to  the 
Stoner  criterion."’"''  In  a  field  induced  ferrimagnetic  state, 
the  majority  d  band  is  put  under  the  Fermi  level,  as  was 
previously  determined  for  a  ferromagnetic  YCo,.”  The 
mean  free  path  of  ,v  electrons  becomes  longer  compared  to 
that  of  a  paramagnetic  state  due  to  the  disappearance  of  the 
s-d  scattering  in  the  majority  band.  As  a  result,  the  total 
resistivity  decreases  at  the  field-induced  transition  to  the  fer¬ 
rimagnetic  state.  This  mechanism  resembles  that  responsible 
for  the  GMR  effect  in  magnetic  multilayers.’  Starting  from 
the  low  resistivity  ferromagnetic  (ferrimagnetic)  state,  the 
difference  between  the  two  systems  is  how  the  mean  free 
path  of  conduction  electrons  is  suppressed  in  the  low  filed 
high  resistive  state.  For  the  state  in  magnetic  multilayers  the 
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suppression  is  made  by  the  averaging  the  conduction  elec¬ 
tron  mean  free  path  in  the  two  spin  bands  over  successive 
magnetic  layers  with  the  reverse  magnetic  moment,  while  for 
the  paramagnetic  .state  in  REC02,  the  mean  free  paths  in  the 
both  spin  bunds  are  suppressed  by  the  s-d  Mott  mechanism 
which  disappears  for  the  majority  band  in  the  field-induced 
ferrimagnetic  state.  In  other  words,  the  s-d  scattering  aver¬ 
aged  over  more  than  two  ferromagnetic  layers  in  antiferro- 
magnetically  aligned  multilayers  is,  in  effect,  similar  to  that 
in  the  paramagnetic  state  with  a  high  d-eleclron  density  of 
states  at  /i/,'.  Of  course,  for  the  REC02  system,  band  splitting 
apparently  reduces  the  spin-fluctuation  scattering  which  may 
be  the  main  mechanism  of  the  resistance  drop  in  this  system. 
However,  we  cannot  ignore  the  possible  contribution  of  the 
s-d  mechanism  to  the  MR  at  this  stage. 

For  both  compounds,  the  field  dependence  of  p^y  rc- 
.sembles  that  of  M  below  Tf.  Above  !'(_•,  the  field  depen¬ 
dence  is  clearly  different  from  that  in  ordinary  ferromagnetie 
films,  pyy  shows  a  clear  decrease  at  higher  fields,  especially 
at  yo  K  for  HoCoi  and  at  138  K  for  DyCo2,  whereas  M  is 
still  increasing  in  the  same  fields.  The  decrease  cannot  be 
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due  to  tlic  normal  part  of  since  in  tlie  fcrriinagnctic 
state  is  nearly  constant  at  high  fields,  The  source  of  the  de¬ 
crease  may  be  the  same  us  that  in  the  magnetic  multilayers 
and  granular  alloys,  i.e.,  reduction  of  left-right  asymmetric 
scattering  associated  with  negative  MR.  At  lower  fields,  p,., 
deviates  to  positive  for  HoCoi  and  to  negative  for  DyCoi 
compared  to  the  field  dependence  expected  from  the  magne¬ 
tization  curves.  For  DyC'Oj,  even  changes  its  sign.  This 
can  be  understood  if  we  take  into  account  the  field-induced 
transition  from  para-  to  ferrimagnetic  stales.  The  side-jump 
component  in  Eq.  (4)  is  effective  only  in  the  ferromagnetic 
or  ferrimagnetic  state  whereas  the  skew-scattering  compo¬ 
nent  also  contributes  in  paramagnetic  state.  F'or  HoCo^  both 
components  are  positive  while  for  DyCo^  the  skew  compo¬ 
nent  is  negative  and  the  side-jump  one  is  positive,  which  was 
already  shown  in  Fig,  d.  In  the  low  field  paramagnetic  range, 
the  skew  term  dominates  the  whole  sign. 

Compared  to  magnetic  multilayers  and  granular  alloys, 
the  Hall  resistivity  in  RECoj  system  shows  both  a  similarity 
and  a  difference.  The  decrease  at  higher  fields  correlated  to 
the  decreasing  resistivity  is  the  similarity  while  the  strange 
dependence  at  lower  fields  is  the  later  and  piobably  related  to 
characteristic  (5)  described  earlier. 


To  summarize:  (11  The  effects  correlated  to  the  GnIR 
appeared  in  all  the  transport  properties  and  for  all  the  mate¬ 
rials  investigated.  (2)  Simultaneous  measurements  of  tlic  dif¬ 
ferent  transport  properties  revealed  both  a  difference  and  a 
similarity  in  the  character  of  conduction  electron  scattering. 
(3)  The  existence  of  neither  itinerant  magnetic  electrons  .ur 
two  dimensional  ferromagnetic  layers  is  a  necessary  condi¬ 
tion  for  the  GMR  effect  in  intcrmctallic  compounds. 
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Intrinsic  giant  magnetoresistance  of  mixed  valence  La-A-Mn  oxide 
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A  large  intrinsic  magnetoresistance  has  been  found  near  the  ferromagnetic  transition  of  metallic 
manganese  oxides  with  perovskite-type  crystal  structure.  The  magnetic  and  traiispoil  properties 
were  measured  on  bulk  and  thin-film  La,  __JA,Mn03^  ^  with  A=Ca,Sr,Ba.  Assuming  the 
double-exchange  model  proposed  by  Zener  [Phys.  Rev.  81,  440  (l‘)51);  82,  403  (1051)],  the  strong 
dependence  of  the  transport  properties  on  the  magnetic  field  and  also  on  the  cliemieal  composition 
is  attributed  to  the  mixed  Mn'^'^/Mn'*  '  valence. 


I.  INTRODUCTION 

Much  interest  has  been  focused  on  giant  magnetoie.sis- 
tance  (GMR)  since  the  first  observation  of  it  in  metallic  mul¬ 
tilayers  consisting  of  ferromagnetic  layers  which  arc  sepa¬ 
rated  by  nonmagnetic  spacer  layers.'  Meanwhile,  resistance 
changes  A/?//?(//  =  0)  of  up  to  60%  at  10  K,“  or  40%  at 
room  temperature,'^  have  been  reported.  Beside  multilayers, 
the  effect  has  also  been  found  in  heterogeneous  alloys  with 
superparamagnetic  precipitates  embedded  in  a  nonmagnetic 
metallic  matrix.  .Spin-dependent  .scattering  near  the  interface 
between  the  ferromagnetic  and  the  nonmagnetic  phase  is  the 
physical  origin  of  the  magnetoresistance  in  these  systems, 
whereas  the  “conventional”  anisotropic  magnetoresi-stance 
(MR)  of  ferromagnets  and  also  the  isotropic  MR  which  is 
attributed  to  magnetic  impurity  scattering  are  intrinsic  prop¬ 
erties  of  the  material. 

Although  today’s  interest  in  GMR  mainly  focuses  on  the 
heterogeneous  systems  with  ferroniagnetic/nonmagnetic  in¬ 
terfaces,  one  has  to  keep  in  mind  the  very  high  intrinsic  MR 
of  some  materials,  which  is  possible  if  tlie  electronic  trans¬ 
port  is  strongly  related  to  the  spin  order,  especially  in  tho.se 
cases  of  coincidence  of  a  magnetic  and  a  metal- 
semiconductor  transition.  Such  an  intrinsic  GMR  has,  c.g., 
been  reported  for  some  ferromagnetic  Eu-chalcogenide  al¬ 
loys  (7't  =6  K).  In  the  ferromagnetic  region,  the  resistance 
could  be  lowered  by  more  than  four  orders  of  magnitude  by 
applying  a  magnetic  field  of  less  than  1  T.'*  It  has  been  shown 
by  several  authors  (e.g..  Refs.  5-7),  that  the  intrinsic  GMR  is 
not  restricted  to  low  temperatures  if  a  system  with  a  suitable 
high  transition  temperature  is  chosen.  One  example  is  the 
mixed-valence  perovskite-type  La2/;iBai/3MnOi ,  ^ ,  for  which 
we  found  a  lowering  of  the  resistance  of  A/?//?(//  =  ())>60% 
at  room  temperature.’  Leaving  out  for  a  moment  the  very 
high  magnetic  field  of  7  T  which  is  necessary,  these  numbers 
are  still  higher  than  those  reported  for  multilayer  systems. 

In  this  article  we  first  review  magnetic  properties  of  Mn- 
oxides  with  distorted  perovskite-type  structure.  Then  the  ef- 
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feet  of  spin  disorder  on  the  transport  properties  is  discussed. 
In  Sec.  IV  also  some  results  on  “doped"  bulk  samples  are 
reviewed,  where  chemical  impurities  have  been  introdueerl 
by  partially  substituting  Cu  for  Mn."  The  effect  of  ait  exter¬ 
nal  field  on  the  resisliutec  is  then  reported  in  .Sec.  V  for 
various  Ihin-lilni  samples,  and  we  will  finally  eoneliide  with 
a  short  summary. 

II.  EXPERIMENTS 

The  bulk  samples  were  pre|raretl  bv  standard  eeramic 
techniques  from  oxides,  carbonates,  or  acelates  either  from 
an  acid  .solution  as  deseriberl  Ciirlier’  or  just  by  rcpeaterl 
grinding  and  annealing  in  air,  which  limilly  resiilte.i  in  black, 
compact  sintered  pellets.  Using  some  of  these  samples  its 
laser  targets,  thin  films  with  thicknesses  between  10(1  and 
500  nm  were  grown  on  SrI'iO,  10X10  mnf’  substrates  in 
(100)  and  (110)  orientation  by  laser  deposition  as  described 
elsewhere."’  The  substrale  lemiieraturc  had  to  have  a  li’  i- 
perature  range  around  7\  -btlO  ”( '  lo  obtain  epiiaxial  growth. 
The  sample  quality  vvas  control leil  by  .x-rtit  tliffraclion  iuul 
also  by  reflection  hi/;h-eiiergy  eleelron-diffraelion  (Ol'dild)) 
measurements.  A  higher  substrate  teniperaiuie  resiilleii  in 
polycrystalline  films,  which  ilkl  not  differ  in  their  electric 
properties  from  the  epilaxitil  ones,  vjnee  we  tliii  tioi  carry  out 
chemical  analysis,  the  exact  o.'iv'ten  content  of  out  :  .unples 
is  uncertain  and  thus  we  assume  an  oxygen  excess  S. 

III.  MAGNETIC  Mn-OXIDES  WITH  PERVOSKITE 
STRUCTURE 

Early  inve.stigations  on  inagnetii'  o.xiiies  with  disioried 
perovskite-type  structure"  showed  th;ii  aiitiferromagneiic, 
insulating  LaMnO;,  can  be  driven  into  die  metallic  .state  liy 
replacing  a  certain  amount  of  the  trivaleni  l.a  bv  divalent  ('a, 
Sr,  or  Ba,  At  the  same  time  as  electric  iranspori  becomes 
possible,  the  antiferroniagnetic  spin  order  changes  via  a 
canted  spin  structure  or  an  antiferromagnetic  .spii.il  aniuige- 
ment  into  a  ferromagnetic  state.  The  crystal  symmetry 
changes  from  tetragonal,  monoclinic,  or  rhomboliedral  to¬ 
ward  cubic  symmetry.  The  electric  and  magnetic  pmperties 
arc  also  very  sensitive  on  the  preparation  parameteis,  which 
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FIG.  1.  Schcnuiiii-  phase  Oiiijirani  of‘  La,  ^Ba^MnO,.  Aiitilcrrotnagnclic 
(AFM).  semiconducting  (S(  LaMnOi  hcconics  ferromagnetic  (FM)  and 
metallic  (M)  if  trivalcnt  l.a  is  sulistitutcd  hy  divalent  Ba.  Similar  phase 
diagrams  can  be  drawn  for  Sr  and  C'a  substitution  (Ref.  11). 


is  mainly  the  annealing  temperature. 


A  schematic  mag¬ 


netic  pliase  diagram  for  La,  ^Ba^MnO^  is  shown  in  Fig.  1. 

The  antii'erromagnetic  coupling  between  Mn^  '  ions  in 
the  undoped  parent  compound  LaMnO,  is  believed  to  be 
transferred  hy  supcrcxcliange  via  the  intermediate  oxygen, 
leading  to  a  layered  spin  structure  with  antiferroinagnetie 
coupling  hetween  adjacent  layers  and  ferromagnetic  order 
within  the  layers.'''  Weak  (or  parasitic)  ferromagnetism  is 
observed  even  in  tlie  undoped  compound  and  is  interpreted 
as  an  intrinsic  property'''  or  to  result  from  an  excess  of  oxy¬ 
gon  (T." 

Zener  wa.s  the  first  ir)  develop  the  mcehani.sm  of  double 
exchange  to  imderstaiid  the  occurrence  of  ferromagnetism 
togetlier  with  metallic  conductivity,  if  a  portion  of  the  La  is 
substituted  hy  a  divalent  metal."’  A  corresponding  number  of 
formerly  triply  charged  Mn  must  then  become  quadruply 
cliarged,  and  the  displacement  of  these  holes  increases  the 
conductivity  and  at  tlio.  same  time  provides  a  mechanism  for 
ferromagnetic  inter  .,  tion.  The  double-exchange  model  pro¬ 
ceeds  from  a  resonance  valencc-bond  description  of  the  Mn 
3r/  electrons  and  O  2p  electrons.  Wliile  no  electron  tran.sfcr 
is  possible  frrjii  a  Mn”  to  another  Mn”  ion,  this  changes 
hy  inirodiicing  .sonic  Mn'' '  ions,  and  in  tliis  case  the  bond 
lielwceii  Mn  i(>ns  of  different  oxidation  .'-tatc  can  be  dc- 
scribeil  as  a  rc.simance  hybrid  between  the  two  states, 

T,:  Mn”  o’  Mn'”.  'K. :  Mn‘''0’  Miv”. 

A  lluetuution  of  the  electron  is  energetically  favored  and,  as 
it  lias  heen  sliown  for  sucti  a  simplified  pliysical  model,”  '" 
the  transfer  integral  for  one  electron  becomes 

i,j  =  hij  cos(fy,y/2), 

with  some  constant  hjj,  when  Ojj  is  the  angle  hetween  the 
two  ionic  spins.  This  dependence  of  the  carrier  energy  on 
is,  together  with  the  competing  antiferroniagnelic  superex- 
change  interaction,  the  reason  for  cither  a  canted  spin  ar¬ 
rangement  with  two  suhlatticcs  in  the  ferromagnetic  region, 
or  a  spiral  arrangement,  which  is  stable  in  a  certain  range  of 
the  dopant  concentration  ,v. 


IV.  MAGNETIC  AND  CHEMICAL  DISORDER 

While  all  of  the  Zener  earriers  participate  in  double  ex¬ 
change,  at  least  at  low  concentrations  ,v,  only  a  small  fraction 
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|•1C1.  2.  .Schem.ilic  diiigram  of  Ihc  Imiul  structure  of  l.a|  ,Sr,MriO, ,  ^  'Ref. 
10).  The  inilial  hatidgap  of  alioul  l..f  cV  is  reduced  by  the  hole  .states  (a)  due 
to  .Sr  doping  and  (It)  due  tu  e.vec.ss  oxygen,  (e)  States  at  t;.  are  probably 
introduecd  by  liand  broadening  in  llic  I'erroniagiielie  region  for  high  Sr  con- 
lent  ji Xl.I.S  (Ref.  20). 


of  them  is  involved  in  the  conduction  proce.ss.'"  This  pecu¬ 
liarity  of  the  conduction  band  was  recently  confirmed  in  a 
spectroscopic  investigation  by  Chainani,  Mathew,  and 
Sarnia: Their  x-ray  plioloelectron  spectroscopy  (XPS)  and 
ultraviolet  pholoemission  spectroscopy  (UPS)  spectra  of  sin¬ 
tered  Laj  j.Sr,MnO^  showed  only  a  negligible  intensity  ot 
the  Fermi  level  even  in  the  metallic  region  a>(),2,  and  thus 
the  authors  conclude  tlial  the  energy  gap  (or  a  pscudogap 
with  a  low  density  of  states)  of  the  “pure”  .semlciinducfing 
compound  LaMnO^  survives  even  if  chemical  holes  are 
doped  by  introducing  Sr.  Figure  2  shows  the  schematic  band 
structure  as  suggested  by  these  iiuthors.  A  theoretical  study 
of  La|  .(.Sr^MnO,,  which  extends  the  double-exchange 
model  hy  including  band-structure  effects,  predicts  a  band 
broadening  at  the  ferromagnetic  transition,  which  reduces  the 
gap  or  even  closes  it,  thus  leading  to  increased  or  metallic 
conductivity  in  the  ferromagnetic  region^"  and  activated  con¬ 
ductivity  above  '/’(•.  Tills  might  explain  the  activated  behav¬ 
ior  wc  observed  above  7V  also  in  the  metallic  ferromagnets 
(Figs.  3  and  4). 

As  a  consequence  ol'  lliis  inlerpltiy  between  spin  order 
and  the  small  number  of  mobile  ciiargc  carriers,  the  conduc- 


Wl,—  -p- 


■"'r 


I  „  - 


0  mil  201)  'iiii 
iriiipi'mluiv  (Kj 


IKi.  3.  MiigiicU/.iUiiMi  (uiuIlm  bii  iippiicd  licUi  o(  //„//  i).4  I’)  iiiui  rc.si.staiicc 
vs  (emperature  nl'  .siiitcrci!  Lain.-UainiMiiOj  [iipi'U!  ti^urc  (a)|  aiul 
La„,.Bai).|Mni,KGii„  i<)» . I luwxT  lijiiiu-  fh)|.  Daia  lakt  m  licm  Kol.  S. 

Helinolt  ot  al. 


FIG.  4.  Temperature  dependence  of  the  resistivity  at  zero  Held  (solid  line, 
left-hand-side  axis)  and  under  an  applied  field  of  /Xq//  =  S  T  (dashed)  for  thin 
films  of  La<).()Sr(,.)Mn03+*  La(,,gSro,3MnO,+*  and  Lao,,Sro.4MnO,-  +  i.  The 
dotted  curves  (right-hand-side  axis)  represent  the  relative  MR  effect  MR 
=[f?(07')-f?(5r)]//?(0r), 


tivity  is  strongly  affected  by  perturbations  of  the  spin  lattice. 
This  leads  in  some  cases  even  to  an  Anderson  type  of  local¬ 
ization  and,  therefore,  semiconducting  behavior.^'  Figure 
3(a)  shows  the  temperature  dependence  of  the  magnetic  mo¬ 
ment  and  the  resistance  of  the  metallic  ferrornagnet 
LangyBadjjMnOi.  At  low  temperature  T<Tc,  metallic  be¬ 
havior  is  observed,  i.e.,  a  positive  temperature  coefficient  of 
resistivity,  dp/dT>f),  down  to  the  lowest  temperature  of 
4.2  K.  Near  a  very  prominent  spin-disorder  scattering 
leads  to  a  strong  increase  of  resistivity.  The  resistance 
reaches  a  maximum  at  7’i'=’355  K,  and  then  decreases,  i.e., 
activated  behavior  is  observed  above  the  ferromagnetic  tran¬ 
sition. 

If  20%  of  the  Mn  is  replaced  by  Cu,  we  obtain  the 
curves  of  Fig.  3(b).  Beside  the  lowered  Tf,  the  saturation 
magnetization  differs  significantly  from  the  calculated  spin- 
only  values  of  the  3d  elements,  thus  indicating  a  global  or 
local  canting  of  spins.  The  resistivity  is  increased  by  several 
orders  of  magnitude,  compared  to  Fig.  3(a),  and  exhibits  ac¬ 
tivated  behavior  also  in  the  ferromagnetic  region.  The  tran¬ 
sition  to  metallic  conduction  takes  place  at  a  much  lower 
temperature  72'=“ 20  K.  The  high  resistance  in  the  region  of 
activated  conduction  has  been  explained  by  a  reduced  mobil¬ 
ity  or  even  localization  due  to  “frozen-in”  magnetic 
disorder.*^  Further  Cu  doping  breaks  the  long-range  magnetic 
order,  and  spin-glass  behavior  occurs.  The  resistivity  of  the 
spin-glass  samples  shows  activated  behavior  in  the  whole 
examined  temperature  range. 


In  order  to  explain  the  very  strong  dependence  of  the 
resistance  on  spin  order  in  a  material  with  such  a  low  dcn.sity 
of  states  in  the  conduction  band,  some  authors  suggested  a 
magnetic  polaron  model^'"'^'^  i.e.,  the  spin  of  a  conducting 
electron  induces  a  local  distortion  of  *he  spin  lattice  and 
moves  on  surrounded  by  this  spin  polarization.  The  transport 
properties  at  low  temperature  should  then  be  dominated  by  a 
hopping  process.  Indeed  we  find  that  the  resistivity  data  of 
Fig.  3(b)  and  also  those  obtained  on  spin-glass  samples  fol¬ 
low  a  lnp~r“’^‘'  law  at  temperatures  thus  sug¬ 

gesting  variable-range  hopping  of  spin  polarons  in  a  disor¬ 
dered  spin  lattice.''’^'* 

The  conception  of  spin  polarons  is  supported  by  infrared 
measurements,  which  were  obtained  on  sintered  samples  of 
Lai_;A,CU|_tMn^03  +  ,5  (A=Sr,  Ba).'^'^''’  A  broad  peak  in 
optical  conductivity  at  around  2000  cm'  '  is  observed,  which 
is  attributed  to  polaron  transport  effects.  This  peak  becomes 
more  pronounced  as  spin  disorder  is  increased  by  doping  of 
Cu,  thus  indicating  the  increased  effect  of  spin  polarization 
on  the  mobility.  Experimental  evidence  for  magnetic  po¬ 
larons  above  Tc  was  found  by  spin-polarized  neutron  scat¬ 
tering  for  the  very  similar  compound  NdojPdosMnOj."^ 

V.  MAGNETORESISTANCE  IN  THE  FERROMAGNETIC 
REGION 

The  dependence  of  the  conductivity  on  the  spin  order 
and  thus  on  the  magnetization  implies  a  high  magnetoresis- 
tance  in  the  ferromagnetic  region.  The  highest  values  should 
be  expected  near  Tc,  because  here  we  find  the  highest 
change  of  saturation  magnetization  under  an  applied  mag¬ 
netic  field. 

Figure  4  shows  the  temperature  dependence  of  the  resis¬ 
tance  and  magnetoresistance  of  Lai_,,.Sr3.Mn03  +  5  thin  films 
for  three  compositions  0.4,  0,3,  and  0.1.  Again  we  find  a 
cusp  in  the  zero-field  resistance  (solid  line  in  Fig.  4)  at  a 
temperature  neat  7’c; ,  with  metallic  behavior  below  and  ac¬ 
tivated  behavior  above  this  temperature.  The  application  of 
an  external  magnetic  field  of  =  5  T  decreases  the  resis¬ 
tance  (dashed  line),  and  the  difference  to  the  zero  field  values 
is  shown  by  the  MR  curve  (dotted  line),  which  is  normalized 
to  the  zero-field  resistance.  The  highest  MR  value  is  found 
near  to  the  cusp  in  resistivity,  and  the  cusp  itself  becomes 
smaller  and  shifts  towards  higher  temperature  as  the  field  is 
increased.  Magnetoresistance  curves  of  La(,(,Sr(),(Mn03  +  ^ 
films  at  various  temperatures  are  shown  in  Fig.  The  MR  is 
normalized  to  the  zero-field  values  again  since  no  ■saturation 
was  achieved,  but  one  should  notice  that,  if  normalized  to  the 
resistance  at  high  field,  as  is  usually  done  for  GMR  inulti- 
layers,  the  MR  at  230  K  exceeds  400%  in  the  7  T  field  i  inge. 

Films  prepared  from  a  La|)(,7Ca()33Mn03  target  even 
show  an  intrinsic  GMR  of  more  than  2  orders  of  magnitude 
(i.e.,  lO'  %)  at  7  -f20  K.  The  R(T)  curve  of  this  sample, 
measured  at  zero  field,  shows  a  very  high  peak  near  this 
temperature,  which  can  he  completely  suppressed  by  apply¬ 
ing  a  magnetic  field  of  5  T.  At  lower  temperature  (  7'<10() 
K),  we  observe  spin-glass-like  behavior  in  the  magnetization 
and  also  in  the  magnetoresistance.  Details  about  this  will  be 
published  elsewhere. 
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FIG.  5,  MagiicUircsislanci:  of  Lii|,,,Srii4MriOi  ^  thin  films  at  various  tcin- 
paraturcs,  normalized  to  the  resistance  at  H=(l. 


The  MR  seems  not  to  depend  on  the  relative  orientation 
between  magnetic  field,  electric  current,  and  crystal  axes,  if 
one  takes  into  account  the  different  demagnetization  factors, 
thus  indicating  that  the  contribution  of  anisotropic  MR  can 
be  neglected.  At  low  temperature  T^T^-,  the  MR  decreases 
again.  This  is  consistent  with  the  conception  of  a  spin- 
disorder-dependent  conductivity  which  cannot  be  changed  by 
an  applied  field  if  the  spin  lattice  is  ordered  at  zero  field. 

VI.  SUMMARY 

lit  some  ferroniagnets  with  composition  in  the  vicinity  of 
a  metal-semiconductor  transition,  an  intrinsic  GMR  effect  is 
possible  which  by  far  can  be  higher  than  the  GMR  of  metal¬ 
lic  multilayers  or  heterogeneous  alloys.  This  intrinsic  GMR 
occurs  in  the  temperature  range  around  the  ferromagnetic 
transition,  and  it  is  not  restricted  to  low  temperature,  as  has 
been  shown  for  samples  with  sufficiently  high  Curie  tem¬ 
perature.  Zener’s  model  of  double  exchange  gives  an  impres¬ 
sive  imagination  of  the  interplay  between  magnetic  and  elec¬ 
tric  properties.  Both  arc  very  sensitive  to  chemical  or 
magnetic  disorder,  which  sometimes  can  even  lead  to  a  lo¬ 
calization  of  charge  carriers.  The  existence  of  magnetic  po- 
larons  which  determine  the  transport  properties  in  the  ferro¬ 
magnetic  region  seems  to  be  a  plausible  explanation  for  the 
observed  temperature  dependence  of  the  resistance  and  inag- 
netoresistance. 
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Colossal  magnetoresistance  in  La-Ca-Mn-0  ferromagnetic  thin  films 
(invited) 
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R.  Ramesh 
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A  colossal  magnctoresistancc  el'f'ect  with  more  than  a  thousandfold  change  in  resistivity 
(ARIRii=  127  ()()()%  at  77  K,  W  =  6  T)  has  been  obtained  in  epitaxially  grown  La-Ca-Mn-0  thin 
films.  The  effect  is  negative  and  isotropic  with  respect  to  the  field  orientations.  The 
magnetoresistance  is  strongly  temperature  dependent,  and  exhibits  a  sharp  peak  that  can  be  shifted 
to  near  room  temperature  by  adjusting  processing  parameters.  Near-room-temperature  ARIRj, 
values  of  —1300%  at  260  K  and  '“400%  at  280  K  have  been  observed.  The  presence  of  grain 
boundaries  appears  to  be  detrimental  to  achieving  very  large  magnetoresistance  in  the  lanthanum 
manganitc  films.  The  orders  of  magnitude  change  in  electrical  resistivity  could  be  u.seful  for  various 
magnetic  and  electric  device  applications. 


I.  INTRODUCTION 

Perovskite-likc  oxide  of  lanthanum  manganitc 
(LaMnO^)  exhibits  both  strong  ferromagnetism  and  metallic 
conductivity  when  La  ions  (3+  valence)  are  partially  substi¬ 
tuted  with  2-f  valence  ions  such  as  Ca,  Ba,  Sr,  Pb,  and  Cd. 
This  results  in  a  Mn^  '  /Mn'*'  mixed  valence  state  creating 
mobile  charge  carriers  and  canting  of  Mn  .spins.'' The  unit 
cell  of  a  perovskite  ABO^  is  shown  in  Fig.  1,  where  A  at  the 
corners  represents  a  large  ion  such  as  La'^\  Nd^',  Ca"^, 
Sr^  ' ,  Ba"  '  ,  Pb^  ' ,  B  at  the  center  of  the  cube  .stands  for  a 
small  ion  such  as  Mn'’^  Mn""  ,  Cr"  ,  F'"’''',  T'i'*''',  and  O  at 
the  center  of  the  faces  represents  0‘  .  The  ionic  radii  of  the 
elements  pertinent  to  the  manganites  are  listed  in  Table  I. 
These  elements  form  cither  simple  AMnOrtype  or  mixed 
(A-FA')  (B-FB')  MnOrtype  perovskites  following  Gold¬ 
schmidt’s  perov.skite  stabiUty  criterion  on  ionic  radii,  i.e.,  the 
ratio  lr/^4-rQ)l  (r^^4■l\■,)\l2  should  be  approximately  unity.' 
('  a'  ''n>  >'q  represent  the  radii  of  ions  A,  B,  and  O,  respec¬ 
tively.) 

Thin  films  of  La-manganite  thin  lilms  have  recently  been 
prepared  and  their  magnetoresistance  (MR)  behavior  has 
been  reported  for  La-Ba-Mn-0  (Ref.  11)  (with  the  MR  ratio 
of  —150%  at  room  temperature)  and  La-Ca-Mn-0  (Ref.  12) 


•  A  (La^'.Ca^*,  -  -  •) 
B  (Mn^'.Mn'*',---) 
■  ^  O  (O^-) 


|■|(i.  1.  Unit-cell  slriiclurc  nt  iicrnvskitc. 


(MR  ratio  of  ~1 10%  at  220  K  and  near  zero  at  room  tem¬ 
perature).  The  MR  ratio  is  defined  here  as  ARIRn 
=  (Rii  —  R^j)/Rii  where  W,,  is  the  zero-field  resistance  and  Rfj 
is  the  resistivity  in  the  applied  magnetic  field,  e.g.,  H=b  T. 
These  oxide  films  exhibited  large  magnetoresistance  compa¬ 
rable  to  the  higher  end  of  the  values  for  the  so-called  “giant- 
magnetoresistancc(GMR)"-type  materials  of  metallic 
multilayer  or  heterogeneous  films''^"’"  with  the  MR  values 
typically  in  the  range  of  5-150%, 

In  this  article  we  report  the  electrical,  magnetic,  and 
magnetoresistance  behavior  in  epitaxial  La-Ca-Mn-0  films 
with  extraordinary  MR  values  in  excess  of  100  000%,  about 
•hree  orders  of  magnitude  greater  than  were  previously  re¬ 
ported  for  the  GMR-type  or  La-manganite  films,  Some  po¬ 
tential  applications  of  the  material  are  also  discussed. 

II.  EXPERIMENTAL  PROCEDURE 

Thin  films  of  La-Mn-Ca-0,  ~1()()()  A  thick,  were  depos¬ 
ited  on  (100)  LaAlOi  substrates  by  pulsed  laser  deposition 
(FLD).  Tile  substrate  temperature  was  650-700  "C,  and  ttie 
oxygen  partial  pressure  in  the  chamber  was  maintained  at 
100-300  niTorr,  The  nominal  target  composition  was 
La„,,7Ca|)nMnO, ,  The  chemical  composition  of  the  depos- 

t'AHl.li  I.  Ionic  radii  of  elements  involved  in  perovskitelike  niangimiles. 


Ion 

Rediu.s  (Al 

l.a' 

1.22 

IV 

l.K) 

Nd" 

1.15 

Sm" 

1.1.1 

(id" 

1.11 

Y-" 

1 .0(1 

( 'ir' ' 

1.06 

Sr" 

1.27 

Ba  ' ' 

1.41 

Cd’' 

1.01 

I’ll’ ' 

1,12 

Mn" 

0.70 

Mn' ' 

0..52 

o' 

1.12 
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HIG.  2.  MHgnettiresistimcc  heliiivior  of  the  epiliixial  La-Oi-Mii-O  lilins 
(900 '’C/3('  mill  heal  treated). 

ited  film  was  found  to  be  similar  to  that  of  the  bulk  target 
used  for  the  deposition,  as  indicated  by  scanning  electron 
microanalysis  and  Rutherford  backscattcring  analysis.  X-ray- 
diffraction  and  rocking  angle  analysis  indicate  that  the  films 
have  the  perovskite-type  cubic  structure  with  a  lattice  param¬ 
eter  of  a  =3.89  A  (or  a  =7.78  A  from  the  crystallographic 
point  of  view)  and  grow  epitaxially  on  the  LaAlOr  substrate 
(«=3.79A). 

The  electrical  resistance  and  magnetoresistance  of  the 
films  were  measured  as  a  function  of  temperaturn  and  mag¬ 
netic  field  by  the  four-point  technique  (using  a  constant  cur¬ 
rent)  in  a  superconducting  magnet  with  the  maximum  ap¬ 
plied  field  of  W  =  6'r.  For  most  of  the  films  the  field  direction 
was  parallel  to  the  current  direction.  Some  of  the  measure¬ 
ments  were  carried  out  with  the  field  applied  perpendicular 
to  the  current  direction  in  the  film  (using  either  in-plane  field 
or  perpendicular  field).  The  MR  behavior  in  the  La-Ca-Mn-0 
films  is  almost  always  negative  and  essentially  isotropic  with 
respect  to  the  field  ilircction  if  the  demagnetizing  factor  is 
taken  into  conside  ation.  The  M-H  loops  were  obtained  by 
using  a  vibrating  sample  magnetometer  with  the  maximum 
field  of  //  =  1  T.  The  transmission  electron  micro.scopy 
(TEM)  was  carried  out  by  using  JEOL  4()()()  microscope  v)p- 
erated  at  400  kV.  The  samples  were  thinned  by  ion  milling. 

III.  RESULTS  AND  DISCUSSION 

The  La-Ca-Mn-0  films  in  the  as-deposited  condition  ex¬ 
hibit  low  MR  ratios  of  typically  less  than  —500%  over  a 
broad  temperature  range  of  50-300  K  (low  MR  only  in  a 
relative  sense  as  this  is  still  quite  impressive).  It  has  been 
found  that  a  post-heat  treatment  of  the  deposited  films  is 
essential  in  order  to  maximize  the  MR  behavior.^'  The  high¬ 
est  MR  ratio  so  far  has  been  obtained  by  heat  treatment  at 
900  °C/30  min.  in  an  oxygen  atmospheie  (3  atm  oxygen).  As 
shown  by  the  R  vs  H  curves  in  Fig.  2  the  La-Ca-Mn-()  film 
exhibits  a  very  large  magnetoresistance  value  of  127  000%  at 
77  K  (more  thtin  a  thousandfold  decrease  in  lesistivity).  The 


no.  .3.  /).  Xli/Kii,  ami  A/  vs  7'  ciiives  lor  the  epitaxial  l.a-C'a-Mii-0  illni. 


zero-field  resistivity  of  the  film,  p—  1 1 .0  11  cm  {R  =  1 .35  Mi.) 
for  the  sample  size  —1000  A  lhickx2  mm  wideX4  mm 
long),  decreased  in  the  presence  of  applied  field  ll=(i  T  to 
—9.1  mil  cm  (R  =  1.06  Kll).  The  77  K  data  indicate  that  the 
most  significant  portion  of  the  resistivity  drop  occurs  at  H<2 
T.  The  127  000%  MR  value  in  this  film  is  colossal  when 
compared  to  the  5%-150%  magnetoresistance  in  the  GMR 
multilayer  films.  As  this  particular  film  has  been  heat  treated 
so  as  to  exhibit  the  peak  MR  value  near  the  liquid-nitrogen 
temperature  (77  K),  other  measureinenl  temperatures  gave 
lower  MR  ratios,  e.g.,  14  400%  at  a  higher  temperature  of 
1 10  K  and  54  100%  at  a  lower  temperature  of  W)  K  as  shown 
in  Fig.  2. 

Shown  in  Fig,  3  are  the  temperature  dependenee  cliarae- 
terislics  of  p,  AW/W//,  and  M  of  the  La-Ca-Mn-0  lilm.  As  is 
evident  in  the  figure,  the  p  vs  T  curve  exhibits  a  relalisely 
sharp  cusp  at  -95  K  with  the  film  showing  semieonduetor 
behavior  (i.e.,  a  negative  r/p/f/7’)  above  and  metallic  behtiv- 
ioi  (a  positive  r/p/r/'/')  below  this  temperature.  The  tempera¬ 
ture  at  which  tlie  magnetoresislanee  (A/1//1,,)  of  tlie  lilm  is 
maximum  is  almost  iiiviiriahly  located  iit  the  melallie- 
behavior  region  on  the  left-hand  (low-temperature)  side  of 
the  resistivity  peak.  It  is  interesting  to  note  that  the  magne- 
torcsislance  peak  occurs  at  the  temperature  where  the  resis¬ 
tivity  is  roughly  one-half  of  the  peak  resistivity  or  noitr  the 
inflection  point  of  the  curve. 

Also  shown  in  Fig.  3  is  the  mtignetiz.ation  M  (at  H  -  1  T) 
versus  temperature  curve  for  the  La-Ca-Mn-O  lilm.  It  is  evi¬ 
dent  that  the  film  is  strongly  ferromagnetic  with  M--2()() 
cniu/cm’  at  50  K  and  M~  1  01)  emu/cnv’  at  150  K.  The  M-H 
loops  measured  at  various  teinpeniliires  are  given  in  Fig.  4. 
The  loops  exliibit  magnetic  hysteresis  witli  cocrcivity  //,  of 
about  30-50  Oe. 

The  mechanism(s)  responsible  for  the  very  large  magtte- 
toresistance  observed  in  the  La-C'a-Mn-O  lilnis  appearts)  to 
be  related  to  the  semiconduetor-lo-metal  liiinsiiion,  however, 
the  exact  mechanism(s)  arc  not  clearly  imderstood  at  the  mo¬ 
ment.  Previous  reports  suggested  the  possibility  of  .spin- 
disorder  scalteiing,  magnetic  polaron  httpping,  or  critictil 
magnetic  scattering  for  the  rcltitively  small  MR  effect  present 
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in  their  La-nianganite  films,"'''  However,  the  fact  that  the 
peak  in  magnctorcsistance  in  the  present  La-Ca-Mn-0  film 
occurs,  not  near  the  magnetic  transition  temperature  wliere 
M  is  near  zero,  but  in  the  temperature  region  wlicrc  M  is  still 
substantial  (Fig.  3),  indicates  that  spin-disorder  scattering  is 
not  likely  to  be  the  major  contributing  factor,  X-ray- 
diffraction  analysis  of  the  La-Ca-Mn-O  film  of  Fig.  3  at  vari¬ 
ous  temperatures  shows  that  there  is  no  change  in  the  cubic 
crystal  structure  (no  phase  transition)  in  the  range  of  l()-3()() 
K.  The  resistivity  behavior  near  the  temperature  of  peak  MR 
suggests  that  the  very  large  magnetoresistances  observed  are 
related  to  the  semieonductor-to-metal  transition.  Further 
study  is  required  to  elucidate  the  underlying  tnechanisms  for 
the  eolossal  mugnetoresistance  in  the  present  La-Ca-Mn-O 
film. 

If  the  as-deposited  film  is  heat  treated  for  a  longer  time, 
e.g.,  yoo  °C/3  h/3  atm  O2,  the  temperature  of  peak  magiic- 
toresistance  is  shifted  to  a  higher  temperature  of  —100  K 
with  a  somewhat  diminished  MR  value  of  A/<//?//~l  1  ()()()% 
at  //=6  T,  At  77  K  and  at  a  lower  field,  e.g.,  H~  lOOO  Oe, 
the  MR  ratio  is  -'-28%.  A  crude  e.'iperiment  to  estimate  the 
iocal-field-sensing  capability  of  this  film  has  been  carried  out 
at  the  liciuid-nitrogen  temperature  as  follows,  A  magnetic  pen 
(a  small  Nd-Fe-B  magnet  attached  at  the  end)  was  brought  to 
within  about  1  mm  vertically  of  the  La-Ca-Mn-O  film  (2 
mmX3  mmX  lOOO  A  thick).  The  magnetic  field  from  the  pen 
at  this  distance  was  —lOOO  Oe;  however,  because  of  the 
near-perpendicular  orientation  of  the  field  and  the  assoeiated 
demagnetizing  factor,  the  actual  effective  field  on  the  film  is 
estimated  to  be  much  lower  than  1000  Oe.  The  film  has  tl.e 
lesistanee  /(-Ifi.y  kll  (or  p-  lOb  mlicm)  at  77  K.  The 
change  in  voltage  output  in  the  film  by  the  approaching  lield 
was  measured  by  the  four-point  technique  using  a  constant 
current  of  1  niA.  The  zero-field  voltage  of  l.'i.d  V  was  altered 
to  14.6  V  when  the  magnetic  pen  came  near  the  film  with  the 
significant  sensor  voltage  signal  AT  of  1.3  V  (or  '--8% 
change).  At  room  temperature  a  measurement  with  ti  simi¬ 
larly  sized  film  with  slightly  modified  composition  of 
La()55Ca()  2sSr||()nMnO,.  (p— 1.4  mil  cm,  /l~280  11)  gave  a 
sensor  voltage  output  A  V'  of  ~13  inV  (or  —A.W/'r  change),  a 
sufficient  signal  for  many  sensor  applications.  As  the  AT 
signal  in  the  sensor  is  expected  to  decrease  with  the  distance 
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away  from  the  sensor,  the  magnetoresistive  sensor  (or  an 
array  of  sensors)  can  be  used  us  a  position  sensing  device. 

The  substantially  higher  electrical  resistivity  in  the  La- 
Ca-Mn-O  films,  typically  2-4  orders  of  magnilodc  higher 
than  the  metallic  magnetoresistive  mtiterials  such  tis  the 
H()Ni-2()Fe  Permalloy,  could  be  an  advantage  for  field  sens¬ 
ing  as  the  sensor  voltage  output  (AT/A//  or  AR/AU)  is  that 
mueh  larger.  The  R  vs  //  curve  for  this  La-Ca-Sr-Mn-0  film 
at  room  temperature  is  approximately  linear  for  a  relatively 
wide  range  of  applied  lield.''^  as  showti  in  F’ig.  5,  Thus,  the 
MR  ratio  of  4,6%  at  //-'-lOOO  Oe  is  equivalent  to  about 
0.046%  MR  for  a  lower  lield  of  -'-10  Oe  (this  is  about  the 
level  of  field  strength  of  interest  for  magnetic  recording  read 
head).  However,  as  the  electrical  resistance  of  tliis  oxide  film 
is  about  two  orders  of  magnitude  higher  ihan  thai  of  the 
Permalloy  (with  the  MR  ratio  on  the  order  of  3%  foi  /7  =  1() 
Oe),  the  lield-sensing  output  voltages  turn  out  to  be  compa¬ 
rable  for  the  two  materials  at  the  same  level  of  sensor  cur- 
renl.  Fo''  a  constant  current  of  1-10  niA,  the  AV^  voltage 
signal  from  this  imoptimized  film  for  //-It)  Oe  would  be 
0.13-1.3  mV,  comparable  to  the  i-T  value  from  *lie  Permal¬ 
loy  film  with  the  same  dimension. 

The  magnetoresistive  preperties  of  the  Lc-manganite 
films  can  be  used  for  a  number  of  other  applic;>tions.  An 
example  is  a  magnetoresistive  microphone  design''  such  as 
schematically  illustnted  in  Fig.  6.  A  small,  La-C'a-Sr-Mn-0- 
type  MR  sensor,  aboui  2x4  min'  in  size,  was  mounted  on  a 
plastic  diaphragm.  As  sound  waves  with  varying  intensity  bit 
the  diaphragm  and  make  it  vibrate,  the  MR  scn.sor  is  moved 
m  relation  to  the  magnet  that  supplies  a  gradient  field,  '’’he 
resulting  change  in  the  magnetic-licld  intensity  on  ihe  sensor 
causes  a  change  in  resistivity,  which  in  turn  changes  tiic  out¬ 
put  voltage  AT.  Shown  in  Fig.  7  is  a  schematic  diagram 
illustraling  a  circuit  configuration  for  the  microphone  device. 
The  sensor  signal,  many  mV  even  in  Ihe  unamplilied  condi- 
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FIG.  ().  A  ntiigiiclorcsislivc  microphone  dc.sign. 


tion,  Fig.  8,  decreases  with  the  di.stance  from  the  sound 
source  as  is  expected. 

The  MR  behavior  of  the  La-Ca-Mn-0  film  depends  not 
only  on  the  specifics  of  po,st-hecit  treatment  but  al.so  on  a 
number  of  other  composition  and  processing  details  includ¬ 
ing  various  film  deposition  conditions.  For  example,  a  higlicr 
oxygen  partial  pressure  during  deposition  tends  to  pro¬ 
duce  films  with  higher  temperature  of  peak  resistance.  The 
magnetization  especially  near  room  temperature  al.so  in¬ 
creases  noticeably  with  A  film  deposited  at  />(,,~3()() 
niTorr  gives  iiear-room-temperaturc  magnetorcsistance  val¬ 
ues  of  A/?/«„~13()0%  at  260  K  and  -470%  at  280  K  as 
shown  in  Fig.  0.  (Because  of  the  cryostat  operation  in  the 
superconducting  magnet  used,  the  MR  measurement  at  300 
K  was  difficult.)  The  film  is  strongly  magnetic  at  these  tem¬ 
peratures  with  4rrA/  in  excess  of  20()()  G.  The  exact  nature  of 
this  change  in  MR  behavior  with  the  oxygen  partial  pressure 
is  not  clearly  understood.  Further  investigations  are  under¬ 
way  to  find  out  if  it  is  caused  by  the  change  in  chemistry 
(e.g.,  oxygen  or  cation  stoichiometry)  or  structure  (e.g.,  de¬ 
gree  of  epitaxy,  lattice  parameter,  nature  and  density  of  de¬ 
fects,  etc.). 

It  is  not  clearly  understood  why  our  La-Ca-Mn-O  films 
exhibit  the  magnetoresistance  effect  as  much  as  three  orders 
of  magnitude  larger  than  was  reported  previously  on  similar 
La-manganitc  films. It  may  be  attributable  to  a  number  of 
differences  in  composition  and  processing  details.  The  pres¬ 
ence  of  grain  boundaries  appears  to  be  very  detrimental  to 
achieving  high  MR  values,  based  on  the  following  ob.serva- 
tions:  (i)  Polycrystalline  bulk  La-Ca-Mn-0  samples  of  simi¬ 
lar  composition  exhibit  low  MR  values  of  -100%  or  less 
between  4.2  and  300  K;  (ii)  nonepitaxial  (nonsingle- 
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crystalline)  films  deposited  on  substrates  with  a  greater  lat¬ 
tice  mi.sniatch  [such  as  Si,  (lOO)MgO]  or  on  polycrystalline 
substrates  (such  as  yttria-stabilized  zireonia)  also  yield  low 
MR  values  of  less  than  ■-  200%.  The  data  previously  reported 
on  La-manganite  films"''*  all  fall  in  the  similarly  low  MR 
value  regime.  It  is  also  noteworthy  that  no  major  difference 
in  MR  values  was  observed  between  the  film  and  bulk,  poly- 
crystalline  La-Ba-Mn-0,  both  exhibiting  low  MR  values." 
These  observations  strongly  suggest  that  single  crystallinity 
(a  high  degree  of  epitaxy  and  the  absence  of  grain  bound¬ 
aries),  such  as  shown  by  TEM  analysis  over  large  area  and 
x-ray  analy.sis  for  the  La-Ca-Mn-0  film,  is  a  necessary  con¬ 
dition  for  obtaining  the  very  large  magnctoresistancc  sued  as 
reported  in  this  work.  The  single-crystalline  nature  of  the 
film  as  well  ns  the  near-perfect  epitaxy  across  the 
LaAlOj/La-Ca-Mn-O  interface  is  evident  from  Fig.  10, 

The  possible  effect  of  grain  boundaries  on  MR  behavior 
is  a  very  interesting  subject  for  further  investigation.  In  the 
La  manganites,  liigh  electrical  resi.stivity  is  a  prerequisite  to 
the  occurrence  of  large  magnetoresistance.  The  bulk,  pc'ly- 
crystalline  La-Ca-Mn-0  material  is  too  conductive  (p<3d 
mficm  at  4. 2-- 200  K)  to  exhibit  very  large  magnetore.xis- 
lance.  Whether  the  grain  boundaries  in  the  La  manganites 
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FIG.  7.  Sclicniiilie  diagram  illustraling  a  circuit  contiguiatloii  tor  the  micro- 
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FIG.  10.  High-rosulution  TEM  microgriiph.s  for  tlii;  La-Ca-Mn-0  lilm;  (a) 
top  view;  (b)  cross- .sectional  view. 

behave  like  ‘Veak  links"  that  short  out  the  intragranular, 
high  MR  regitnis  and,  if  so,  what  the  underlying  cause  be¬ 
hind  such  a  behavior  is,  needs  to  be  investigated. 

IV.  SUMMARY 

Colossal  niagnetoresistancc  in  excess  of  100  000%  at  77 
K  and  1300%  near  room  temperature  has  been  obtained  in 
epitaxially  grtiwn,  single-crystalline  La-Ca-Mn-0  films. 
These  values  are  orders  of  magnitude  higher  than  those  pre¬ 
viously  repor  ed  for  the  GMR  multilayer  films  and  La- 


manganitc  films.  The  magnetoresistance  behavior  appears  to 
be  related  to  the  semiconductor-to-metal  transition.  The  fact 
that  the  electrical  resistivity  of  the  material  can  be  manipu¬ 
lated  by  applied  field  to  a  value  orders  of  magnitude  different 
could  be  exploited  for  various  technical  applications. 
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Various  kinds  of  giant  magnetoresistance  have  been  observed.  In  the  present  report,  we  concentrate 
on  the  /-electron  systems,  particularly  on  rare  earth  compounds,  and  summarize  the  results  by 
classifying  according  to  mechanisms.  One  important  category  is  concerning  the  magnetic  impurity 
state  in  a  doped  magnetic  semiconductor  w'ith  a  fairly  wide  band  gap.  A  typical  classical  example 
is  EuO  with  O  vacancies,  in  which  two  conduction  electrons  with  opposite  spin  directions  are 
trapped  at  each  vacancy.  The  applied  field  aligns  the  .spin  direction,  induces  magnetic  polaron, 
expands  the  extension  of  the  impurity  state,  and  causes  a  large  decrease  in  resistivity.  Another 
typical  example  is  Gd3.^.y4,  with  x  near  5  namely,  near  GdjSj,  in  which  only  a  small  amount  of 
conduction  electrons  exists  below  or  around  the  mobility  edge.  This  system  is  characteristic  in  the 
sense  that  a  strong  band  tail  exists  nearly  independently  on  the  number  of  doped  carrier.  A  strong 
tendency  to  form  magnetic  polaron  exists  and  various  anomalous  properties  including  giant 
magnetoresistance  is  observed.  Recently,  we  performed  an  extensive  study  on  this  material  to  reveal 
the  fundamental  mechanism.  Some  details  will  be  reviewed.  Another  category  is  the  intrinsic 
character,  even  thougli  it  is  modified  substantially  by  defects  in  the  real  materials.  A  typical 
prototype  is  EuBf„  a  typical  narrow  gap  magnetic  semiconductor.  Applied  field  causes  a 
ferromagnetic  alignment  of  4/  spins,  which  causes  overlapping  between  the  up  spin  conduction 
band  and  the  up  spin  valence  band  through  the  d-f  exchange  and  p-f  mixing  interaction  causing  the 
system  into  a  semimetallic  state.  This  further  accelerates  the  4/  spin  alignment.  To  see  the  real 
intrinsic  mechanism,  the  sample  should  be  very  pure  and  the  most  suitable  samples  for  this  purpo.se 
are  Ce  and  Yb  monopnictides.  Recently,  we  performed  an  extensive  investigation  oit  a  series  of  the 
above  materials  and  found  various  novel  charactei  istic  properties,  including  both  giant  positive  and 
negative  magnetroresistanccs.  A  detailed  summary  is  planned. 
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The  spin  dynamics  in  tlic  metallic  cuprates  are  studied  theoretically.  In  the  normal  state,  it  is 
demonstrated  that  the  interplay  of  correlation  effects  and  fermiology  lead  to  a  natural  understanding 
of  the  contrasting  wave  vector  dependences  in  the  neutron  scattering  cross  sections  of  the  two  best 
characterized  cuprates;  LaSrCuO  and  YUaCuO,  as  well  as  the  anomalous  frequency  and 
temperature  dependences  in  the  neutron  scattering  cross  sections  tind  in  the  NMR  relaxation  rates 
l/7’i  and  l/7’2(;.  In  the  superconducting  state,  the  compatibility  of  the  r/-wave  pairing  stale  with 
magnetic  data  is  explored. 


I.  INTRODUCTION 

In  order  to  address  the  origin  of  high  tempcraluie  super¬ 
conductivity,  it  is  essential  to  understand  the  nature  of  the 
low  lying  excitations  in  the  metallic  cuprates.  In  this  article, 
we  focus  on  the  .spin  excitations.  In  conventional  metals,  the 
spin  dynamics  arc  described  by  an  itinerant  picture  based  on 
the  particle-hole  excitation  spectrum  and  the  dynamical  spin 
susceptibility  is  given  by  the  Lindhard  function.  Such  a 
simple  picture  does  not  apply  in  the  copper  oxides. 

We  start  the  discussion  with  the  stoicliiometric  com¬ 
pounds  such  as  La2Cu04  and  YBaiCu^Oh.  They  are  insula¬ 
tors  with  a  charge  gap  of  the  order  of  2  eV.  The  in.sulating 
behavior  is  unexpected  from  tiie  one-electron  picture  since 
the  outermost  copper  band  is  half  filled.  Furthermore,  it  is 
unusual  compared  to  hand  insulators  in  that  spin  excitations 
are  not  gapped.  In  fact,  an  antiferromagnetic  ordering  is  de¬ 
veloped  at  low  temperatures.'  In  the  paramagnetic  phase,  the 
spin  dynamics  have  been  studied  using  both  low  energy  and 
high  energy  inelastic  neutron  scattering,  nuclear  quadrupolc 
resonance  (NOR),  and  Raman  scattering  experiments,'  ' 
These  data  have  been  successfully  analyzed  in  terms  of  in¬ 
teracting  .spin  waves  in  the  two-dimensional  Meisenberg 
model  on  a  square  lattice,'’  In  this  picture,  spins  are  localizxd 
at  the  copper  sites  within  each  CUO2  layer,  and  arc  coupled 
with  each  other  through  essentially  a  nearest-neighbor 
Heisenberg  coupling.  These  features  are  characteristic  of  a 
Mott  (charge-transfer)  insulator  and  explicitly  establish  the 
existence  of  a  strong  on-site  Coulomb  repulsion  among  the 
copper  (I  electrons. 

As  the  system  is  doped  away  from  half  filling,  the  mag¬ 
netic  order  quickly  vanishes,  and  an  insulator  to  metal  (su¬ 
perconductor)  transitit)!!  sets  in.  In  the  metallic  cuprates,  an¬ 
tiferromagnetic  fluctuations  have  also  been  observed,  mainly 
through  NMR/NQR  and  inelastic  tieutron  scattering 
experiments.'’''  In  the  context  of  a  conventional  theory  of 
spin  fluctuations  in  simple  metals,  the  NMR/NOR  data  ap¬ 
pear  to  be  highly  anomalous:  (a)  The  copper-site  spin-lattice 
relaxation  rate,  (l/7'|)<;u,  is  strongly  enhanced  in  magnitude. 
Its  temperature  dependence  deviates  strongly  from  the  usual 


linear  behavior.'’  .Such  an  anomalous  temperature  dependence 
is  also  reflected  in  the  Ciaussian  component  of  the  transverse 
relaxation  rate.  (b)  At  the  .same  time,  the  oxygen-site 

spin-lattice  relaxation  rate,  (1/7'|),),  is  almost  linear  in  tem¬ 
perature,  and  has  a  nominal  Korringa  ratio  of  order  I."  The 
neutron  .scattering  data  are  also  puzzling;  (c)  The  momentum 
dependences  in  the  two  best-charaeterized  cuprates, 
YHaCuO  and  I.aSrCuO,  arc  quite  different.  In  YBaCuO,  an- 
tiferromagnctic  spin  lluetuations  arc  commensurate.  The 
commensurate  peaks  arc  broad,  with  essentially  temperature- 
independent  widths.'''"'  In  LaSrCuO,  spiti  fluctuations  are 
sharply  peaked  at  incommensurate  wave  vectors  (d) 

Within  the  lightly  doped  nonsupercottducting  LaSrCuO 
system '•’  the  cross  sections  are  found  to  scale  with  u>/7'.  Sys¬ 
tematic  studies  of  the  temperature  and  frequency  depen¬ 
dences  of  the  cross  sections  for  systems  closer  to  optimal 
doping  have,  however,  revealed  low  energy  scales  in 
YBaCuO,'''"'  Comparable  experiments  are  still  under  way  for 
the  normid  state  of  superconducting  La.SrCuO. 

Oiven  that  the  crrnduction  electrons  in  the  cuprates  are 
strongly  interacting  with  each  other,  it  is  perhaps  not  surpris¬ 
ing  that  the  magnetic  data  tippear  to  be  anomalous  cempared 
to  conventional  metals.  However,  the  exact  nature  of  the  spin 
excitations  in  a  doped  Mott-Hubbard  system  is  not  known. 
In  particular,  it  is  not  clear  a  priori  whether  doped  holes 
leave  the  localized  spins  of  the  half  filled  cuprates  intact 
leading  to  a  fru.strated  spin  system,  or  they  manage  to  con¬ 
vert  the  localized  spins  into  renormalized  quasiparticles. 
Therefore,  :m  analysis  of  the  spiti  dycamical  data  of  the  me¬ 
tallic  cuprates  can  help  clarify  the  nature  of  these  spin  exci¬ 
tations  and  the  residual  magnetic  coupling.  It  also  allows  us 
to  discuss  their  implications  of  magnetic  data  fur  the  nature 
and  the  origin  of  superconductivity.  This  brief  review  sum¬ 
marizes  our  own  work'  '"  in  this  area  and  is  not  intended  to 
be  comprehensive. 

II.  DYNAMICAL  SPIN  SUSCEPTIBILITY 

The  inelastic  neutron  scattering  cross  section  is  directly 
related  to  the  spin  sinicture  factor  .S'tq.u)), 
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d^aldilq  d<D~Siq,(x)).  (1) 

1/r  1  is  the  rate  at  which  the  nuclear  magnetization  relaxes 
towards  equilibrium  and  is  given  by 

(^)  (2) 

where  represents  the  nuclear  resonance  frequency  which 
is  essentially  zero  compared  to  typical  electronic  energies, 
and  A,.(q)  is  the  hypcrfine  coupling  constant  for  nuclei  r 
(copper  or  oxygen).  Through  the  fluctuation-dissipation  theo¬ 
rem,  S(q>‘u)-y(q,iu)/(l-c“'"^0)  where  V'(q,u))  is  the 
imaginary  part  of  the  dynamical  spin  susceptibility.  Finally, 
the  Gaussian  component  of  the  Cu-site  spin-echo  decay  rate, 
in'ici,  if>  determined  by  the  coupling  between  the  copper 
nuclear  spins.  Through  the  usual  Ruderman-Kittel-Kasuya- 
Yosida  (RKKY)  mechanism,  the  indirect  contribution  can  be 
related  to  the  static  spin  susceptibility  A<q)  and  is  given  ap¬ 
proximately  by''^ 

/^(q)‘'Y(q)^-|2  /^(q)^Y(q) 

where  F(q)  is  the  out  of  plane  component  of  Ac,|(q). 

In  conventional  metals,  y'(q,w)  has  the  Lindhard  form, 
^'(q,^)  ~  2k[/(£;k4.q)  -  f{Eid]S(Eu  -  £k+q  -  m).This 
implies  that  (a)  the  q  dependence  in  the  neutron  scattering 
cross  section  at  low  energies  reflects  the  geometry  of  the 
Fermi  surface.  Physically,  only  single-particle  states  close  to 
the  Fermi  level  can  contribute  to  the  low  energy  spin  fluc¬ 
tuations;  (b)  the  energy  scale  for  the  temperature  and  fre¬ 
quency  dependences  is  determined  by  the  Fermi  energy 
which  is  of  the  order  of  eV  or  10  000  K;  (c)  l/T i  is  linear  in 
temperature,  and  satisfies  the  Korringa  law, 
where  x  is  the  static  uniform  magnetic  susceptibility.  (Here, 
for  simplicity,  dimensionless  units  are  used.)  Physically,  the 
number  of  electrons  available  to  flip  the  nuclear  spin  is  pro¬ 
portional  to  TN(Ep),  and  each  electron  contributes  a  relax¬ 
ation  rate  proportional  to  N(Ef.),  where  N{Ei.  )  is  the  density 
of  states  at  the  Fermi  level  which  is  also  proportional  to  x- 

To  derive  the  appropriate  form  of  the  dynamical  suscep¬ 
tibility  for  the  metallic  cuprates,''*  we  consider  the  extended 
Hubbard  model  defined  in  a  Cu02  layer 

w=2  ypA(ilTPi.r+^-^-) 

iiT  i  iUr 

+  S  ‘l,lJ.pLrPl^,T+h.C.).  (4) 

The  copper  d  electrons  have  an  energy  level  ej}  and  an  on¬ 
site  interaction  U.  The  oxygen  p  electrons  have  a  dispersion 
determined  by  the  hopping  matrix  elements  (nearest 
neighbor)  and  (next  nearest  neighbor).  The  two  bands  are 
coupled  through  the  hybridization  matrix  element  (near¬ 

est  neighbor). 

At  half  filling,  this  model  has  a  Mott  (charge-transfer) 
insulating  solution  when  both  the  Coulomb  repulsion  U 
(taken  as  infinity  here)  and  the  level  separation  arc 

large.  The  low  energy  configurations  correspond  to  each  cop¬ 


per  site  occupied  by  a  spin,  and  each  oxygen  site  fully  occu¬ 
pied  by  electrons,  or  equivalently,  empty  of  holes.  The  ex¬ 
change  interaction  among  the  copper  spins  comes  .from  the 
superexchange  mechanism.  Among  the  excited  states  that 
can  be  virtually  occupied,  the  lowest  ones  correspond  to 
holes  occupying  the  oxygen  orbitals.  Since  there  is  only 
nearest-neighbor  hybridization  between  copper  and  oxygen 
orbitals,  the  dominant  contribution  to  the  exchange  interac¬ 
tion  among  the  copper  spins  comes  from  the  nearest  neigh¬ 
bor  term.  Therefore 

‘^(q)=-Ai[cos((ii^.)  +  cos(</,,)].  (5) 

This  result  is  quite  insensitive  to  the  oxygen  dispersion,  so 
long  as  the  (bare)  oxygen  levels  are  well  separated  ftorn  the 
copper  level.  Such  a  nearest-neighbor  form  for  y(q)  is  sup¬ 
ported  by  high  energy  spin  wave  measurements  on  the  in.su- 
lating  statc.^ 

In  the  metallic  cuprates,  one  of  the  key  experimental 
results  is  the  observation  of  a  large  Fermi  surface  with  a 
volume  satisfying  Luttingcr’s  theorem.^"  This  implies  that, 
when  a  sufficient  number  of  holes  are  doped  into  the  insula¬ 
tor  to  make  a  metallic  phase,  these  holes  convert  the  local¬ 
ized  copper  spins  into  itinerant  quasiparticles  at  low  ener¬ 
gies.  Such  a  picture  is  also  supported  by  various  numerical 
calculations  of  the  single-particle  spectral  functions  in 
Hubbard-like  models.  This  picture  can  be  formally  imple¬ 
mented  in  terms  of  the  widely  used  large  N  approach  to  the 
extended  Hubbard  Hamiltonian  equation  (4)  (here  N  is  the 
.spin  degeneracy).  Within  the  mean  field  theory,  the  constraint 
that  there  be  no  double  occupancy  of  a  copper  site,  as  a 
consequence  of  strong  Coulomb  interactions,  is  manifested 
in  the  renormalization  of  the  hybridization  matrix  element, 
V*,, ,  us  well  as  of  that  of  the  copper  level,  €,/— *  e,*  . 
The  quasiparticles  of  the  system  arc  described  by  the  renor¬ 
malized  band.  Compared  to  the  nonintcracting  case,  the 
renormalized  band  has  an  enhanced  mass,  and  the  density  of 
states  of  the  antibonding  band  has  a  large  asymmetry  with 
respect  to  the  Fermi  level, 

We  have  chosen  the  bare  band  parameters  so  that  (a)  the 
plasma  frequencies  of  the  renormalized  band  fit  those  experi¬ 
mentally  derived  from  the  Drude-fitted  optical 
conductivity."'  This  constraint  assures  that  the  band  widths 
are  reasonable;  and  (b)  the  correct  Fermi  surfaces  are  ob¬ 
tained  for  both  LaSrCuO  and  YBaCuO.  The  Fermi  surface  in 
YBaCuO  is  rotated  by  45°  relative  to  the  diamond  shape 
expected  in  a  nearest-neighbor  tight  binding,  one  band 
model. The  Fermi  surface  in  LaSrCuO  retains  a 
diamond-like  shape,  though  it  is  somewhat  distorted  so  that 
the  nearly  flat  regions  are  closer  to  the  P  point."*’  While  the 
origins  of  these  differences  are  not  well  understood,  we  are 
able  to  arrive  at  the  correct  Fermi  surfaces  through  effec¬ 
tively  modeling  the  oxygen  dispersion  appropriately.  Such  a 
modeling  of  the  oxygen  dispersion  is  expected  to  be  reason¬ 
able  for  the  di.scussion  of  the  spin  dynamics  in  the  large  U 
limit,  since  the  spin  degrees  of  freedom  are  mainly  associ¬ 
ated  with  the  copper  states.  Finally,  our  renormalized  band 
structure  shows  logarithmically  divergent  van  Hove  singu¬ 
larities  in  the  single-particle  density  of  states  at  (±7i,0)  and 
((),±7r).  The  separation  of  the  energy  at  these  wave  vectors 
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from  the  Fermi  energy  introduces  a  van  Hove  energy,  a>vn . 
Due  to  the  ditfercnt  shapes  of  the  Fermi  surfaces,  wyn  is 
found  to  be  larger  in  YBaCuO,  of  the  order  of  25  meV,  than 
that  in  LaSrCuO,  which  is  less  than  5  mcV. 

At  a  formal  level,  the  supcrexchange  interaction  of  the 
metallic  phase  can  be  established  through  analyzing  the  cor¬ 
rections  to  the  mean  field  theory,  beyond  the  leading  order  in 
\/N  expansion.'''  We  found  that,  while  the  quasiparticle  dis¬ 
persion  is  determined  by  the  renormalized  copper  level, 
6* ,  and  the  renormalized  hybridization,  V*,i ,  the  relevant 
quantities  for  the  calculation  of  the  dominant  supcrexchange 
interaction  arc  the  corresponding  bare  parameters,  ej}  and 
This  is  not  surprising  since  the  superexchange  interac¬ 
tion  arises  from  the  virtual  occupancy  of  the  high-lying  ex¬ 
cited  states.  A  separation  of  energy  scales,  therefore,  remains 
and  the  dominant  antiferromagnetic  interaction  is  insensitive 
to  the  oxygen  dispersion  and  continues  to  have  the  nearest- 
neighbor  form  of  Eq,  (5)  for  both  YBaCuO  and  LaSrCuO 
systems,  despite  their  very  different  Fermi  surface  shapes. 

The  dynamical  spin  susceptibility  is  found  to  have  the 
generalized  random-phase  approximation  (RPA)  form 


1  +-/(q)A'o(q.w)’ 


(b) 


where  Jt'oiq.w)  is  the  Lindhard  function  associated  with  the 
renormalized  quasiparticle  energy  dispersion  ^(k).  It  should 
be  noted  that,  this  form  of  the  dynamical  susceptibility  de- 
,scribes  the  contribution  to  the  spin  susceptibility  due  to  the 
coherent  (quasiparticle)  part  of  the  single-particle  excitation 
spectra.  The  incoherent  contribution  becomes  increasingly 
important  at  high  energies  where  local-moment  behavior  is 
evidenced. 


III.  SPIN  DYNAMICS  IN  THE  NORMAL  STATE 

A.  Wave  vector  dependence  of  the  Inelastic  neutron 
scattering  cross  sections 

In  two-dimensional  systems,  the  (dynamical)  Kohn 
anomaly  leads  to  peaks  in  the  imaginary  part  of  the  Lindhard 
function  at  wave  vectors  q-- 2k/.'. In  LaSrCuO,  such  a 
Kohn  anomaly,  along  with  the  nesting  enhancement,  leads  to 
incommensurate  peaks  at  Q*  =  7r(l±<5,l),  7r(l,l±f5)  (Ref. 
26)  away  from,  but  close  to,  QAr=(rr,7r),  as  is  illustrated  in 
the  inset  to  Fig.  1(a).  Since  -7(q)  is  peaked  at  Qaf,  it  en¬ 
hances  y'(q,oj)  and  hence  iS'(q,oj)  around  an  extended  region 
in  the  Brillouin  zone  near  Qai.-.  For  moderate  values  of./()/J,. 
(where  ,/^.  is  the  strength  of  the  interaction  which  gives  rise 
to  an  actual  magnetic  instability  in  the  system),  the  four  peak 
structure  is  enhanced  with  overall  shape  unchanged,  as  is 
clearly  seen  in  Fig.  1(a).  When  projected  along  two  of  the 
four  peaks,  our  results  can  be  favorably  compared  to  the 
experimental  results  of  Refs.  1 1  and  12.  We  have  alsi)  carried 
out  a  detailed  analysis  of  the  behavior  of  the  incommensura¬ 
bility  as  a  function  of  the  doping  concentration.  The  large 
value,  together  with  the  .strong  doping  dependence,  of  the 
incommensurability  observed  experimentally"  can  be  under¬ 
stood  only  when  strong  Coulomb  interactions  as  well  as  a 
finite  nearest-neighbor  oxygen-oxygen  hopping  matrix  ele¬ 
ment  tpp  are  included. 


I'ICi,  1.  Cailciilateil  .V(q,(u)  vs  (</,  ,</,.)  (a)  for  YHaiC'UiO,,.;  with  ,=t).1 
arid  (h)  for  I-a,  HiSr,,  ikC'uO.,  wilh./|i/./,.“(),(i.  'I'lic  iii.sels  yivc  tin;  correspond¬ 
ing  results  with  7,1=0.  Here  the  temperature  and  frequency  are  1  and  10 
nieV,  respectively. 


We  now  study  the  spin  dynamics  in  the  YBaCuO  family. 
The  q  structure  of  the  Lindhard  su.sceptibility  corresponding 
to  the  appropriate  renormalized  band  structure  with  a  rotated 
Fermi  surface  is  shown  in  the  inset  to  Fig.  1(b).  Because  of 
the  Fermi  surface  rotation,  the  Kohn  anomaly  induced — and 
ne.sting  enhanced — peaks  arc  far  away  from  the  antiferro¬ 
magnetic  wave  vector  QAP  =  ('n’,';r).  Therefore,  the  dynamical 
susceptibility  is  essentially  featureless  near  Qa|.  .  The  antifer- 
romagnctic  interaction  enhances  the  amplitude  of  .S'(q,tj)  or 
y'(q,w)  in  the  region  surrounding  Qap,  leading  to  an  essen¬ 
tially  commensurate  peak  shown  in  Fig.  1(b).  When  pro¬ 
jected  along  the  diagonal  direction,  our  results  can  be  com¬ 
pared  favorably  to  the  experimental  results  of  Refs.  9  and  10. 
Experimentally,  in  the  fully  oxygenated  system,  the  half 
widths  correspond  to  magnetic  correlation  lengths  of  around 
one  lattice  spacing'^'"’  and  in  the  deoxygenated  case 
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I’lG.  2,  Normulizcd  y'(q,«))  us  a  function  of  u)/7  for  luii  n;Sr„  |„CnO.,  at  llic 
peak  wave  vector,  ’l  ire  solid  line  represents  the  sealing  curve, 

(YBa2CUiO,,  7)  the  corresponding  length  is  around  two  lattice 
spacings.*^'"’  Furthermore,  the  q-integrated  structure  factor  is 
found  to  have  cssentiaily  the  same  temperature  dependence 
us  that  of  the  structure  factor  at  In  our  theory,  the  fact 
that  J  is  not  particularly  close  to  a  magnetic  instability  yields 
a  relatively  broad  peak  whose  width  is  essentially  indepen¬ 
dent  of  temperature.  This  is  in  contrast  with  other  theories  in 
which  longer  and  strongly  temperature-dependent  correlation 
lengths  are  assumed.**^'" 

The  contrasting  q  dependences  of  the  dynamical  suscep¬ 
tibilities  in  LaSrCuO  and  YBaCuO,  therefore,  provide  direct 
evidence  that  the  particle-hole  continuum  associated  with  the 
renormalized  quasiparticles  gives  the  dominant  contribution 
to  the  spin  dynamics  at  low  energies. 

B.  Temperature  and  frequency  dependences  of  the 
dynamical  spin  susceptibility 

The  frequency  and  temperature  dependences  of  the  dy¬ 
namical  susceptibility  in  the  prc.scnt  tlieory  are  discussed  ex¬ 
tensively  in  Ref.  17,  The  lowest  energy  scale  is  manifested  as 
a  weak  peak  in  the  frequency  dependence  of  the  neutron 
structure  factor,  and  is  found  to  correspond  to  the  van  Hove 
singularity  energy  ojvh  .  Magnetic  interactions  of  moderate 
strength  lower  the  position  of  this  peak,  and  considerably 
enhance  the  low  energy  spin  fluctuation  spectra.  These  low 
energy  scales  can  also  be  illustrated  in  a  scaling  plot  of  the 
susceptibility  in  terms  of  w/T.  In  Fig,  2,  such  a  scaling  plot  is 
shown  for  susceptibilities  calculated  for  LaSrCuO  at  the  in¬ 
commensurate  peak  position.  Since  tuvn  small  in  LaSr¬ 
CuO,  we  find  that  the  dynamical  susceptibility  scales  with 
(jd/T  until  very  low  temperature  and  frequency.  In  YBaCuO 
system,  wvh  is  considerably  larger,  <i>vh'''25  meV.  A  devia¬ 
tion  from  scaling  is  predicted'*’  for  YBaCuO,  when  the  fre¬ 
quency  is  smaller  than  tuyn  und  the  temperature  smaller  than 
2  vH^itVyH  ■  Recent  experimental  results  from  Ref.  9  seem  to 
be  consistent  with  this  prediction  for  the  case  of  YBaCuO. 

C.  NMR/NQR  relaxation  rates 

We  now  turn  to  the  analysis  of  the  NMR/NQR  data. 
Shown  in  Fig.  3(a)  is  the  calculated  temperature  dependence 
of  \/T I T  at  the  copper  site  in  deoxygenated  YBaCuO.  The 


FICi.  .t.  C'jiliulated  Icnipcnituri;  dcpeiiUena'  of  NMR  relsixntion  rules  in 
YBii2Cu,0,,7;  (a)  I//’,'/';  (!’)  I/-  >(,■;  and  (c)  7';,,./7'|7-  'he  vertical  axes  are 
in  arbitrary  units. 


downturn  at  low  temperatures  reflects  the  van  Hove  energy 
scale  Wvn'  (By  contrast,  this  downturn  is  not  present  hr  the 
normal  state  of  LaSrCuO  since  wyn  is  much  smaller.)  At 
high  temperatures  l/7’i  starts  to  saturate  and  \/T^'r  exhibits  a 
Curie-Weiss  temperature  dependence.  This  temperature  de¬ 
pendence  is  in  reasonable  agreement  with  experimenta.i  data, 
as  is  the  enhanced  magnitude.  We  emphasize  that,  within  our 
analysis,  the  strong  Coulomb  correlations  lead  to  two  effects. 
They  renormalize  the  quasiparticlc  energy  spectrum,  and  in¬ 
duce  residual  exchange  interactions  between  the  quasiparli- 
cles.  Because  of  this  Coulomb-induced  renormalization,  we 
lind  that  there  is  sufficient  spin  fluctuation  spectral  weight  to 
explain  the  enhanced  magnitude  in  l/7'i,  without  making  the 
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assumption  of  proximity  to  a  magnetic  instability.  In  this 
way,  we  are  able  to  explain  both  the  neutron  scattering  and 
the  Cu-site  NMR  results.  In  LaSrCuO  system,  this  is  consis¬ 
tent  with  the  recent  results  of  Walstedt  and  co-workers.'^" 
These  authors  have  demonstrated  that  (l/Til^-,,  measured  in 
the  NMR  experiments  are  in  quantitative  agreement  with 
their  counterparts  calculated  from  the  incommensurate  peaks 
derived  from  the  neutron  scattering  experiments.”  As  shown 
earlier,  the  incommensurate  peaks  ari.se  from  the  the  quasi¬ 
particle  contributions:  this  quantitative  agreement,  therefore, 
reinforces  the  conclusion  that  low  energy  .spin  dynamics  are 
dominated  by  quasiparticle  contributions. 

We  have  also  calculated  l/Tif,..  As  is  seen  in  Fig.  3(b),  a 
high  temperature  Curie-Weiss  dependence  is  also  reflected 
in  1/7’2oi  consistent  with  experimental  results.’  The  Curie- 
Weiss  behavior  for  both  l/'/y/'  and  l/'/  ir;  ulso  implies  that 
the  ratio  TicIT^T  is  weakly  temperature  dependent  at  high 
temperatures,  as  is  seen  in  Fig.  3(c).  The  qualitative  behavior 
is  quite  similar  to  the  corresponding  experimental  plot  of 
Takigawa.’  In  our  calculations,  the  high  temperature  Curie- 
Weiss  behavior  for  1/7',  7'  and  l/Y'^f,-  results  from  the  Curie- 
Weiss  behavior  for  both  ;^'(q,ai— *0)  and  lim.u.,,, y'(q,w)/w 
over  an  extended  region  in  the  Brillouin  zone  around 
7r,7r),  The  temperature  scale  is  set  by  the  fraction  of 
the  Fermi  energy  further  lowered  by  the  exchange  enhance¬ 
ment  factor.  In  this  way,  it  reflects  the  proximity  to  Mott 
localization  [which  is  incorporated  in  combined 

with  moderate  magnetic  interaction  effects.  By  contrast, 
weak  coupling  calculations^"  assume  that  the  system  is  very 
clo.se  to  a  magnetic  instability;  this  .soft  spin  fluctuation  fre¬ 
quency  then  leads  to  the.se  very  low  energy  scales,  as  well  as 
large  magnitudes  in  1/7’,.  Our  result  is  also  in  contrast  with 
the  essentially  temperature  independent  l/'/'jf,.  calculated  by 
Littlcwood  cr  «/,"■’  within  a  marginal  Fermi  liquid  frame¬ 
work,  in  which  the  magnetic  interaction  between  the  quasi¬ 
particles  is  a.ssumed  to  be  zero. 

In  the  .strong  coupling  limit,  the  renormalized  quasipar¬ 
ticle  description  is  in  essence  a  low  temperature  expansion. 
At  sufflciently  high  temperatures,  this  description  should 
break  down;  instead,  the  single  particle  excitations  become 
incoherent,  and  the  spin  dynamics  should  cross  over  to  a 
local-momentlike  behavior.  In  this  way  a  temperature- 
independent  1/7’,  is  expected  at  high  temperatures.  This 
physical  picture  is  consistent  with  recent  measurements  of 
l/7'i  in  LaSrCuO.’  The  situation  is  very  similar  to  the  spin 
dynamics  in  heavy  fermion  metals.'”"’’  The  preci.se  local- 
moment  dynamics  for  the  cuprates  are  not  known.  Recently, 
based  on  the  phase  diagram  for  the  2D  quantum  nonlinear 
sigma  model, ^  suggestions  have  been  made  that  the  high 
temperature  local-moment  dynamics  in  the  metallic  cuprates 
may  show  a  universal  behavior  controlled  by  a  zero  tempera¬ 
ture  critical  point.'”"”  In  particular,  a  temperature- 
independent  7'i(;/7'i7'  has  previously  been  shown  to  arise 
within  this  scheme.'”  In  general,  it  is  important  to  determine, 
in  a  given  temperature  regime,  how  much  of  the  spin  fluc¬ 
tuations  can  he  attributed  to  the  quasiparticle-quasihole  con¬ 
tinuum  contribution,  and  how  much  to  the  local-moment 
contributions.  Neutron  scattering  results  at  higher  frequen¬ 
cies  and  temperatures  should  help  clarify  this  issue,  as  the 


dynamical  susceptibilities  associated  with  these  different 
contributions  are  expected  to  have  different  forms. 

The  situation  for  the  oxygen  site  NMR  relaxation  rate  is 
more  complex.  Because  the  peaks  in  the  dynamical  spin  sus¬ 
ceptibility  are  strongly  incommensurate  in  LaSrCuO,  and 
have  a  broad  half-width  in  YBaCuO,  a  perfect  oxygen  form- 
factor  cancellation,  based  on  the  transfer-coupling 
Hamiltonian,'”  is  not  expected  in  cither  system.  In  the 
present  calculations,  within  the  transfer-hyperfine  coupling 
model,  (l/7’|)o  shows  considerable  deviation  from  a  linear 
temperature  dependence.  In  the  context  of  the  LaSrCuO  sys¬ 
tem,  similar  conclusions  have  also  been  reached.’"  At 
present,  it  is  not  clear  whether  this  means  that  our  under¬ 
standing  about  the  hyperfine  coupling  associated  with  the 
oxygen  nucleus  is  not  complete  or  an  important  piece  of 
physics  is  still  missing. 

To  summarize,  the  eontrasting  spin  dynamics  in  LaSr¬ 
CuO  and  YBaCuO,  and  the  consistency  of  the  spin  fluctua¬ 
tion  spectral  weights  inferred  from  the  neutron  scattering 
cross  sections  and  (Cu-site)  NMR  relaxation  rales,  lead  us  to 
conclude  that,  at  low  temperatures  and  frequcncie.s  the  domi¬ 
nant  spin  fluctuations  are  described  in  terms  of  a  particle- 
hole  excitation  spectrum  associated  with  renormalized  qua¬ 
siparticles,  which  interact  with  each  other  through  an 
antiferromagnetic  interaction  of  moderate  strength.  At  higher 
temperatures  and  frequencies,  the  relative  contributions  of 
the  quasiparticle  (coherent)  part  and  the  local-moment  (inco¬ 
herent)  part  remain  to  be  determined. 

IV.  SPIN  DYNAMICS  IN  THE  SUPERCONCtUCTINQ 
STATE 

The  application  of  Eq.  (6)  below  T",.  is  straightforward. 
We  have  found  that'”  the  anomalous  temperature  depen¬ 
dences  at  low  frequencies  observed  in  neutron 
measurements”''’'"  of  .S(q,w)  may  be  compatible  with  a 
r/i.;..v,2  pairing  state  in  both  LaSrCuO  and  YBaCuO.  How¬ 
ever  there  arc  problems  with  the  wave  vector  dependences  of 
tV(q,<u).  Of  the  two  cases,  the  effects  arc  more  striking  in 
YBaCuO.  At  the  lowest  temperatures  all  that  contributes  to 
the  cro.ss  section  are  processes  in  which  the  Lindhard  func¬ 
tion  is  not  fully  “gapped  out.”  These  correspond  to  node-to- 
node  scattering  and  because  the  nodal  positions  are  unrelated 
to  the  Fermi  surface  nesting,  these  low  /'  peaks  will  not  be  in 
the  same  position  as  their  counterparts  in  the  normal  stiite.  In 
this  way  the  peaks  in  the  structure  factor  move  with  decreas¬ 
ing  7',  from  their  high  7'  positions  to  incommensurate  posi¬ 
tions  along  the  zone  diagonal.  Similar  observations  were, 
made  first  in  Ref.  36.  The  failure  of  current  experiments”'”'" 
to  observe  this  shift  in  the  peak  position  is  thus  not  consistent 
with  a  (clean)  d-wave  picture. 

Recently,  similar  calculations”  were  performed  in  the 
context  of  a  weak-coupling  Hubbard  Hamiltonian  with  only 
first  nearest-neighbor  hopping  integrals.  In  this  case,  the  real 
part  of  hence,  the  exchange  enhancement,  are 

strongly  peaked  at  Q*  both  for  T>T,.  and  for  '7’<  7',..  Fhere- 
fore,  the  peak  shifts  will  not  occur;  rather,  the  four  peaks  in 
the  normal  state  are  expected  to  become  sharper.  This  is 
illustrated  in  Fig.  4(a),  Such  a  sharpening  of  the  peaks,  how¬ 
ever,  is  not  seen  experimentally.”  Furthermore,  wc  have 
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FIG.  4.  Calculated  yiq.u))  v.s  (</,  .q,)  for  the  tight-binding  band  (a)  with 
nearest-neighbor  hopping  only,  /'=(),  and  J/V,, =0,9;  and  (h)  with  additional 
nonzero  next-to-nearcst-neighhor  hopping  term  /'=(). 2r  and  .//./, .=0.9, 
Here  r=3  K  and  2A„/*'r,~3..S. 


found  that  this  result  is  dependent  on  the  specific  features  of 
the  band  structure.  Our  studies  of  this  model  and  its  three 
band  extension  reveal  that,  when  moderately  strong  second 
nearest-neighbor  hopping  integrals  are  included,  the  ex¬ 
change  enhancement  is  no  longer  sharply  peaked  at  Q*,  and 
a  shift  in  the  position  of  the  q  dependent  peaks  occurs  no 
matter  how  strong  the  exchange  enhancements  are.  Such  a 
second  nearest-neighbor  hopping  matrix  is  necessary  to  ar¬ 
rive  at  more  realistic  Fermi  surface  shapes,  correct  Hall  co¬ 
efficient  as  well  as  to  explain  the  large  value  of  the  incom¬ 
mensurability  in  the  normal  state. In  Fig.  4(b)  we  have 
plotted  the  corresponding  result  for  /'  =  0.2t  with  a  very 
strong  exchange  enhancement, =0.9;  a  shift  of  the  peak 
positions  is  evident. 

On  this  basis,  it  may  be  argued  that  magnetic  data  are 
not  fully  consistent  with  the  d-wave  picture.  Nevertheless, 
one  can  not  rule  out  the  effects  of  impurity  scattering  which 
may  smear  the  density  of  states  and  thereby  affect  the  posi¬ 
tion  of  the  q-dependent  peaks.  It  should  be  noted,  iiowcver, 
that  impurity  effects  in  an  anisotropic  superconductor  give 
rise  to  pair  breaking  and  thereby  a  significant  depre.ssion  of 
Furthermore,  they  should  also  be  incorporated  in  the 
theoretical  interpretations^'’"’^  of  the  Cu  and  0  NMR  data  in 
YBa2Cu307,‘'“  which  have  been  argued  to  give  strong  sup¬ 
port  for  a  pairing  state.  Whether  one  can  arrive  at  a 

“dirty  d-wave”  scenario  for  neutron  and  NMR  data  which  at 
the  same  time  leaves  T,.  unchanged  has  not  yet  been  estab¬ 
lished. 
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Hydrostatic  pressure  on  HgBa2CaCu206+d  and  HgBa2Ca2Cu30s+^ 
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The  superconducting  transition  temperature  7’,,  and  its  pressure  dependence  dT,JdP  of 
FigBa2CaCu20(,^.,;  (Hg-1212)  and  HgBa2Ca2Cu30s  i  ^  (I  lg-1223)  were  measured  up  to  17  kbar.  T, 
increases  wi'.n  pressure  approximately  linearly  for  both  compounds  before  oxidation.  However,  the 
nonlinearity  in  the  1\.-P  correlation  shows  up  after  oxidation  in  both  compounds.  For  Hg-1212,  the 
average  dTJdP  decreases  as  oxygen  doping  increases,  while  it  increases  in  Hg-1223.  These 
observations  are  in  conflict  with  the  modified  pressure-induced  charge-transfer  model,  but  might  be 
attiibuted  to  the  possible  existence  of  fine  electronic  structure.  These  observations  suggest  that  a  7’,. 
much  higher  than  140  K  might  be  achievable  in  Hg-1223  by  means  of  higher  physical  or  chemical 
pressure. 


I,  INTRODUCTION 

Previous  pressure  studies  on  liigh  T,.  cuprates  at  various 
oxidation  states  show  that  the  T,.  changes  linearly  at  pres¬ 
sures  between  0  and  20  lcbar.‘  This  can  usually  be  explained 
by  pressure-induced  charge-transfer,^  i.e„  dTJdP  decreases 
with  the  carrier  concentration  n,  which  increases  with  oxida- 
tioi..  Soon  after  the  discovery  of  the  .superconducting  ho¬ 
mologous  series  HgBa2Ca,|_|Cu„02„  +  2  i  /5[Hg-12(/i-l);i],'’ 
band-structure  calculations  showed  that  the  electronic  struc¬ 
ture  of  these  compounds  was  strongly  affected  by  the  van 
Hove  singularity  and  evolved  with  doping  rather 
abnormally,'*  suggesting  that  their  pressure  effect  dT,.ldP 
might  be  unusual,  Aft- v  samples  of  these  compounds  with 
different  oxygen  stoichiometry  became  available,  we  system- 
ui'iealiy  studied  their  pressure  dependence. 

.A  positive  dT,.ldF  was  observed  in  all 
HgBa2CaCu206+,s  {Hg-1212)  and  HgBa2Ca2Cu-,0(,.|.,5  (Hg- 
1223)  samples.  For  the  as-prepared  Hg-1212  samples  with 
7’-—]  12  K,  Tc  i.icreased  linearly  with  pres, sure  at  a  rate 
d'fJdP  =  Q.22±0.02  K/kbar  throughout  our  pressure  range. 
For  oxyger:  ‘ed  Hg-1212  samples  with  7, .—  lib  K,  in¬ 
creases  with  pressure  at  a  similar  late  below  4  kbni,  but  the 
rate  of  increase  decreases  to  0.11i'().()2  K/kbar  thereafter. 
Although  the  nonlinear  T^.-P  correlation  is  rather  unusual, 
the  smaller  average  d']\.ldP  alter  oxygenation  is  consistent 
with  the  charge-transfer  model,’  which  suggests  that  the  av¬ 
erage  dTp'dP  decrea.'-'c.s  with  the  carrier  concentration  it. 
The  dl'JdP  of  several  i ’g-1223  samples  was  also  measured. 
I'he  dTJdP  of  vacium-annealej  and  as-synthesized 
samples  was  in.tependent  of  P.  However,  the  1\.  v;;  P  of 
oxygenated  Hg-1223  shows  positive  curvature  above  12 
kbar.  Unlike  that  for  Hg-1212,  t’’';  overall  dl\.ldP  for  Hg- 
1223  increases  with  oxidation,  whicti  is  in  direct  conllict 
with  the  modified  charge-. ransfei  model.’ 

II.  EXPERIMENT 

High  quality  samples  were  prepared  using  the  controlled 
vapoi'i'bolid  reaction  (CVSR)  technique. The  samples  an; 
—90%  pure  with  —10%  CaHgOT  and  BajCu^O, ,  impuri¬ 
ties.  Sinictu:  characterization  was  carried  out  by  x-ray  dif¬ 
fraction  ..-.ing  a  Rigaku  D-MAX/Bll  powder  diffractometer. 
The  dc  magnetic  susceptibility  (;riic'  samples  at  ambient 


pressure  was  measured  by  a  quantum  design  superconduct¬ 
ing  quantum  interference  device  (SQUID)  magnetometer.  A 
standard  inductance  bridge,  operated  at  16  Hz  in  an  ac  field 
of  — .S  Oe  peak  to  peak,  was  employed  to  determine  the  ac 
magnetic  susceptibility  1;^,^.)  under  pressures.  The  standard 
four-lead  measurement  was  applied  to  measure  resistivity. 
Hydrostatic  pressure  up  to  18  kbar  was  generated  at  room 
temperature  inside  a  Teflon  cup  housed  in  a  Be-Cu  high  pres¬ 
sure  clamp,*’  using  3M  Fluorinert  as  the  pressure  medium. 
The  pressure  was  determined  by  a  Pb-manometer  placed 
next  to  the  sample.  The  temperature  was  measured  by  an 
alumel-chromel  thermocouple  above  30  K  and  a  Cc  thci- 
mometcr  below  30  K. 

III.  RESULTS  AND  DISCUSSION 

Four  samples  of  Hg-1212  were  characterized.  Samples  A 
and  C  were  as  synthesized  with  7\.— 112K.  Samples  Band  D 
were  annealed  in  1  atm  O2  at  300  °C  for  30  h  with  7',.- 119 
K  and  were  determined  to  be  overdoped,  The  of  samples 
A.  B,  and  D  are  .shown  in  Fig.  1,  The  transition  is  quite  sharp 
a.'id  the  superconducting  volume  fraction  is  large  (especially 
for  sample  D).  The  onset  and  midpoint  of  7',.(7',  „  and  7',.,,,)  as 
determined  b\  ac-su.sccptibility  measiireni'mts  at  various 
pressures  are  shown  in  Fig.  2.  The  7’,,,,’s  of  samph  A  and  C 
have  the  same  trend  as  the  7,.„|'s  although  they  are  iioi  shown 
in  the  figure.  The  T\.„,  of  sample  D  is  not  well  defined  due  to 
poor  grain  coupling  and  thus  not  shown.  7',.  increa.scs  lin¬ 
early  witli  P  at  a  rate  of  ().22±().(12  K/kbar  for  .samples  A  and 
C.  For  samples  B  and  D.  7’,.  increases  at  a  rate  of  -  (1.23 
K/kbur  below  4  kbar.  The  rale  fell  to  0.1 1  ±0.03  Kykhar 
above  4  kbar.  As  proposed  by  the  modified  charge-transfer 
model,-  the  overall  d'I\.!dP  decreases  as  oxidation  increases. 

Five  samples  from  ivo  differem  batclies  of  Hg-1223 
were  also  examined.  Sample  V  was  as  synthesi.'zed  with 

J 17  K.  Sample  W,  with  /',  -79  K,  was  obtained  by  higii 
vacuum  annealing  at  4.30  "C  for  I  day.  Samples  X,  V,  and  Z 
were  annealed  in  flowing  oxygen  at  30(1  for  I  day.  with 
7, -13.3  K.  Figure  3  shows  7,.  versus  pressure  for  Hg-1223. 
The  7,  ‘s  for  samples  V,  X.  Y,  and  Z  were  measured  resis- 
tively.  Although  we  only  plotted  for  these  samples,  the 
behavior  of  I ,  „  and  7, ,  (zero  point  of  il)e  transiiioii )  is  simi¬ 
lar.  A  long  tail  in  the  siipereoniluetine,  transition  was  ob- 
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FIG.  .1,  vs  F  for  Hg- 122.1  samples  V,  W,  X,  Y,  aiiO  Z. 


D  f  served  for  the  sample  W,  which  might  be  due  to  damage 

j  caused  to  the  grain  boundaries  during  annealing.  Therefore, 

^.s?  Hg-1212  j  the  r,.  of  this  sample  was  measured  magnetically  and  7',.,,, 

I  f  was  obtained  from  the  peak  of  dXaJdT.  We  can  sec  clearly 

"o  '^  0  f  that  the  average  dr,. /r7/^  increases  with  oxidation.  From  ther- 

^  $  moclectric  measurements,  we  extracted  the  carrier  concentra- 

^  /  tion  n  by  an  empirical  law.’  Figure  4  shows  the  average 

dTJdP  vs  n  for  Hg-1212  and  Hg-1223. 

Recently,  a  study^  of  combined  effects  of  pressure  and 
doping  on  (Y,Ca)(Ba,Ca)2Cu307..,5  compounds  shows  that 
"‘■*’0  ^  '  5^  ^  ^  ^100  1.S0  pressure-induced  charge-transfer  alone  cannot  explain  the 

observed  results  and  an  “intrinsic”  pressure  effect  on  7',.  is 
included.  This  term,  df,.  assumed  to  be  indepen- 

o’ A'  7 '''  ^ dent  of  P  and  n.  Thusi  the  empirical  modified  pressure- 

sample  D.  rilled  symbol:  field  cooling;  open  symbol:  zero-field  ccKilmg.  ...  „  ^  .  * 


induced  charge-transfer  model  can  be  written  as 
T,.(n,P)  =■■  7V,„,„x(«»|,iin,i,i ." )  +  ( dr,  ,„^JdP)  >'  P 

+AX[(ii~  «„pii,„a|)  +  iJn/dP)XPf, 


'  -..'2.— .'O 


12(1  .ir 
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FIG.  2.  7,  vs  /’  for  Hg-1212.  A:  7',,,  for  saniplc  11;  0:  l\„  for  sampli-  I); 
□;  T,.„  for  sanipF:  I);  V:  for  sample  A;  <’>:  7',  „  for  sample  Filleil 

symbol  obtained  on  pressure  rcduotioii. 
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where  /4  is  a  negative  compound-dependent  constant.  By  ig¬ 
noring  higher  order  contributions,  the  pressure  etfect  on  T,. 
becomes 

(IT,  ldP  =  dT,_„y,^ /dP  +  4AX  dn/dP  X  (n  - 

which  should  decrease  with  n  (oxidation),  since  dnldP>{) 
(which  has  been  demonstrated  by  the  negative  dpIdP,  posi¬ 
tive  dRfildPf  where  p  is  normal  state  resistivity  and  Rn  is 
the  Hall  coefficient).  However,  the  average  dTJdP  in¬ 
creases  with  n  in  Hg-1223,  despite  the  negative  dpIdP  over 
the  whole  P  range.  This  is  in  direct  conflict  with  the  modeP 
and  suggests  that  dT,  y^^^IdP  should  be  P  and/or  n  depen¬ 
dent.  The  ever  increasing  dTJdP  with  P  after  oxidation  (cf. 
Fig.  3)  suggests  that  the  T,  of  Hg-1223  can  be  enhanced 
further  by  applying  pressures  up  to  500  kbar."^ 

In  summary,  we  investigated  the  pressure  effect  on 
samples  of  Hg-1212  and  Hg-1223  with  different  oxygen 
contents.  We  found  that  the  pressure  effect  becomes  rather 
nonlinear  after  oxidation.  Although  a  modified  charge- 
transfer  model  can  explain  the  pressure  effect  on  Hg-1212,  it 
is  in  direct  conflict  with  the  observation  on  Hg-1223.  The 
positive  dTJdP  for  all  the  samples  suggests  that  high  T,  is 
optimi.stic. 
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The  magnetoconductivity  of  polycrystalline  BiiSriCui  ,.Yj.CuiO|( ,  ,5,  a  =(),  0.05  and  0.20  samples  in 
the  magnetic  field  of  4  T  was  measured.  The  excess  conductivity  has  been  analyzed  in  the  light  of 
Aronov-Hikami-Larkin  and  Bieri-Maki  formalisms  together  with  Thompson's  correction  of  the 
Zeeman  term  of  both  theories,  The  later  theory  was  found  within  the  clean  limit  to  describe  the  data 
adequately  and  yielded  the  estimate  for  the  phase  braking  time  7,/,— 1X10  "  s.  The 
Maki-Thoinpson-Zeeman  contribution  (Arr|,^iy)  in  these  samples  is  found  to  be  negligible. 


The  short  coherence  length  coupled  with  the  Iiigh  tran¬ 
sition  temperature  provide  an  excellent  opportunity  to  study 
the  rounding  of  the  transition  in  the  oxide  superconductors. 
The  fluctuation  enhanced  conductivity,  i.e.,  cxce.ss  conduc¬ 
tivity  (Arr)  in  zero  field  is  representable  by  the  Aslamazov- 
Larkin  (AL)  and  Maki-Thompson  (MT)  terms.'  The  mag¬ 
netic  field  affects  the  excess  conductivity  through  the  orbital 
angular  momentum  giving  rise  to  AL-orbital  (Atr^io)  and 
MT-orbital  (Atr^t'o)  terms  and  through  the  spin  angular  mo¬ 
mentum  yielding  AL-Zeeman  (Arr^iy)  and  MT-Zeeman 
(Ar/MT?.)  terms.  Aronov,  Hikaini,  and  Larkin’  (AHL)  have 
derived  the  expressions  for  these  terms  from  the  standard 
theory  in  the  dirty  limit.  However  this  theory  is  not  appli¬ 
cable  to  high  T^.  superconducting  (HTSC)  materials  as  they 
fall  within  the  clean  limit  with  the  mean  free  path 
[/=t0()  A  and  ^„;,(0)=15  A  for  YBaiCu^O,  (YBCO)J.  Later 
Bieri  and  Maki’  (BM)  proposed  atiother  theory  of  A<r(f/) 
which  was  valid  for  the  clean  limit  but  it  gave  results  iden¬ 
tical  to  the  AHL  theory.  Both  AL  contributions  arc  not  sen¬ 
sitive  to  the  mean  free  path  of  the  electrons.  Therefore,  their 
values  remain  essentially  unchanged  in  both  dirty  and  clean 
limits.  However  the  MT  contribution  depends  sensitively  on 
I  since  the  vertex  renormalization  is  essentiiilly  controlled  by 
/  in  the  clean  limit.  The  expressions  obtained  by  Bieri  and 
Maki'^  in  this  limit  for  all  the  four  terms  are  identical  to  the 
AHL  expressions  with  the  difference  that  the  terms  / 
and  Arr^rz  had  {taJAirkT)^  instead  of  (oj,/47r^'/’,.)’  as  their 
prefactors  and  <5  was  defined  by  <5=  1.2()3[//^„,,(())|<5^iii  , 
where  4\hi.  is  given  by  (Ref.  2)  •'•y  Tr</"/r . 

Later  it  was  pointed  out  by  Thompson'*  that  both  these  theo¬ 
ries  were  wrong  in  treating  the  Zeeman  splitting  energy,  cor¬ 
rection  to  this  leaves  the  three  terms,  viz.,  Arr^i,,,  Arr^i,,), 
and  Arr^i  /  unchanged  but  modifies  the  fourth  Arr^,  |y . 

Experimentally  almost  all  the  attention  appears  to  have 
been  focu.sed  on  YBCO  only  and  to  the  best  of  our  knowl¬ 
edge  no  attempt  has  been  made  to  study  the 
BiiSriCaCuiOK ,  ,5  (BSCCO)  system  in  this  light.  Earlier 
Matsuda  et  al.^  analyzed  the  magnetoconductivity  of  YBCO 
thin  films  in  terms  of  AHl.  formalism  without  Thompson 
correction.  All  four  contributions  were  required  giving  the 
value  of  the  phase  breaking  time  t,^,=  I()  ”  s  at  100  K.  How¬ 
ever  Semba  et  al.''  found  no  evidence  for  the  Ao^,,/  in  their 


data  on  single  crystals  of  YBCO,  They  found  7,/,=5x  1 0  s 
which  is  the  shortest  time  reported  so  far.  Sugawara  et  alP 
have  analyzed  their  ArrfW)  data  measured  on  chemical  vapor 
deposition  (CVD)  films  of  YBCO  in  BM  theory  with 
Thompson's  correction'*  (BMT),  and  find  the  Ar^vuz  h) 
be  essential  in  both  the  A(t{H)  vs  e  ,T"!^  is 

the  mean  held  transition  temperature]  as  well  as  Ai/f  77)  vs  II 
data.  In  polycrystalline  YBCO  Matsuda  et  al.''  also  found 
vanishing  values  of  A(7|.^]y  using  uncorrected  AHL  expres¬ 
sions.  And  our  recent  analysis  on  similar  samples  in  the  light 
of  corrected  AHL/BM  expressions  support  these  results."’ 

We  have  measured  the  magneloconductivity  of  polycrys- 
lalline  BiiSrpCui  i  YiCu20« ,  ,5  samples  with  a'=(),  0,05,  and 
0.20  and  find  the  A<%iy  contribution  to  be  itegligible. 

The  samples  were  prepared  by  the  mtitrix  precursor 
method  by  reacting  Bi^O,  with  a  SriCtiCTbO^  precursor  in 
the  presence  of  O2  at  900-050  °C.  All  the  samples  were 
confirmed  to  be  of  single  phase  by  x-ray  diffraction  (XRD). 
dc  conductivity  was  measured  by  the  four  probe  method  on 
bar  shaped  samples.'  The  current  density  used  was  typically 
0.1  A/cm“.  Samples  were  so  oriented  that  the  measuring  cur¬ 
rent  was  perpendicuhir  to  the  applied  field.  The  sample  tem¬ 
perature  was  measured  with  a  Si  diode/CGR  thermometer 
placed  in  contact  with  the  sample  in  a  copper  holder,  and  was 
rai.sed  at  the  rate  of  2  K/h.  The  data  were  taken  tU  the  interval 
of  20  mK  within  the  transition  region. 

At  high  temperatures  (7'3=27',.)  the  zero  field  and  the 
field  data  coincide  for  all  the  samples  implying  negligible 
magncloresistance  to  be  present  in  the  normal  state  and  be¬ 
low  the  transition  broadens  in  the  field.  A  field  of  4  T 
was  used  because  for  the  higher  fields  the  oibital  terms  show 
deviations  from  the  H'  hehiivior  predicted  by  the  tibove 
theories."'  In  zero  held,  a  single  sharp  peak  in  dpUlT  is 
symnietriciil  iibont  the  temperature  of  its  maxininm, 
whereas  in  the  field  this  curve  spretids  towards  lower  tetn- 
peratures.  Tiiis  spread  is  around  35  K  for  .v  -0  and  increiises 
further  wiili  the  Y  concentration. 

We  have  analyzed  the  total  nuctuation  condu'.'livily 
Atriill)  -  \<r{H  .T) -- ir„(ll  ,T)]  where  ()„(//. 7') 
-l/p„(//.7)  is  the  background  conductivity.  Air, con¬ 
tains  the  zero  held  conductivitv  (Ref.  11)  AirfO)  and  the 
nunlilications  produced  in  it  by  the  magnetic  field.  'lire  esti- 
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TABLE  I.  Various  fitted  pliysical  parameters  for  BSCCO  samples  in  (he 
clean  and  dirty  limit,  t,  and  /  arc  calculated  at  100  K.  In  BM,  f,.(())  and 
are  constaiit.s,  whereas  in  BMT-d(dirty)  and  BMT-e(elean)  these  are 
temperature  dependent. 


id)) 

(A) 

(A) 

(TO'-’.s) 

T 

(HI  s) 

1 

(A) 

a:=0 

AHL 

1.9 

10.0 

l.O 

l.tl 

BM 

2..1 

9.1 

1.1 

.S.1 

BMT-d 

1.8 

9.9 

(1.81 

tl.ll 

9.8 

BMT-c 

1.8 

8.9 

0.11 

5.3 

52..5 

X’=0,05 

AHL 

2..S 

11.4 

4.1) 

1.1 

BM 

2.(1 

10.2 

1.7 

:..1 

BMT-d 

1.8 

9.9 

0.86 

(1.16 

11.0 

BMT-c 

1.8 

8.6 

0.12 

5.1 

58.6 

a- -0.20 

AHL 

.1.2 

12.8 

6.1) 

I..1 

BM 

1.1 

It. 8 

2.0 

5.1 

BMT-d 

1.9 

10.4 

0.86 

0.18 

11.5 

BMT-c 

1.9 

10.4 

0.12 

5.3 

61.2 

mation  of  background  conductivity  ct„{H,T)  have  been  dis¬ 
cussed  in  detail  in  Ref.  1. 

The  experimental  data  of  Aaf{H,T)  of  a  =0  was  first 
fitted  to  the  combined  exprcs.sions  of  zero  field  AL  and  MT 
terms  and  field  dependent  AHL  expressions  of  AL  and  MT 
terms  with  Thompson’s  correction  by  taking  ^(0), 
and  as  the  adjustable  parameters,  was  assumed  to  vary 
as  T^=r^)/'/’  where  is  a  constant.  The  values  of  fitted 
parameters  are  shown  in  Tabic  I.  Good  agreement  can  be 
obtained  with  ^,(0)=1.9  A,  ^„/,(())  =  10.U  A,  and 
r0=l  s.  The  value  of  ^^(0)  agreed  with  that  obtained 

from  the  zero  field  data.'  The  agreement  further  improved 
when  BM  equations  with  Thompson’.s  correction  were  used 
and  the  mean  free  path  t  was  allowed  to  vary  with  tempera¬ 
ture  as  l  =  l[)IT  where  /p  is  a  constant.  Here  in  the  clean  limit 
were  taken  as  the  free  parameters. 
^£.(0)  slightly  increased  to  2.3  A  and  decreased  to  9.1 
A.  We  obtained  /()r^)=6.8X10'''  As.  To  get  an  estimate  of 

from  this  product,  we  note  that  1=  tv ^  ^  TqV,.IT  (i.e., 
f()=roi'f)  where  ris  the  transport  relaxation  time  and  Vf.-  the 
Fermi  velocity  of  the  carriers.  The  later  is  estimated  as 
(0.6-1.6)X]0’  cm/s  from  the  relation  ^yi,{Q)--hvp./'iTA 
with  the  in-plane  energy  gap  parameter  given by 
2A/^7'(.=3.5-8.  Now  assuming  r^-rthis  product  yields 
(100  K)=1.3xl0'  '^  s  for  the  lowest  estimate  of  u/.-,  i.e., 
Uf =0.6 XI o’  cm/s.  This  compares  well  with  the  value  ob¬ 
tained  by  Sugawara  et  al?  Batlogg,'‘  from  the  resistivity 
data,  has  obtained  r-fi/l  .35A:7’=5.4X  10“ ‘^/T.  With 
O;,  =  10’  cm/s,  this  yields  t^(100  M)— 5 X s  from  our 
estimates  of  /pT^,,  and  the  comes  out  to  be  ^2.3. 

BMT'*  have  further  also  assumed  ^,.(0)  and  4;,(0)  to  be 
temperature  dependent  along  with  I,  for  both  dirty  and  clean 
limits.  Assuming  these  temperature  variations,  values  of  the 
parameters  obtained  are  listed  in  Table  I.  Both  the  limits  give 
identical  values  of  ^^.(0)  as  1.8  A  whereas  4/)(b)  works  out  to 
be  =9  A  and  =10  A  for  the  dirty  and  clean  limits,  re.spcc- 


BijSr^Ca  Cu 


Bi;  CAq  05  '*'0  os ^ '-'2  0a +  6 


FtG.  1.  F'liicluatiun  and  niagncloconducti''ity  uf  BSCCO  .t=(l  and  ll.O.S  in 
(a)  and  (b).  Ir  (a)  (,{())  and  Li.hh  “re  tcinpcraluri;  dependent  while  in  (b) 
they  are  constanl.s.  Nute  the  elianpc  in  relative  order  of  Al.Z  and  MTO 
contributions  in  (a)  and  (b).  All  the  four  eontributions  to  Arrf//,?'),  i.e.. 
AI.O,  M’t’O,  AI.Z,  and  MTZ  and  the  excess  niagnetoconductivity  Afr,„  dis¬ 
played  here,  arc  negative  in  magnitude. 

lively,  at  100  K.  These  values  agree  with  those  obtained  by 
BMT  on  single  crystals  of  YBCO.  Our  analysis  yields 
t^t=().2  and  U;.  =7X10'’  cm/s  for  the  clean  limit  using  the 
Batlogg’s''  value  of  t.  This  is  the  clean  limit  rand  therefore 
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cannot  be  used  in  the  dirty  limit  as  has  been  used  conven¬ 
tionally.  To  estimate  r  in  the  dirty  limit  we  assumed 
U;.  =  lxlo’  cm/s.  We  get  IXIO  and  t  in  this 
limit~T,;=1.3Xl()  s.  Thus  62.  This  ratio  is  too 

large,  r,/  appears  to  be  too  small,  its  reasonable  value  should 
be  a  smaller  fraction  of  t.  If  V/.-  is  reduced  further  the  ratio 
T,//Talso  gets  reduced  but  it  still  remains  too  high.  In  the  case 
of  AHL  T  is  also  very  small.  As  this  theory  is  valid  for  the 
dirty  case,  /  will  be  With  — lO’  cm/s  this  yields 

T,(==1X1()  "'‘' s  and  T^r, /—!(). 

Two  points  are  to  be  noted  about  this  analysis.  The  data 
has  been  fitted  over  the  range  0.01  2  and  the  nonlocal 

effects  have  not  been  included.  These  effects  apparently  be¬ 
come  visible  at  e^Q.25  as  shown  by  BMT. 

The  magnetoconductivity  obtained  by  subtracting 
Af7Ai,((^)  and  from  A(Tf(H,r)  is  displayed  in  Fig. 

1(a)  along  with  the  calculated  values  of  the  four  field  depen¬ 
dent  contributions.  Arr^ijy  has  the  smallest  value  over  the 
entire  e  range,  being  less  than  1%  of  the  total 
The  fit  does  not  deteriorate  when  the  term  Aa^T/.  is  dropped 
altogether.  However  the  rms  deviation  jumps  when  the  next 
larger  term  Aa^yy  is  dropped.  This  result  is  in  conformity 
with  our  previous  conclusion'"  on  polycrystalline  YBCO 
(measured  at  4  T)  and  with  Semba  el  al!'  and  Matsuda  et  al‘* 
who  also  found  Aai^cc^  to  be  negligible  in  their  magnetocon¬ 
ductivity  of  single  cry,stal  and  polycrystalline  YBCO,  respec¬ 
tively,  measured  at  1  T.  However  Sugawara  el  al.^  found  this 
term  to  be  present  as  a  substantial  fraction  of  the  total  mag¬ 
netoconductivity  at  13  T.  Since  the  BMT  equations  predict 
each  of  the  four  contributions  to  be  proportional  to  -/•/“,  the 
relative  magnitude  of  Arriyd-,,  i.e.,  the  ratio 
ArrMiv/fArrALo+ArrMro-t-Au-ALZ+^^M'iz)  will  not  increase 
with  //  and  will  be  a  function  of  e  and  only.  In  actual 
practice  since  AtfALo  t*nd  ArrMpo  show  some  saturation  at 
high  fields  near  '/',.(at  c’SO.GlS)  the  ratio  may  increase  at 
such  fields.  For  the  present  data  the  equations  predict  the 
ratio  to  be  less  than  \%  over  the  entire  e  range  of  the  data, 
i.e..  for  ().()5=Sess().2,  and  to  remain  at  negligible  levels  even 
when  T,i,  is  increased  tn  -=1()  s.  The  anisotropy  ratio 
(AoMrz+Af7Ai,z)/(A«Aur'  ‘\f''Mro  +  Ao'Ai.z+‘^"'MT7.)  works 
out  to  be  5.6  at  e-().05  and  A(Tmt/  forms  10%  of  this  ratio. 

The  magnetoconductivity  of  the  a- “0.05  and  0.20 


samples  behaves  identically.  The  plot  forA-0.l)5  is  show  n  in 
Fig.  1(b).  Arr^^iy,  h'-'*'*-'  negligible  and  the  neglect  of 

this  term  docs  not  alter  the  fits  in  any  of  these  samples. 
Though  the  AHL  theory  gives  reasonable  estimates  of  r,,,.  it 
underestimates  rthus  yielding  a  very  large  value  for  the  ratio 
t^/t.  This  ratio  is  similarly  overestimated  in  the  BMT  dirty 
limit  and  underestimated  in  its  clean  limit.  Only  when  ^,.(0) 
and  ^„/,(0)  arc  taken  as  temperature  independent  does  tiiis 
theory  yield  reasonable  estimates  of  rjr.  The  values  are 
listed  in  Table  I.  All  the  parameters,  viz,,  r,/,,  ^,.(0)  and 
4,/,(0),  etc.,  increase  systematically  with  Y  concentration.  t,i, 
shows  a  slight  increase  with  Y  doping  but  still  Afryiy  re¬ 
mains  negligible.  However  this  increase  in  r,/,  ip.creases  the 
magnitude  of  the  Afr^,,.,.Q  relative  to  those  of  the  i)ther  two. 
Instead  of  being  the  smallest  term  as  in  the  Y-free  sample,  it 
over  takes  ArjAi./.  becomes  the  second  largest  term. 

Ill  summary  our  analysis  of  the  magnetoconductivity  of 
Y-doped  polycrystalline  BSCCO  suggests  the  absence  ()f 
Aian^tz  contributions  for  the  fields  up  to  4  T.  The  other  three 
terms  ArrApo.  Arr^pQ,  and  AiT,^iy  all  contribute  significantly. 
Due  to  the  absence  of  Arr^pp^  the  validity  of  the  Thompson 
correction  could  not  be  verified.  Though  BMT  theory  ap¬ 
pears  to  agree  with  experiments,  for  a  better  estimate  (;f  r,y, 
prior  knowledge  of  some  of  the  parameters,  ^,.(0), 

Vf.-,  will  be  useful.  Data  further  appear  to  favor  the  lemperti- 
ture  independent  value  of  ^,.(0)  and  and  discard  their 
functional  forms  given  by  the  BMT  equations. 
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A  new  eft'cct  called  "ac-current  straightening"  has  been  observed  in  ceramic  (Bi,Pb)-2223  slabs 
carrying  ac  current  /jc+Aic  uos((ij/).  The  current-voltage  (I-V)  characteristics  of  the  ceramic  were 
measured  at  77  K  at  frequencies  ranging  from  50  to  20  000  Hz.  A  .spectrum  analyzer  showed  a  series 
of  high  harmonics  in  the  voltage  signal  as  well  as  a  constant  voltage  drop.  The  full  set  of 
experimenta!  data  has  been  explained  theoretically  using  the  Bean-Kirn  critical  state  model  with  a 
magnetic  field  dependent  critical  current  J(.(W)  =  jj  (0)/(  1 -I-////7,,).  A  low  transport  ac  current  gives 
a  voltage  linearly  proportional  to  the  frequency  and  quadratically  proportional  to  the  ac-current 
amplitude  It  consists  of  odd  harmonics  only.  If  a  bias  dc  current  is  switched  on,  then  even 
harmonics  and  a  dc-voltage  drop  appear.  Their  amplitudes  are  proportional  to  the  small  parameter 
1  .^JcH^^  and  depend  on  the  ratio. 


One  of  the  main  features  of  high-7',,  superconductors  is 
the  very  wide  interval  of  magnetic  field  and  temperature  in 
the  H-'E  diagram  between  the  two  critical  fields  and 

conditioned  by  extremely  small  coherence  length. 
Due  to  this  fact  and  the  great  anisotropy  of  the  sample.s, 
magnetic  vortices  cause  the  strotig  nonlittearity  of  magnetic 
and  transport  properties  in  the  mixed  state  for  high-T,.  super¬ 
conductors  even  at  very  low  magnetic  fields  and  current  den¬ 
sities.  Strong  magnetic  field  dependence  of  susceptibility  and 
aharmonic  diamagnetic  response  manifest  this  behavior  (sec, 
for  example,  Ref.  1).  In  the  present  article  we  report  experi¬ 
mental  observations  and  a  theoretical  explanation  for  a  new 
effect  in  current  transport  properties.  Pinning  of  vortices  re¬ 
sults  in  odd  harmonics  in  the  voltage  response  for  sinusoidal 
ac  currents.  Field  dependence  of  the  critical  current  cau.ses 
even  harmonics  and  a  dc-voltage  drop  if  a  bias  de-transport 
current  or  a  dc-magnetic  field  violate  the  symmetry  t— *— /. 

Bulk  samples  of  (Pb,Bi)-2223  were  prepared  by  sinter¬ 
ing  a  commercial  2212  +  oxides  precursor  powder,  regrinding 
and  pressing  it  into  nominally  10  mm  wide  bars,  dc-testing 
lead  to  the  conclusion  that  the  critical  current  is  limited  by 
the  magnitude  of  the  magnetic  self-field  at  the  surface  of  the 
bar.“  A  dc-voltage  signal  was  detected  when  testing  using 
ac+dc  currents.'  The  frequency  dependence  of  the  effect 
was  examined  by  using  an  audio  amplifier  to  increase  the 
current  from  a  frequency  generator.  Necking  and  a  reduction 
in  the  size  of  the  .specimens  were  done  in  some  cases  to 
reduce  the  transport  current  required  to  rciich  the  critical 
magnitude.  A  four  point  probe  test  circuitry  was  used  with  a 
HP  347bA  microvolt  multimeter  to  detect  the  dc  voltage 
across  the  center  contacts.  Additional  details  of  the  nature  of 
the  voltage  signals  were  observed  after  amplification  with  a 
high  gain  operational  amplifier  and  a  storage  oscilloscope 
and  the  harmonics  were  found  using  a  HP  3.58()A  spectrum 
analyzer. 

\  pure  sinusoidal  ac  current  gives  a  sinusoidal  voltage 
signal  from  the  voltage  contacts  until  the  tiiinspori  current 
exceeds  the  dc  criticid  current  magnitude  I,. .  Far  above  /,.  the 


shape  of  the  voltage  signal  wave  form  changes  to  a  more 
triangular  shape  due  to  the  odd  harmonics  in  the  voltage 
signal.  If  a  dc  offset  current  l^•,.  is  added,  then  asymmetry  can 
be  observed  in  the  V{l)  curve  as  evidence  of  even  harmonic 
frequencies  (Fig.  1,  harmonics  above  and  below  /,.).  Another 
effect  is  a  dc  offset,  so  that  the  curve  progre.ssively  shifts 
away  from  the  zero  axis  (on  the  oscilloscope)  as  the  current 
is  increa.sed  further.  The  dc  voltage  observed  on  a  multimeter 
for  a  dc  offset  current,  is  seen  to  primarily  depend  on  a  shift 
of  the  voltage  curve  from  the  zero  axis,  since  the  deforma¬ 
tion  of  the  wave  form  is  not  as  large  (Fig.  2).  The  transitioti 
for  ac  plus  dc  current  testing  occurs  at  approximately  the 
same  total  current  as  for  dc  alone,  when  using  the  rms  ac 
current  and  if  7,1,.^/,,,. .  This  would  indicate  a  common 
mechanism  generating  the  voltage  signals.  To  examine  for 
frequency  dependence  in  the  effect,  the  frequency  of  the  ac 
current  was  varied  in  the  audio  frequency  range  of  50- 
20  000  Hz  by  the  use  of  an  audio  power  amplifier.  Visible 
changes  in  the  I-V  characteristics  were  not  observed.  I\ 
VOM  was  used  to  measure  the  critical  current  at  the  transi¬ 
tion  for  a  triangle,  sine,  and  square  wave  input.  The  resistive 
transition  occurred  first  for  the  triangle  wave,  then  the  sine, 
and  last  for  the  square  wave.  The  VOM  uses  a  fixed  resistor 
and  a  constant  to  give  the  expected  current,  rather  than  mea¬ 
suring  the  voltage  and  current  and  the  phase  angle  as  in  an  ac 
watt  meter.  Therefore,  the  ratio  of  the  peak  voltage  to  power 
is  lower  for  the  same  current  for  a  square  wave  input  than  for 
a  triangular  wave  form,  and  the  transition  se(|uence  follows  a 
decreasing  ratio. 

We  use  the  critical  state  mode!'’  to  calculate  the  distribu¬ 
tions  of  local  magnetic  field  h  and  current  in  an  infinite  su¬ 
perconducting  slab  (Fig.  3)  carrying  a  transport  current 
7„(/)-/j,,47,„.  cos(wO  (the  magnetic  sii.sceptibility  for 
samples  carrying  dc  +  ac  transport  cm  rent  has  been  experi¬ 
mentally  studied  in  Ref.  5).  Kim's  exprc.ssion 
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FIG,  1.  VfO  for  50  Hz  ac-transport  currents  as  a  function  of  time  (ms)  and 
the  associated  harnronic  frequencies  present  (plotted  as  log  /  vs  frequency 
(u).  Tile  lower  curve  in  (a)  is  for  7=2.85  A  rms  and  shows  mostly  odd 
harmonics  in  the  superconducting  state,  Increasing  the  current  to  7=3.51  A 
rms,  middle  curve  in  (a),  distorts  the  wave  form  due  to  flux  penetration  but 
symmetry  is  maintained.  A  dc-bias  current  of  0,6  A  dc  to  the  middle  curves 
case  gives  an  asymmetric  wave  form  and  increases  tlic  even  harmonics 
upper  curve.  In  (b)  the  associated  harmonic  frequencies  to  the  curves  in  (a) 
are  .shown. 


time 


I'lCi.  2.  V{i)  wave  form  for  increasing  50  Hz  ac  currents,  while  holding  1^. 
nearly  consiant  at  0.0  A.  Sinusoidal  wave  form  symmetry  is  gradually  lost  as 
1^  is  increased  in  steps  4.04  A  (upper  curve),  4,51  A,  5,04  A,  and  finally 
5.30  A  (rms). 
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FIG,  3.  Experimental  setup  showing  the  superconducting  slab.  The  current 
is  driven  in  the  z  direction. 


is  used  to  define  the  field  dependence  of  the  critical  current. 
Here  the  parameter  characterizes  the  reduction  of  the 
critical  current  by  magnetic  field,  and  j^Xi))  is  a  function  of 
temperature.  Maxwell’s  equation 

r)hj^  4  n 

^  =  (2) 

is  solved  with  a  standard  boundary  condition 

h,{d/2)=-{2^lc)l,M.  (3) 

Signs  ±  in  Eq.  (2)  depend  on  the  time-dependent  phase 
of  die  transport  current,  and  d  is  the  slab  thickness.  Here  and 
later  on  we  use  the  linear  density  of  transport  current 
l=J/Lx,  normalized  to  the  unit  of  slab  width  L  , . 

The  quasistatic  solutions  of  Eq.  (2)  may  be  classified  for 
three  different  cases.  The  first  is  u  critical  state  realized  for 
low  transport  currents 

/„«(c-W„/27r)[  /l  +  [47rdy,(0)/e/fo]  -  1  ].  (4) 

in  this  case  magnetic  lield  and  supercurreiits  exist  neat 

the  slab  surface  only.  If  the  inequality  (4)  transforms  to  strict 
equality,  then  the  magnetic  field  reaches  the  center  of  the 
slab.  Higher  transport  currents  give 

(cW„/27r)[\/Y  +  [47rr/;\.(())/c'W|,]-  l]^/„s;;,(0)t/  (5) 

for  the  intermediate  slate.  In  this  case  the  supercurrent  den¬ 
sity  is  not  enough  to  support  the  total  transport  current  in  the 
slab.  The  slab  interior  is  occupied  by  supercurrent,  as  before, 
but  near  the  slab  surface  the  normal  state  occurs  with  a  uni¬ 
form  normal  current  density  higher  than  If  the  trans¬ 

port  current  continues  to  increase,  then  the  boundary  be¬ 
tween  critical  and  normal  states  reaches  the  center  of  a 
sample  and 

())(/,  (6) 

which  is  the  normal  stale  in  the  entire  slab. 

We  present  here  the  final  results  in  the  limiting  case 
using  the  critical  slate  (4),  and  a  low  bias  dc  component  in 
the  transport  current 

27r|/„|/c//„:?l, 
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KIG.  4,  Graph  of  the  function  in  tiq.  (K).  The  ilashed  line  represents  FIG.  5.  The  Finiricr  amplitude:; fln-a,  and h]-hf  used  in  the evaieaiion  of 
the  zero  level,  c?(t)  m  Eq.  (K).  e^{l)  describes  the  additional  voltage  caused  by  ti.e  held 

dependenee  of  eriticid  current  vs  bias  dc  current. 


For  these  conditions  the  electric  field  into  the  slab  may 
be  presented  as  a  sum  of  two  terms 

rrii-di 


4c^y,{0) 


■"■^ac 

et(f)+-~c',(/) 

C/Yp 


ei(f)  =  -sin(a»f)+  |sin(wO|cos(ci»f) 

4  ^  cos[(2A+ 1  )cur] 

— — ilTTF-- 


(8) 


^2(0=Uo+2  co%(kmt)  +  bj^  sin(^:w/)], 
*=  1 


current  /j^.  appears.  It  is  remarkable  that  the  straightened 
voltage  magnitude  in  E{t)  is  linearly  proportional  to  fre¬ 
quency  and  quadratically  in  the  low  (and  cubically  in  the 
high)  ratio  of  the  case  for  the  ac-current  amplitude, 

since  no  frequency  dependence  was  .seen  experimentally. 

In  summary,  a  new  effect  called  ac-current  straightening 
has  been  observed  experimentally  and  explained  theoreti¬ 
cally.  Strong  nonlinear  dependence  of  shielding  supercur¬ 
rents  from  external  magnetic  fields  causes  the  occurrence  of 
high  harmonics  in  the  voltage  signal.  The  field  dependence 
of  the  critical  current  leads  to  stratification  of  the  .sample  into 
a  critical  state  interior  and  a  normal  state  exterior.  Even  har¬ 
monics  and  dc-voltage  drop  appear  for  bias  dc-transport  cur¬ 
rents  01  dc-magnetic  fields. 


where  ei(f)  is  the  main  ac- voltage  signal.  The  shape  of  the 
function  is  presented  in  Fig.  4.  As  can  be  seen  from  Bq.  (8)  it 
contains  odd  harmonics  only.  And  an  additional  term  t'2(0 
appears  because  of  the  dependence  of  the  critical  current  on 
the  local  magnetic  field.’  Its  contribution  to  E{t)  in  Eq.  (8)  is 
small,  since  the  parameter  f277|/„|)/(c//())<  1  [Eq.  (7)].  It  con¬ 
tains  both  odd  and  even  harmonics.  The  dependences  of  the 
Fourier  amplitudes  Up,  u*,  and  b),  on  the  parameter  /jc/^ag 
are  presented  in  Fig.  5.  All  even  harmonic  amplitudes  go  to 
zero  with  /jc— +0,  The  item  r/p  in  Eq.  (8)  corresponds  to  the 
“straightened  voltage  drop.”  It  appears  only  when  a  bias  dc 
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Long-time  magnetic  relaxation  measurements  on  a  quench  melt  growth 
YBCO  superconductor 
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The  decay  of  magnetization  with  time  is  recorded  for  a  quench-melt-growth  processed 
YBa2Cu307_  j  sample.  The  vortex-glass  and  collective  pinning  theories  fit  the  data  quite  well  over 
all  time  regimes  with  an  exponent,  p.,  value  of  0.78.  The  normalized  logarithmic  magnetic  relaxation 
rate,  S,  attains  a  plateau  value  of  0.05,  considerably  higher  than  a  variety  of  samples  which  fall 
within  a  universal  plateau  curve. 


INTRODUCTION 

The  understanding  of  the  pinning  mechanism  is  essential 
for  the  improvement  of  the  critical  current  in  high- 
temperature  superconductors.  A  key  component  that  deter¬ 
mines  the  critical  current  density  J,.  and  the  relaxation  rate  of 
the  magnetization  S  is  the  pinning  energy  U(J).  Measure¬ 
ment  of  the  magnetic  relaxation  A/(r)  has  been  one  of  the 
most  popular  means  of  investigating  pinning  phenomena  in 
high-temperature  superconductors.  The  relaxation  of  magne¬ 
tization  is  usually  interpreted  within  the  framework  of  the 
thermally  activated  flux  flow  (TAFF)  over  an  average  energy 
barrier  U.  In  the  simplified  model,  first  proposed  by 
Anderson,''^  U  is  assumed  to  vary  linearly  with  the  current 
density  J.  In  general,  however,  a  number  of  different  com¬ 
peting  mechanisms  govern  the  interaction  of  flux  lines  and 
defects.^"^ 

A  number  of  articles  have  propo,sed  varying  forms  of 
(/(./),  resulting  in  magnetization  relaxation  with  time  that 
obeys  a  logarithmic  law,^  a  power  law,"*  or  an  exponential 
law.*’  These  analytical  expressions  can  describe  well  the  ex¬ 
perimental  data,  over  a  limited  time  window.  Our  various 
YBCO  samples  show  dependencies  of  Af  [(In  t)]  that  deviate 
from  straight  lines  at  long  times.  More  complex  models,  such 
as  the  collective  pinning  (CP)  theory  of  Fiegel’man  et 
and  the  vortex-glass  (VG)  theory  of  Fisher  et  al.,^'''  predict  an 
interpolation  formula  of  the  form 

Af(t)  =  M(0)[l+(Mni/„)ln(t/O)]-''^.  (1) 

Phenomenologically,  this  implies  a  potential  barrier  of  the 
form 

t/(7)  =  (t/„//z)[(J,,(,/J)'^-l],  (2) 

where  and  J  are,  respectively,  temperature  dependent 
barrier  height  and  critical  current  density  in  the  absence  of 
flux  creep.  The  value  of  the  exponent  p.  is  controversial.  Its 
value  has  been  reported  to  vary  from  0.2  to  2.5,  and  others 
have  even  reported  it  to  be  dependent  on  temperature  and 
applied  field. 

In  the  study  reported  here,  we  have  investigated  the  pin¬ 
ning  mechanism  by  measuring  the  kinetics  of  magnetization 
in  a  crystalline  sample  of  YBa2Cu307  ^  (YBCO  rrr  12.A) 


prepared  by  the  quench-melt-growth  (QMG)  process. The 
sample  is  similar  to  one  whose  relaxation  rates  are  described 
elsewhere.'^  The  QMG  sample  was  produced  by  melting  a 
solid-state  sintered  YBCO  superconductor  precursor  powder 
at  1450  °C,  holding  for  5  min  before  quenching  the  liquid 
onto  a  copper  plate.  The  resultant  glass  was  rapidly  reheated 
to  1150  °C  and  cooled  to  1000  °C  at  200  °C/h.  The  santples 
were  then  cooled  at  a  very  slow  rate  (1  °C/h)  to  ‘MO  “C  in 
order  to  go  slowly  through  the  perilectic  temperature.  Below 
the  peritectic  temperature,  the  reaction  Y2BaCu05  (211)-f  liq 
=  123  occurs,  forming  the  superconducting  YBCO  phase. 
The  main  difference  between  the  present  sample  and  the  ear¬ 
lier  one'^’  is  that  better  temperature  control  was  achieved 
during  processing  of  the  present  sample,  and  the  microstruc¬ 
tures  of  the  two  samples  are  very  different.  The  earlier 
sample  contained  areas  of  inclusion-free  single  crystal  123, 
but  containing  parallel  arrays  of  microcracks.  During  the 
rapid  reheating  of  the  earlier  sample,  there  were  temperature 
oscillations  above  1150  °C  by  as  much  us  25  °C.  The  oscil¬ 
lations  occurred  during  the  first  minute  of  reheating.  The 
higher  temperature  may  have  caused  dissolution  of  the  211 
particles  in  the  melt.  In  contrast,  for  the  present  sample  the 
temperature  did  not  exceed  1 150  °C  and  although  it  contains 
porous  regions,  21 1  and  CuO  inclusions,  it  has  inclusion-free 
single  crystal  123  regions  which  arc  not  rnicrocracked. 


Measurements  of  the  isothermal  magnetization  M  were 
carried  out  for  a  set  of  temperatures  T  between  10  and  70  K 
using  superconducting  quantum  interference  device 
(SQUID)  magnetometry.  The  samples  were  first  cooled  to 
the  measuring  temperature  in  zero  magnetic  field  iZFC.').  A 
magnetic  field  of  0.4  T  was  then  applied,  and  the  magnetiza¬ 
tion,  M(f),  was  recorded  as  a  function  of  time.  Measure¬ 
ments  of  the  decay  of  the  remanent  magnetization  /V/,„|,,  were 
also  carried  out,  but  are  not  reported  in  this  article.  The  re¬ 
sults  for  were  simibir  to  those  obtained  for  t!ie  ZFC' 
procedure. 


EXPERIMENTAL  METHODS 
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Time  (ks) 

1^10.  1.  Decay  of  zero-licld-coolcd  magnclizalion  vs  time  for  7  =40  K  and 
7/=(),4T  (lower  figure).  Squares  leprcsenl  data  and  the  dotted  line  is  the  fit 
using  Eq.  (1),  with  /n=7/y.  The  top  figure  shows  tlic  residuals  between  llie 
data  and  the  fit. 


RESULTS  AND  DISCUSSION 

A  typical  result  of  the  decay  of  the  magnetization  M 
versus  time  at  T=4{)  K  and  H=0A  T  is  displayed  in  Fig.  1. 
This  curve  (and  the  curves  at  all  the  other  temperatures) 
shows  deviations  from  a  logarithmic  law  or  an  exponential 
law  at  the  long  times  (1.4=sr!S400  ks).  The  normalized  loga¬ 
rithmic  rate  S==|r/[ln  A4]/rf[ln  7]|  versus  temperature  is  shown 
in  Fig.  2,  for  a  time  of  si. 4  h  after  the  field  was  turned  on. 
The  time  variation  of  |S|  is  shown  in  Fig.  3.  The  sample  is 
small  enough  for  complete  field  penetration  (verified  by 
Meissner  measurements)  and  the  values  of  S  are  a  suitable 
measure  to  compare  the  pinning  properties  of  different  cry.s- 
lals,  For  most  YBCO  samples,  there  is  a  universal  curve  in 
which  |S|  values  attain  a  plateau  within  the  range  of  0.022  to 
0.038  (shaded  area  of  Fig.  2)  for  the  temperature  interval 
«30-60  K.'**  Crystals  containing  only  small  defects  show  a 
low  and  constant  S  with  temperature.  By  comparison,  our 
QMG  sample  has  a  plateau  with  a  high  value  of  5»=0.05 
which  lies  outside  the  universal  plateau  curve.  A  high  value 
of  S  is  usually  associated  with  the  existence  of  extended 
defects. 


Temperalure,  K 


t'Ki.  2.  Normidi/.cd  logiirillimie  rale  .V  =  |(/|lii(A/)  |/d|  ln(  ( )  |1  vs  temperalure, 
evaluated  at -.S  ks.  I'lie  shaded  area  represents  data  obtained  from  Ref’s.  17 
and  IS. 


6  7  8  910111213 
In  t.  (s) 


E'lG.  3.  I  time  variation  of  the  normalized  logarithmic  rale,  |.V|,  loi  vari¬ 
ous  temperatures. 


The  VG  and  CP  models  fit  the  data  quite  well  over  the 
entire  measured  time  range.  Re.sults  obtained  by  fitting  the 
data  to  Eq.  (1)  (see  Fig.  1)  indicate  that  fi  lies  between  0.7  to 
0.9  in  the  temperature  interv'al  10-70  K,  similar  to  the  values 
observed  by  Ren  and  de  Oroot'‘*  for  a  flux-grown  YBCO 
single  crystal  which  is  described  as  being  heavily  tv/inned 
and  containing  many  defects.  In  contrast,  for  highly  proton- 
irradiated  YBCO  single  crystals,”  and  for  meit-textured 
samples  of  YBCO  Ref.  20,  fi  was  found  to  be  0.5  at  7’=  JO 
K,  reach  a  peak  of  1.4  at  7=30  K,  and  then  drop  back  to  a 
low  value  at  7=60  K. 

The  VG  theory  of  Fisher  et  al.  predicts  that  /t  is  a  uni¬ 
versal  exponent  less  than  1.  The  CP  model  of  Fiegel’man 
et  al,  assumes  weak  pinning  and  proposes  three  different  re¬ 
gimes  of  current  density  J  and  thus  three  different  values  of 
M  depending  on  the  flux  bundle  size.  In  the  three  dimensional 
case,  /u=  1/7  for  the  high  current  region,  yLt=3/2  for  interme- 
diate7,  and  74=  7/9  for  much  lowerV  values.  The  values  of  /i 
obtained  for  our  QMG  sample  have  an  average  value  near 
7/9  for  10ss7's57().  Assigning  a  74  value  from  0.7  to  0.9  does 
not  significantly  affect  the  goodness  of  fit  (correlation  coef¬ 
ficient  r^'='0.998)  for  any  of  the  temperatures.  We  therefore 
analyzed  all  of  our  data  for  a  fixed  value  of  7/9.  This  value  of 
74  is  consistent  with  the  VG  and  CP  models  associated  with 
large  vortex  bundles.  QMG  samples  can  be  considered  as 
nearly  bulk  superconductors  with  weak  links.'"  The  pinning 
energy,  U^„  obtained  from  our  fits  is  approximately  constant 
at  0.043  eV  for  the  temperature  interval  10  to  30  K,  and  rises 
to  over  0.1  eV  at  70  K.  This  behavior  is  different  than  that 
found’'^'  for  single  crystals  where  6/,)  continued  to  decieasc 
as  the  temperature  was  lowered  below  30  K. 

In  summary,  we  have  measured  the  magnetic  relaxation 
of  a  QMG-processed  YBCO  crystal.  Wc  have  found  that  CP 
and  VG  models  fit  our  data  quite  well.  The  value  of  74  is 
controversial,  with  the  different  /.i  values  found  in  the  litera 
turc  appearing  to  depend  on  the  technique  of  mea.suremeiU 
and  method  of  sample  preparation.  The  data  obtained  here 
over  a  wide  temperature  range  from  cither  M{t)  and  A/ „,„(/) 
is  in  agreement  with  for  our  sample,  as  predicted  by 

the  collective  pinning  theory,  and  is  consistent  v;ilh  the  VG 
model  for  large  vortex  bundles. 


J.  Appl.  Phys.,  Vol.  76,  No.  10.  15  November  1994 


Betinetl  el  al. 


6951 


ACKNOWLEDGMENT 

We  wish  to  thank  H.  Brown  for  technical  aid  with  the 
SQUID  measurements  and  data  reduction. 

'P.  W.  Anderson  and  Y.  B.  Kim,  Rev.  Mod.  Phys.  36,  39  (1964). 

^M.  R.  Beasley,  R.  Labuseh,  and  W  W.  Webb,  Phys.  Rev.  181,  682  (1969). 
’D.  Shi  and  S.  Salem-Sugui,  Jr.,  Phy.i.  Rev.  B  44,  7647  (1991). 

■“M.  E,  Smith,  Oonglu  Shi,  S.  Sengupta,  and  Z.  Wang,  Appl.  Supcrcond.  I, 
151  (1993). 

^E.  Zcldov,  N.  M,  Amer,  G.  Koren,  A.  Gupta,  M.  W.  McElfresh,  and  R.  J. 
Gambino,  Appl.  Phy.s.  Lett.  56,  680  (1990), 

"A,  M.  Campbell  and  J.  E.  Evetts,  Adv.  Phys.  21,  199  (1972). 

^S.  Sengupta,  D,  Shi,  Z.  Wang,  M.  E.  Smith,  and  P.  J.  McGinn,  Phys.  Rev. 
B  47,  5165  (1993), 

“M.  V.  Fcigel’man,  V.  B.  Geshkenbein,  A.  I.  Larkin,  and  V.  M.  Vinokur, 
Phys,  Rev.  Utt.  63,  2303  (1989). 

^M.  V,  Fcigcl’man,  V.  B.  Geshkenbein,  and  V.  M.  Vinokur,  Phys.  Rev.  B 
43,6263  (1991), 

"'D,  S,  Fisher,  M.  P,  A,  Fisher,  and  D,  A.  Husc,  Phys.  Rev.  B  43,  130  (1991). 
"j.  R.  Thompson,  Y.  R.  Sun,  L.  Civale.  A.  P.  Malozcmoff,  M,  W.  McEl- 


fresh,  A.  D.  Marwick,  and  F.  Holtzbcrg,  Phys.  Rev.  B  47,  14440  (1993). 
'^C.  Dckkcr,  W.  Eidelloth,  and  R.  H.  Koch,  Phys.  Rev.  Lett.  68.  3347 
(1992). 

”  Y.  Y.  Xue,  L.  Gao,  Y.  T,  Ren,  W.  C.  Chan,  P.  H.  Hor,  and  C.  W.  Chu,  Phy.s. 
Rev.  B  44,  12029  (1991). 

'■‘Y.  Ren  and  P.  A.  J.  de  Groot,  Cryogenics  33,  357  (1993). 

'■'V.  Calzona,  M.  R.  Cimberle,  C.  Fcrdeghini,  E.  Giannini,  G.  Grasso,  M. 

Putti,  A.  S.  Siri,  and  F.  Licci,  Supcrcond.  Sci.  Tech.  6,  771  (1993). 

“’J.  M.  Habib,  H.  M.  Seyoum,  L.  H.  Bennett,  L.  J.  Swartzendruber,  and  J.  E. 

Blendcll,  Mod.  Phys.  Lett.  B  8,  351  (1994). 

'^M.  Turchinskaya,  L,  H.  Bennett,  L.  J.  Swartzendruber,  A.  Roitburd,  C.  K. 
Chiang,  M.  Hill,  J.  E.  Blendcll,  and  K.  Sawano,  Mater.  Res.  Soc.  Symp. 
Proc.  169,  931  (1990). 

‘"A.  P.  Malozcmoff  and  M.  P.  A.  Fisher,  Phys.  Rev,  B  42,  6784  (1990). 
”H.  G,  Schnaek,  R.  Griessen,  J.  G.  Lensink,  C.  J.  van  der  Beck,  and  P.  H. 
Kes,  PhysicaC  197,  337  (1992). 

^’Y.  R.  Sun,  J.  R.  Thomp.son,  Y,  J,  Chen,  D.  K.  Christen,  and  A.  Goyal, 
Phy.s.  Rev.  B  47,  14481  (1993), 

Y.  Xu,  M.  Suenaga,  A.  R.  Moodenbaugh,  and  D.  O.  Welch,  Phys.  Rev.  B 
40,  10882  (1989). 


6952  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Bernett  et  al. 


Surface  barriers  and  two-dimensional-collective  pinning  in  single  crystal 
Ndi,85Ceo,i5Cu04_^  superconductors 
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Wc  report  detailed  magnetization  studies  on  a  single  crystal  Nd|  K5Cc,i  i5Cu04..^  superconductor  in 
the  magnetic  held  parallel  to  the  c-axis  direction.  Two  characteristic  peaks  are  observed  in  the 
magnetization  data,  corresponding  to  surface  barriers  and  two-dimensional  (2-D)  collective 
pinnings.  The  critical  currents  corresponding  to  the  maxiinum  and  minimum  widths  in  the  hysteresis 
loops  increases  with  decreasing  temperature  exponentially.  Wc  propose  that  the  fishtail 
magnetization  in  this  compound  is  due  to  the  presence  of  a  surface  barrier  and  the  pinning  of 
collective  2-D  vortices,  The  initial  peak  in  magnetization  is  due  to  the  presence  of  Bean-Livingston 
surface  barriers  and  the  larger  peak  in  M  at  higher  H  corrc.sponds  to  2-D  pinning. 


The  study  of  vortex  pinning  in  the  high  7’,.  cuprate  sys¬ 
tems  is  of  great  interest  in  terms  of  both  fundamental  phy.sics 
involved  and  application  of  these  materials  as  current- 
carrying  devices.  One  of  the  many  interesting  features  ob¬ 
served  in  the.se  compounds  is  the  so-called  fi.shtail 
magnetization.'  The  critical  current  defined  as  the  width  of  a 
hysteresis  loop  at  a  given  temperature  increases  with  increas¬ 
ing  field,  This  effect  has  oecn  observed  in  .several  high  7’,. 
rnateiials,  including  YBCO,  BISCO,  and  a  T1  compound.'  ^ 
However,  the  mechanism  for  this  behavior  is  still  controver¬ 
sial. 

In  this  work,  we  report  extensive  magnetic  mea.surc- 
ments  performed  on  a  low  single  cry.stal 

Ndi  n;,Cei),i,sCu04..,5 superconductor.  The  magnetization  (A/) 
measured  as  a  function  of  field  shows  a  similar  fishtail  char¬ 
acteristics  in  //||c-axi.s  direction.  At  high  temperatures,  M  is 
nearly  zero  for  a  certain  range  of  fields  in  the  descending 
branch  of  a  hysteresis  loop.  At  low  temperatures,  pinning 
becomes  increasingly  important.  The  critical  currents  defined 
at  the  minimum  and  maximum  widths  of  the  magnetization 
loop  can  be  well  fit  with  an  exponential  temperature  depen¬ 
dence,  7,. =J„  exp(-7'/7’|)).  We  propose  that  the  anomalous 
fishtail  magnetization  is  due  to  surface  barriers  and  pinning 
of  the  collective  two-dimensional  (2-D)  vortices. 

Single  crystals  of  Nd|  x5Ce„5Cu04  .,5  are  grown  using  a 
directional  solidification  technique.'*  Several  crystals  are  used 
in  the  mea,surement,  with  average  dimensions  of  1X1X0.02 
mm.  Extensive  measurements  were  made  on  one  crystal  with 
a  of  21  K.  The  magnetic  transition  width  measured  at  1  G 
with  zero-field  cooling  is  about  1  K.  Measurements  are  per¬ 
formed  using  a  Quantum  Design  magnetometer  with  low 
field  options.  After  de-Gaussing  and  magnet  resetting 
(quenching),  the  remanent  field  is  typically  .‘i-lO  mG.  Mea¬ 
surements  reported  here  are  for  the  /7||c  -axis  configuration. 

Shown  in  Fig.  1  are  magnetic  hysteresis  loops  taken  at 
constant  temperatures,  /'=  17,  13,  and  7  K,  respectively.  The 
overall  shapes  are  similar  to  each  other,  but  sonic  differences 
are  clearly  visible.  At  7'=  17  K,  shown  in  Fig.  1(a),  the  mag¬ 
netization  loop  forms  a  complete  fishtail.  Three  characteristic 
regimes  are  clearly  observed  in  the  field  ascending  branch.  In 


the  first  regime,  the  magnetization  decreases  linearly  with  the 
lielil  initially  (the  Meissner  state);  in  the  second  regime,  M 
increa.scs  sharply  toward  zero  i'rom  the  Meissner  state  and  is 
followed  by  an  almost  constant  magnetization  for  50  G<H 
<100  G;  in  the  third  regime,  M  decreases  again  with  in¬ 
creasing  77,  followed  by  an  eventual  increase  to  almost  zero 
with  an  increasing  field.  In  the  field  descending  branch,  three 
field  ranges  with  alniost-niirror-imagcd  magnetization  are 
observed.  However,  in  the  corresponding  second  regime,  the 
magnetization  is  almost  zero,  rather  than  a  constant,  as  seen 
in  the  field  increasing  direction.  At  low  field,  the  magnetiza¬ 
tion  increases  monotunically  with  the  decreasing  field. 

At  a  lower  temperature,  7'= 13  K,  as  shown  in  Fig.  1(b), 
the  magnetization  curve  is  somewhat  different  from  that  of 
17  K.  The  maximum  sweeping  field  is  increased  in  1  kG.  The 
relatively  shtirp  peak  in  the  third  regime  in  Fig.  1(a)  is  re¬ 
placed  by  a  broader  M{H)  dependence  at  this  temperature. 
The  magnetization  in  the  second  regime  in  the  field  descend¬ 
ing  branch  remains  close  to  zero,  followed  by  increasing  M 
at  a  lower  field.  At  very  low  temperature  T—1  K,  shown  in 
Fig.  1(c),  the  differences  are  more  pronounced.  The  magne¬ 
tization  at  field  up  to  2  kG  is  very  broad.  In  the  descending 
branch,  the  minimum  M  is  finite  rather  than  close  to  zero. 

To  quantify  the  anomalous  field  dependence  of  the  mag¬ 
netization,  we  define  .several  characteristic  parameters.  For 
ca'  h  hysteresis  loop,  there  are  two  well-defined  critical  cur¬ 
rents.  One  critical  current  7,„„x  corresponds  to  the  maximum 
width  at  77,„,|,  in  the  third  regime.  The  other  7,„||,  can  be 
delined,  corresponding  to  the  minimum  width  in  the  second 
regime.  The  critical  current  can  be  obtained  by  using  the 
standard  expression  ,7  =  A/V7/(2/)  wheic 
AA/  =  |A/  (77)  — Af  I  (77)1  and  r  is  the  effective  radius  of  ihe 
specimen.  In  the  following  discussion,  we  will  use 
and  obtain  the  temperature  dependence  of  .7  from  A/W  di¬ 
rectly.  The  temperature  dependence  of  these  two  widths  are 
plotted  in  Fig.  2.  The  solid  lines  are  tits  to  the  expression  of 
.7 -,7„  exp(-7/7',|).  where  di,  is  the  zero  temperature  critical 
current  and  l/f',,  is  the  slope  of  the  lit.  The  values  obtained 
for  7',,  are  4  and  2  K  for  maximum  :md  minimum  width, 
respectively.  The  zero  temperature  critical  values  arc  tiic 
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FIG,  1.  Magnetization  hysteresis  loop  at  (a)  7  =  17  K;  (b)  T  =  13  K;  and  (c) 
7’=7  K  in  the  //|lc-axis  configuration. 


same  within  the  expi  -imental  errors.  The  inset  shows  the 
temperature  dependence  of  the  maximum  peak  field.  The 
solid  line  is  a  fit  to  In/fmjx”'''  <  with  /fo“3  kG 

and  r,=7  K. 

The  crossover  from  the  minimum  to  maximum  magneti¬ 
zation  can  be  characterized  by  a  crossover  field  when  M 


FIG.  2.  in  AM  as  a  function  of  temperature  for  both  AM,„„  and  AM„,i„. 
The  lines  are  fits  to  In  AM  =in  A/.f,, -  /  //’n .  The  inset  is  a  plot  of  In 
vs  7'  and  the  line  is  a  fit  to  In  //„  -  TIT | . 
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is  in  the  middle  of  M,,,!,,  and  M|,ias'  very  close  to. 

each  other  in  both  branches.  The  tempcriiturc  dependetice  of 
f/j.  is  plotted  in  Fig.  3.  At  high  temperature,  W,.  increases 
with  decreasing  T\  at  lower  temperatures,  tends  to  satu¬ 
rate.  The  solid  line  is  a  two-variable  fit  to 
-(777;,)^].  The  fit  gives  a  77,(())-44()  G  and 
rx.=21  K,  which  is  exactly  the  same  as  the  determined 
from  magnetic  and  transport  measurements.  '1  he  same  7,.  is 
obtained  front  a  linear  extrapolation  of  the  liigh  temperature 
data. 

The  exponential  temperature  dependence  of./  is  of  inter¬ 
est  here.  The  result  is  consistent  with  a  general  collective 
pinning  theory,  with  the  current  near  its  critical  slate.''''’  The 
theory  predicts  a  nonlinear  logarithmic  time  decay  of  the 
current  density,  /(f)  =  ;,.[l+(/j.7'/t7,.)ln(l +f//„)]  where 
j,.  is  the  zero  temperature  critical  current,  (/,.  is  the  barrier 
height,  I  is  the  cxperinienlul  measuring  lime,  and  l//(,  is  a 
characteristic  frequency.  In  a  typical  SQUID  nieasurenient, 
'=100  s  and  f/fo—io''’.  In  the  single  vortex  pinning  regime, 
l/>=7  and  exp(-7'/7,)),  with  7',)=t/,./ln(f/f,|),  The 

exponential  dependence  is  only  expected  when  •  If 
the  current  density  has  a  power-law  dependence  on 
temperature,  7(0'~j,.[(7Vf/,.)ln(//f|,)]  Wc  have  also  tried 
to  fit  the  critical  currents  with  the  power-law  dependence;  we 
obtain  the  exponent  IZ/z  to  be  2  and  3.8  for  and  ./mi,,, 
respectively.  However,  it  is  noticed  that  power-Uiw  fit  is  not 
as  good  as  that  of  exp(— 777||). 

The  collective  pinning  theory  predicts  l//u.=7  in  the 
single  vortex  regime;  j  in  the  small  vortex  bundle  regime; 
and  y  in  the  large  vortex  regime.  It  has  been  proposed  re¬ 
cently  that  the  fishtail  magnetization  is  due  to  the  cro.ssover 
of  different  pinning  regimes.'^  The  small  M  is  due  to  the  fast 
relaxation  of  single  vortices,  and  large  M  is  due  t>'  slow 
relaxation  in  the  vortex  bundle  regimes.  However,  our  data 
clearly  indicate  lack  of  correspondence  in  the  exponents  \,',a 
with  .  >0  theory.  The  discrepancy  suggests  the  inadequacy  ol 


6954  J,  Appl.  Phys.,  Vol.  76,  No  10.  15  November  1994 


?uo  et  at. 


applying  the  model  to  explain  the  fishtail  shape  of  magneti¬ 
zation. 

The  anomalous  magnetization ;  an  also  be  derived  from  a 
model  where  the  order  parameter  is  reduced  substantially  at 
the  high  field.  For  example,  a  region  of  lower  7,.  phase  can 
become  a  strong  pinning  site  once  the  external  field  is  of 
order  of  H^2  of  that  low  phase.  This  can  be  realized  in  the 
YBCO  system,  where  T^.  depends  strongly  on  local  oxygen 
stoichiometry.  In  the  low  T^.  Nd|  85Ce(i  i5Cu04_  ,5  compound, 
Tc  does  not  change  appreciably  with  oxygen  content.  The 
local  T^.  fluctuation  model  is  not  appropriate  liere.  This  pic¬ 
ture  is  supported  by  the  temperature  dependence  of  the  cross¬ 
over  field  If  the  large  peak  at  high  field  were  due  to 
another  lower  phase,  should  be  of  order  of  W,,2.  The 
temperature  depen.lence  of  would  determine  the  7,  of 
this  phase.  In  this  case,  the  fitted  7^  being  exactly  the  same 
as  that  of  the  bulk  indicates  the  absence  of  spurious  low 
7^  structures  in  this  crystal.  The  temperature  dependence  oi 
peak  field  is  in  sharp  contrast  with  the  “lattice  match¬ 
ing”  model,  where  a  peak  in  M  occurs  when  the  vortex 
density  is  matched  with  that  of  defects.  However,  in  this 
model  the  peak  field  should  not  change  with  temperatuie. 
The  exponential  7  dependence  of  excludes  the  lattice 
matching  effect. 

We  propose  that  the  fishtail  magnetization  is  a  result  of 
surface  barriers  and  the  pinning  of  correlated  2-D  pancakes. 
The  effects  of  surface  barriers  have  been  considered  by 
Chikomoto  and  Kopylov  earlier.'’^  The  difference  between 
this  model  and  the  previous  model  is  that  we  believe  the  2-D 
nature  is  very  important  here.  The  minimum  magnetization 
in  the  second  regime  is  due  to  the  combination  of  surface 
barriers  and  fast  relaxation  of  single  vortex  lines.  The  in¬ 
creasing  magnetization  with  increasing  field  is  due  to  the 
slow  relaxation  and  large  pinnings  of  correlated  2-D  vortices. 

The  presence  of  surface  barrier  is  evident  from  high  tem¬ 
perature  hysteresis  loop  measurements.^  The  rapid  decrease 
in  magnetization  in  the  second  regime  in  the  //-ascending 
direction  is  consistent  with  a  surface  barrier  model,  where 
4irM  =  //  -  for  H>HpP  At  low  7,  finite 

pinning  has  to  be  considered  to  evaluate  M.  The  penetration 
field  Hp  increases  with  decreasing  7.  The  data  can  be  fit  with 
//^=//o  e:';p(-7/7o).  The  result  implies  that  the  magnetic 
penetration  is  in  the  form  of  2-D  pancakes  rather  than  3-D 
flux  lines.  At  small  field,  vortices  penetrate  the  surface  bar¬ 
riers  in  the  form  of  2-D  pancakes.  The  Josephson  and  mag¬ 
netic  interaction  align  the  pancakes  in  different  planes  once 


they  are  inside.  Magnetic  relaxation  is  determined  by  the 
combination  of  surface  barriers  and  single  vortex  line  pin¬ 
ning.  At  high  field,  the  collective  pinning  lengths  in  the  plane 
L^i,  increases  with  field.  If  L^i,  is  greater  than  the  Josephson 
length,  the  motion  of  vortices  will  be  dominated  by  2-D  col¬ 
lective  pinnings.  The  collective  pinning  will  increase  the 
number  of  pinning  centers,  thus,  the  pinning  energy  and  the 
effective  critical  current.  Measurements  of  magnetic  relax¬ 
ation  as  a  function  of  field  at  a  given  temperature  confirms 
the  different  relaxa'ion  mechanisms  at  different  fields.^  We 
attribute  the  rising  of  magnetization  at  high  field  to  large 
collective  pinning  of  2-D  vortices  and  their  slow'  relaxation 
from  a  critical  state. 

In  summary,  we  have  rep(<rted  detailed  magnetization 
studies  on  a  single  crystal  Nd;  k^C'c,,  i<,('u04  ,,  superconduc¬ 
tor.  The  magnetization  in  the  H  parallel  to  c  direction  shows 
the  anomalous  fishtail  field  dependence.  The  temperature  de¬ 
pendence  of  characteristic  critical  currents  ./i,,,, .  and 
the  crossover  field  //,  rules  against  the  3-D  collective  pin¬ 
ning  model,  as  well  as  the  oxygen  deficiency  model.  We 
suggest  that  the  fishtail  magnetization  is  due  to  the  combined 
effect  of  surface  barriers  and  collective  pinning  of  2-1)  vor¬ 
tices. 
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On  vector  generalization  of  the  critical  state  model  for  superconducting 
hysteresis 

I.  D.  Mayergoyz 

lh'[>artnu’nl  of  i.n)<tiurrof,i  and  ItiMilitiv  for  .\di ani  fd  (  Sliiilir\.  I  'ni\rr\il'  ol 

Maryland.  Collvf’e  Park.  Maryland  20741 

The  critical  stale  model  lor  supereoiiduelinj;  hysteresis  is  based  on  an  analyiieal  study  ol  ilie 
penetration  of  eleetromagnetie  fields  into  hard  su|K-rconduelors.  In  the  lileiaiuri'.  this  sUidv  has  been 
carried  out  for  linear  and  circular  (roiari/atioiis  ol  electromagnetic  fields  In  the  i)a|H.‘r.  the  attempt 
is  made  to  extend  this  study  to  arhitrars  electromagiieiic  field  (>olari/alions,  skIiicIi  c.m  he  treaied  .is 
perturbations  of  circular  ixilari/ations  Anoihet  distinct  teature  ol  our  work  is  that  this  extension  is 
carried  out  for  gradual  resistive  transitions  ilescrihed  In  the  ''|x>wei  l.iw  " 


Most  of  the  lileraiure  on  the  critical  state  model  is  con 
cerned  with  scalar  suiKrconductiiig  hysteresis  Ibis  is  Iv 
cause  the  study  of  vector  hysteresis  requires  tfie  insestigatiiMi 
of  penetration  ol  electromagnetic  fields  into  sujK’icoiuluctois 
for  the  case  when  diese  tielcK  are  not  hm-arU  |tolati/esl  Ibis 
is  a  very  difficult  analytical  piolilem  ifiai  requires  the  solu 
ttoti  of  coupled  nonlinear  patttal  dillerenlial  eqiiaiions  this 
problem  has  Ircen  si  ived  oiilx  tor  i  irtulat  |xilariy.iiion  in  the 
case  of  ideal  Ishaipl  resistive  transition.'  as  well  as  m  the 
case  of  gradual  resistive  transition  descnlH'd  h\  tin-  '  js..nei 
Saw." 

In  this  paper,  we  ciuisidei  vecloiial  ixrlaii/.itioiis  ol  elec 
tromugnetic  fields  that  can  Ih;  treated  as  |x'rluil>ations  ol  cii 
cular  polari/ations.  We  also  consider  gradual  resistive  ii.nisi- 
lions  that  are  usually  dcsctlf>ed  hy  tfie  lollowmg  ixiwci 
law:” 

E-Ulk)"  (ri  -1).  Ill 

Here  /•-'  is  an  electric  field.  ./  is  an  electric  current  derisiiv. 
and  k  is  some  parameter  that  ciMirdinates  the  dinteiisions  o| 
both  sides  in  L-iq.  1 1 1. 

In  the  vectorial  form,  the  (xiwei  law  can  l>e  written  as 
follows; 

./,  s/-.;  ‘  .  ./,  A.  ■  •  /  ;  i'  '  ‘/ 

'  J  ' 

The  exponent  "n"  is  a  measure  ol  tfie  sharpness  of  the 
resistive  Iransilion  and  it  may  varv  m  the  i.mge  4  liKMl  At 
first,  the  (xiwer  law  was  regarded  oiilv  as  .m  empirical  dt 
scriplion  of  the  resistive  ttansilion  Kecentlv,  there  has  lx:eii  .i 
considerable  research  effort  to  iheoieticallv  jusiilv  tlie  tvowet 
law-  'ITie  related  discussion  can  K'  found  in  Kels  r  In  itns 
paper,  the  [Xiwei  law  is  used  ,is  .i  constitutive  equati.in  lor 
bard  sujK’rconductois 

5o  start  the  discussion,  considei  .i  p  mu  elec iroin.igiu Ik 
wave  |>enclialing  su|x-rc<'nducting  h.dl  space  li  I  he  ii'.tg 
netic  field  on  the  Ixuind.iiv  o|  tins  li.ilf  sp.icc  is  s(Hciliid  as 
follows 

//,! It, r  1  //„!  cosi  (.1/  ■  1  I  ■  <  '  •  I  • 

//,in,r  I  //,!  siiii  (,(f  ■  s  1  •  f  r  1(1 

where  r  is  some  small  p.ii.iiin  tel  whdi  '  i(i  ino  '  tii  iii 
given  iH'iiislic  lunctiniis  ,>|  nnu  h  o  ipp  iu  n  Oi.m  itns  (>| aiu 

wave  can  Ik  consirueil  .is  .i  js  ttuil'.iiu  .n  .-t  On  .M.iil.iitv 


polaii/ed  pl.me  vv.ive  Uy  using  the  M.ixwcll  equations,  we 
find  that  tlic  distid'ulion  ol  electric  licid  in  hall  space  ;  dl  is 
governed  hv  the  lollowing  coupled  nonlinear  parti, il  differ 
eiilial  equations 


■'  1 , 

.o' 

.-/,(/  ,  ./  1  1 

,‘t  ■<: 

o./  1/  ,  ,  1 

.  I4i 

.ul>|ect  lo  ihc 

t'louiid.iiv  conditions 

■I  . 

1 11  r  1 

P. .//-,!  “1  COSI  hll  * 

V  1  •  »/,'l  /  1  |. 

(S. 

•1  . 

(U.r  1 

/I  |,//,„|  Ml  sini  ml  • 

yi  •  »/,'!/ 1). 

Uil 

/  ,1  >  1  / 

,1  >  1  tl 

|7) 

Next,  vve  shall  lixik  fin  the  I'etiiKfic  solution  ol  the  Ixiundaiy 
value  prof’lem  i4i  i’’!  in  the  lollowing  lorm 

/  .1  1  /  "i  1  •  »i  ,1 . ./ 1. 

IK) 

/  ,1 : 1  /  ,  I  .'.r  I  •  n  ,  i : ' 

U>  siilvsiituiing  expressions  iXi  uiio  I  i|s  (4i  .md  Ivumdaiv 
londilioiis  iKi.  ,md  cqti.iting  tlie  teims<i|  like  povveisol  t.  we 
arrive  al  tlie  lollowing  Isnind.iiv  v  .due  piohlems  lor  /  ”,  I 
and  < 


o  / ;  ../,i/;./  1  ,1  /  ■'  .T,i/",/';i 


/*> 

I'll 

'/  . 

1  ()./  1 

,JI..  C  osl  (III  ■ 

-/ 

■  it  /  ) 

l■•(l SIIII  • 

>  • 

1  itn 

/  . 
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II 

'111 

< 

./ 

•1 

• 

H 

1  1  ■. 

1  1 
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■1 

./ 

** 
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■  / 

f 

•  \ 

1  , 
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KV*  ’*v  '  'f  iVVx4^  'M 


'  A  ■  iMK  t  P»' 


(241 


tlx  f>: 

114) 

<•,(  *  )  =  )-■(•■  I  l.‘’l 

The  hiiundary  value  problem  ('>)  (111  ilescrilK’s  (he  penetra¬ 
tion  of  a  circuiurK  |N>laii/ed  plane  \vave  into  the  su|K-reon- 
dueting  half-space  Ihe  solution  ol  this  prolrlem  has  iK'cn 
found  in  Ref  2  loi  the  ease  vs'en  the  initial  phan'.  y,  is 
such  that  the  initial  phase  of  K"  on  Ihe  U>undai\  i:  01  is 
eejual  to  zero,  this  solution  is  gisen  b>  the  tolloumg  ex|'res 
sums 


Z.I  >  /  ,  1 

eosj 

it'i  *  /h  z  1 1 . 

1  Iro 

Z.,  1  /  _  1 

sin| 

I'll  ‘  -  1  j. 

1 1?) 

*  \2/|(/l  •  1  H  4/1 

•  1 1’ 

*11 

<r-  A/:' 

1  IKI 

X  ll//i,,</..l  II 

1  1 

Hi: 

1  ii"  im  1  z  z., 

1. 

1  19l 

2 II 1  n  • 

)  1 

<1 

(:(t) 

II  1 

II  1 

and  .  can  Ik  found  from  Ihe  eifualion 


(ft  e.r )  ^i’,!  )  +  le,  (  e.r ), 


ijiiz.i  I  -  <’,(  z.i)  u\(  z.n 


Hy  using  these  slate  variables,  and  some  simple  liaiisfoima- 
tions.  we  can  repieseni  l'(.)s  i22i  and  (24)  in  the  following 
form 


1  •  ;i 
<1/  1  II 


1  II 
2/1 


'll 


1  •  II 
1  II 


111 


1  2()  1 


Assuming  that  lunctions  /  ,(/)  and  /  ,(/)  in  i/ouiulais  condi¬ 
tions  Il4i  aie  funclion  of  half-wave  s\nirnelr\  (the  case  dial 
IS  usualK  ol  the  most  practical  interest i.  we  conclude  that 
<',(•'.()  and  (',(;./)  ssill  als*i  l>e  Ihe  tuiiClions  ol  liall-wave 
svmmeliy  for  this  leason.  we  will  use  the  following  I ourier 
senes  li>t  ifiz.l)  and  il\z.l). 

4^1-0  ^  (f (27) 

k 


!<i  ‘  *  Hi" 

//,  -  A,  (2i) 

Hy  substituting  (  Wti  and  ( 17)  nuo  i-.qs  ( 12)  and  ( 1.4)  and  by 
using  expressions  (2),  after  simple  but  somewhat  lengthy 
transformations  we  arrive  at  the  tollow'ing  equations  for  i\ 
and  I', 


(//(;./)--  S  (//,!,  I  (Or'"-’* . "■  (2«) 

i 

It  is  clear  from  (24).  (27),  and  (2S)  that 

(f**,i(z)  =  0  2*  i(^)-  (/'JiH 2*  i(^)'  (2y) 


ih' 


f<ii<r„l  1 


(/ 

ill 


I  t  n 
2n 


I  11 

♦  ,  cosj  2  (III  t  2tMz  I 


where  the  superscript  means  a  complex  conjugate  quan¬ 
tity. 

By  substituting  (27)  and  (28)  into  (25)  and  (26),  and  by 
equating  the  terms  with  the  same  exponents,  after  .simple 
transformations  we  derive 


1/1 

y  :.inl  2 tut  *  2  0(  Z  )  |<',(Z,/ ) 


(22) 


[  z\‘r/V2i+i 


d'f.lr.r ) 

... 


-iXzk+i 


^‘Pzk+l 
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.  1  /I 

>ciil  1  _  '  sin(  2<i/r  I  2f)(z  )  le,(z,/) 


1  *  /I  I  II 

•  !  ,  ,  cod  2(ul  *  2  l/i  z ) 

2/1  2/1 

i-qualions  i22i  and  (2’i  aie  coupleil  linear  partial  differential 
equations  of  paiatsilu  iy|K‘  with  .i  variable  in  lime  and  space 
coefttcienis  UV  would  like  to  find  die  [Ktiodie  solutions  of 
these  equations.  suli)cci  to  (he  iMiuiidatv  conditions  (14)  and 
(15l  to  this  end.  we  iniKKiuee  new  complex  valued  stale 
V  41  tables 


z,)/  ~dr~~ 


‘X2t  1 

"V'2*  1  + 

\ 

Z 

1  -  —  (P211  1  1 

\ 

^(1/ 

(A  =().■>  1,±2....). 

where  wc  have  introduced  the  following  notations: 

1  (-  /I  1-/1 

“  ^  .V:»  .  I  -  (2A  +  1  )<iJjU||(r„,  . 


(30) 


(31) 


(32) 


J  AfJCt  P^rS  '-o!  rf:  Nl 


'0  ’  Ncveir.tifii  1 994 
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Thus,  we  have  reduced  the  problem  of  integration  of  partial 
differential  equi'.ions  (2.‘')-(2h)  to  the  solution  (d  infinite  set 
of  ordinary  differential  equations  with  respect  to  Fourier  co¬ 
efficients  ,  I  and  j  , .  The  remarkable  property  of  these 
simultaneous  equations  is  that  they  arc  only  coupled  by 
pairs.  It  allows  one  to  s*iive  each  pair  of  these  coupled  equa¬ 
tions  separately.  After  if  ,, , ,  and  )/r,j  ,  are  found,  we  can 
compute  ufr.r)  and  i/Ae.r),  and  then  <■,(;./)  and 
Another  siiiiplilication  is  that  according  to  (2't)  it  suffices  to 
vilvc  coupled  equations  i.ftl)  and  t.'l)  oiih  tor  non-negative 
values  of  k 

We  shall  seek  a  stilytion  of  the  coupled  equations  (fill 
and  i.^l)  in  live  form 

.  ii 

If  ;4  .  I  I  r  I  'T’l  .  1  M  _  ,  . 

<  tl 

(.VU 

ti 

il>.,  ,  /f.4  ,M  ‘  i 

n 


Hy  substituting  t.T^l  into  l.Vt))  and  we  end  up  uith  the 
following  siniiiltuncous  homogeneous  equations  with  respect 
to  A, 4,  I  and /f-4  j 

* *  A  .’1  ‘  i^id^  ■  I  '.f  ;i '  I  d.  (.A4) 

'AO*  imV':*'iM(/^  '-<*"1*  '-'‘"1 

-'A:*  1  •  ».  t.A.S) 


The  alxive  homogeneous  equations  have  a  nonzero  solution 
for  A  ij ,  1  and  Wi*  1  if  and  tinly  if  the  corrcs(x)nding  deter¬ 
minant  is  equal  to  zero.  This  yields  the  following  character¬ 
istic  equation  for  /?: 

-iX2k-i4a]  +  X2k  iXlk  |2u=d.  (.v>) 


From  expressions  (32)  and  (18),  we  find 


Af2*+l2o« 


{2tt-t-l)(.3/i  H  )(/!-(- 1) 

(^l7 


(37) 


4  (4A^-l)(3n+l)(«  +  l) 
ACZ*  *- 1^^211 -1^(1 


From  the  last  two  expre,ssions,  we  conclude  that  the  coeffi¬ 
cients  of  the  characteristic  equation  (36)  depend  on  the  ex¬ 
ponent,  n,  of  the  power  law  and  k.  Consequently,  the  roots  of 
this  equation  also  depend  only  on  n  and  k.  It  can  be  proven 
that  the  above  characteristic  equation  has  two  oots  Pi{n.k) 
and  with  positive  real  parts.  After  these  roots  arc 

found,  the  solution  of  coupled  equations  (30)  and  (31)  can  be 
represented  in  the  form 

(P2*  I  1(1-  ,(  1  -■  (39) 


I  z 

<j':k  I  1-r 

'  ^11 

,  /i;  (Jrt" 

I  1  -  J  1  .  (40) 

where,  for  the  sake  of  luitational  simplicity,  we  have  omitted 
the  dependence  of  /i,  and  on  /i  and  k. 

l-foin  Uiutuiary  conditions  1 14)  and  expressions  (21*;  and 
I.A4).  we  ohiain  the  lollowing  equations  for  ,A';.(’,  ,.  AV^’,  ,, 


li\\’  |.  and  li 

,t  Jl 
.'1  1  • 

,  * 

’*'.  1  Mm//™' 

^  f\  .  1  *  '/i 

(41) 

(/i,  /2(T')2 
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M/j;  /.!*r 

l2i,/f  1 

C  .■! 

1  '  /  »  :  *  ) 

). 

(42) 

(/t;  /y, 

'  \  .1 

■  I  -  '*  ■  1 

'  ( :*  ■  1 2ii/(  -4 

1  •>. 

I4.A) 

i/fl  fi: 

>  \  :* 

■  1  ‘  .'i  •  1 

M.'*- 

(44) 

whcie  /'  .  I  and  /  ,  arc  complex  Fourier  coefficients 

ol  l  [  aiul  /' 

H>  solving  simultaneous  equations  141)  (44).  we  can 
find  coelficienis  A(’4‘  i .  A'c,'.  , . /iVj'  ,.and/fVj'  i.  riien,  hy 
using  l.A‘..).  140).  (27i  -(2H).  and  (24),  wc  can  determine  |x;r- 
lurhutions  i’,(2.r)  and  <',(2,1).  which,  in  turn,  cun  be  used  in 
tK)  to  compute  the  total  electric  tield. 

In  conclusion,  consider  the  particular  case  when 

f )  cos  (li/.  /, -sinwi.  t4.4i) 

This  case  corres|X)nds  to  ellipiicul  (x>luri/.ution  of  the  inci¬ 
dent  field.  It  is  easy  to  see  that  in  this  case,  the  right-hand 
sides  of  Lqs.  (41 )  and  (42)  are  equal  to  zero  for  all  k  except 
A  -  I.  I'his  means  that  only  lirst  and  third  liurmonics  arc  not 
equal  to  zero.  We  have  reached  this  conclusion,  because  wc 
have  considered  only  first-order  perturbations  with  respect  to 
e.  If  we  consider  higher-order  perturbations  with  respect  to  e, 
we  shall  recover  higher-order  harmonies  of  the  electric  field. 

From  the  purely  inathematical  point  of  view,  it  is  re¬ 
markable  that  the  solution  of  coupled  equations  (22)-(23), 
co'.c ^pondiHg  to  the  boundary  conditions  (14),  (15)  and 
(45),  contains  only  the  first  and  third  harmonies.  Probably, 
this  is  because  the  coupled  PDF's  (22)  and  (23)  have  inher¬ 
ited  some  symmetry  properties  from  (he  unperturbed  prob¬ 
lem,  corresponding  to  the  circular  polarization  of  the  incident 
wave. 

Finally,  we  note  that  in  the  limiting  ease  of  «—►«>,  we 
obtain  from  the  presented  formulas  the  distribution  of  elec¬ 
tromagnetic  fields  for  ideal  (sharp)  resistive  t.ansition. 

ACKNOWLEDGMENT 

The  reported  research  is  supported  by  the  U.S.  Depart¬ 
ment  of  Energy,  Engineering  Research  Program. 

'C.  P.  Ikan.  J,  Appl.  Pliys,  41,  24S2  t  lUVOI. 

“I.  IJ.  Maycrgiiyz,  J.  App).  Phys.  75,  (I'Ki.l  (IW4), 

'C.  S.  Nicliols  and  iJ.  R,  Clarke,  Acta  Metal).  Matter  39,  'W.S  ( j991). 

■•j.  W.  Hlkiii,  Cryogciiies  2,  (lO.I  (19K7). 

'C.  J.  G.  Plummer  and  J.  E.  Iwells,  IHUi;  Trans.  Magn.  23,  1174  (1>)«7). 


6958  J,  Appl.  Phys.,  Vol  76,  No.  10,  15  November  1994 


I.  D.  Mayergoyz 


Proximity  effect  in  MBE-grown  superconducting/spin-glass  muitiiayers 
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We  have  grown  epitaxial  superconductor/spin-glass  multilayers,  Nb/CuMn,  as  well  as 
complimentary  nonmagnetic  Nb/Cu  multilayers  by  molecular  beam  epitaxy.  To  probe  the  interaction 
of  superconductivity  and  magnetism,  we  measured  the  resistivity  and  ac  susceptibility  as  a  function 
of  temperature  for  multilayers  of  nominally  constant  Nb  thickness  and  varying  normal-metal 
thickness.  The  reduction  of  the  transition  temperature  of  the  Nb/Cu  multilayers  with  increasing  Cu 
thickness  is  in  excellent  agreement  with  the  de  Gennes-Werthamer  proximity  effect  theory.  The 
inclusion  of  Mn  in  the  Cu  causes  a  significant  additional  suppression  of  the  transition  temperatures 
relative  to  the  Nb/Cu  multilayers.  The  extension  of  the  de  Gennes-Werthamer  theory  to  include  the 
effects  of  random  magr.etic  impurities  agrees  well  with  the  data  from  the  Nb/CuMn  multilayers  for 
small  CuMn  layer  thicknesses.  However,  deviations  occur  at  the  largest  CuMn  thicknesses  studied. 

These  deviations  between  the  data  and  theory  may  be  due  to  a  decoupling  of  the  Nb  layers,  as  a 
result  of  the  spin-glass  ordering,  causing  a  three-dimensional  to  two-dimensional  crossover. 


I.  INTRODUCTION 

The  coexistence  of  superconductivity  and  magnetism  has 
been  the  focus  of  many  studies  over  the  years,  becau.se  mag¬ 
netism  i:.,  in  general,  detrimental  to  the  superconducting 
state.  Nonetheless,  ferromagnetism  and  antiferromugnetism 
have  been  shown  to  coexist  with  superconductivity.'’'  .Super¬ 
conductivity  cun  also  coexist  with  spi.n-glass  materials  in 
which  the  localized  impurity  spins  interact  through  the  con¬ 
duction  electrons.  Below  the  spin-glass  freezing  temperature, 
the  spins  can  be  considered  frozen  in  the  random  direction  of 
the  local  magnetic  field  instead  of  forming  any  long-range 
magnetic  order. 

While  must  of  the  work  to  date  on  the  interaction  of 
magnetism  and  superconductivity  has  been  on  bulk  alloys 
with  magnetic  impurity  substitutions,  there  has  been  some 
more  recent  work  on  artificial  structures,  namely, 
multilayers,'  To  date,  the  majority  of  the  superconducting/ 
magnetic  multilayers  have  been  fabricated  in  high  vacuum 
systems  (10  ^-10  "  Torr)  using  sputtering,  electron  beam, 
and/or  thermal  evaporation.  Our  work  utilizes  molecular 
beam  epitaxy  (MBE)  techniques  (10  "’-10  ‘‘ Torr)  in  order 
to  fabricate  high-quality  multilayers  with  improved  proper¬ 
ties. 

We  chose  to  study  the  interaction  of  magnetism  and  su¬ 
perconductivity  in  the  Nb/CuMn  multilayer  system,  where 
CuMn  is  a  well-studied  spin-glass  system.  Due  to  finite  size 
effects,'  the  spin-glass  freezing  temperature,  Tj  .  where  the 
magnetic  moments  locally  align,  scales  with  the  thickness  of 
the  CuMn  film.  The  Nb  transition  temperature  also  depends 
on  film  thickness,  decreasing  from  the  bulk  value  as  the  film 
thickness  is  reduced.  These  two  effects  allow  us  to  tailor  the 
multilayer  system,  such  that  either  T\  or  Tf  is  higher.  This 
allows  the  interplay  of  the  two  phenomena  to  be  studied. 
Work  on  sputtered  Nb/CuMn  multilayers  has  been  recently 
reported. We  have  al.so  deposited  the  complementary 
Nb/Cu  multilayer  system  as  a  nonmagnetic  baseiine  refer¬ 
ence  for  comparison. 


II.  EXPERIMENTAL  PROCEDURES 

The  multilayers  were  grown  in  a  Perkin-Elmer  43.1-5 
MBE  system  with  a  base  pressure  of  ~5x  10  "  Torr.  In  situ 
reflection  high-energy  electron  diffraction  (RHEED)  and 
low-energy  electron  diffraction  (LEED)  were  used  for  struc¬ 
tural  characlerizatio't.  The  Nb  and  Cu  are  deposited  using 
separate  electron  beam  guns,  while  the  Mn  is  deposited  from 
an  effusion  cell.  The  multilayers  are  grown  on  Si(lll)  wa¬ 
fers.  The  wafers  are  first  dipped  in  a  2%  HF  acid  solution 
and  then  immediately  annealed  to  850  ’C  in  the  MBE  sys¬ 
tem.  RHEED  is  performed  on  the  substrate  to  chuck  the  qual¬ 
ity  of  the  resultant  7x7  Si(lll)  reconstruction.  The  recon¬ 
struction  is  a  good  indication  of  a  high-quality  impurity  free 
surface.  We  then  grow  a  40  A  epitaxial  fee  Cu(  111)  buffer 
layer  on  the  Si  wafer  once  it  has  cooled  to  room  temperature. 
The  buffer  layer  is  a  necessary  seed  t''  grow  bcc  NbdlO), 
Using  this  technique,  the  Nb  and  the  (  u  layers  grow  epitaxi¬ 
ally  with  their  densest  packed  planes  parallel  to  the  substrate. 
RHEED  is  again  employed  dut.iig  the  growth  of  the  buffer 
layer  to  monitor  crystal  qualny. 

During  all  depositions,  the  substrate  is  rotated  at  10  rpm 
about  its  normal  to  enhance  the  uniformity  of  the  films.  The 
pressure  in  the  MBE  system  during  the  multilayer  depirsition 
is  in  the  2-5 x  10  "  Torr  range.  The  Nb  is  deposited  first  at  a 
rate  of  0.6  A/s  U'llowcd  by  a  Cu  deposition  at  a  rate  of  0.3 
A/s.  For  Nb'CuMn,  the  CuMn  layers  are  formed  by  a 
codeposiliun  of  Cu  at  a  rate  of  0,3  A/s  and  Mn  at  0.021  A/s, 
resulting  in  a  spin-gla.ss  having  seven  at.  %  Mn.  Again,  we 
use  RHEED  to  probe  the  top  surf, -ice  of  the  multilayer  to 
confirm  epitaxial  growth.  All  the  multilayers  consist  of  ten 
bilayers,  in  whicli  the  thickness  of  the  Nb  layers  was  con¬ 
stant  at  nominally  230  A  and  the  normal-metal  thickness  was 
varied.  The  actual  layer  thicknesses  of  each  of  the  multilay¬ 
ers  was  determined  from  the  Rutherford  backscattering  spec¬ 
troscopy  (RBS).  In  Table  I,  we  present  the  measured  layer 
thicknesses,  the  expected  spin-glass  freezing  temperatures 
and  the  measured  multilayer  transition  temperatures  for  this 
series  of  multilayers. 
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TABLE  1.  Multilayers  design  parameters. 


ds  (A) 

d„  (A) 

TfiK) 

7V  (K) 

Nb/CaMn 

232 

3.3 

2.6 

8.57 

220 

7.25 

5.1 

7.79 

245 

9.6 

6.1 

7.59 

217 

19,6 

11.4 

5.69 

223 

29.2 

15.2 

4.69 

23<) 

.53 

211.2 

4.62 

231 

84.3 

23.8 

4.53 

230 

106,5 

26.7 

4.85 

Nb/Cu 

278 

8,4 

9.19 

257 

24 

8.93 

247 

61 

8.49 

Low  temperature  measurements  were  performed  using  u 
charcoal-pumped  'He  cryostat.  Both  the  resistance  and  the  ac 
susceptibility  measurements  were  simultaneously  measured 
using  ac  lock-in  techniques.  A  calibrated  Ge  thermometer  in 
close  thermal  contact  to  the  samples  was  used  to  measure  the 
temperature.  The  superconducting  transition  temperatures  of 
the  multilayers  arc  determined  upon  cooling  from  the  onset 
of  the  susceptibility  transition. 

III.  RESULTS  AND  DISCUSSION 

High  and  low  angle  x-ray  diffraction  are  performed  on 
each  multilayer.  From  the  high  angle  x-ray  diffraction  scans, 
wc  find  the  Nb  grows  in  the  (110)  orientation,  and  the  Cu  or 
CuMn  grows  in  the  (111)  oiienlation.  as  expected.  Wc 
present,  in  Fig.  1(a),  the  high  angle  x-ray  scan,  and  in  Fig. 
1(b),  the  low  angle  x-ray  scan  for  a  Nb(23d  A)/CuMn(5.3  A) 
multilayer.  The  high  angle  scan  is  representative  for  all  the 
multilayers  made.  From  the  peak  positions  in  the  high  angle 
.scans,  we  find  the  Nh  lattice  constant  is  compressed  by  less 
than  2%  relative  to  bulk  Nb.  while  the  Cu  lattice  ci)nstant  is 
expanded  by  less  than  1%  relative  to  bulk  Cu.  U)w  angle 
x-ray  diffraction  was  also  performed  as  a  check  on  the 
multilayer  quality  and  to  obtain  an  additional  measure  of  the 
bilayer  thickness.  This  value  was  then  compared  to  the  re¬ 
sults  obtained  from  RBS.  Multilayer  Bragg  peaks  are  seen  in 
the  low  angle  scans  for  multilayers  with  a  Cu  or  CuMn  thick¬ 
ness  of  9  A  or  greater.  Fitting  of  the  low  angle  x-ray  scans  to 
a  Fresncl-typc  optical  model  yields  values  for  the  interfacial 
roughness  of  less  than  K  A.  This  agrees  well  with  the  maxi¬ 
mum  top  layer  roughness,  as  determined  by  atomic  torcc 
microscopy. 

The  relevant  theory  to  describe  the  superconducting 
properties  of  our  Nb/Cu  multilayers  is  the  de  Liennes- 
Werthamer’  theory.  It  applies  to  the  case  when  the  materials 
in  the  superconducting/normal-metal  sandwich  arc  in  the 
dirty  limit.  This  theory  requires  the  coherence  length,  .  of 
each  material  be  smaller  than  the  layer  thickness,  J, .  and  the 
mean-free  paths,  /, ,  of  each  material  be  smaller  than  the 
coherence  length.  The  extension  of  this  theory  to  include 
magnetic  impurities  in  the  normal  metal  was  done  by  Hauser. 
Theuerer,  and  Werthamer.^  The  equations  that  relate  the 
physical  parameters  of  the  individual  materials  to  the  transi¬ 
tion  temperature,  T,, ,  of  the  multilayer  arc  given  in  the  paper 
by  Banerjee.'^ 
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As  a  verification  trf  our  Nb  film  quality,  a  thick  Nb  film 
was  grown  and  T,  determined.  Fr  r  an  SOI)  A  Nb  film  grown 
on  a  40  A  Cu  buffer  layer.  /,  -9.27  K,  in  gu)d  agreement 
with  the  transition  lempcrature  of  bulk  Nb,  Thus,  we  can  rule 
out  the  possibility  of  localization  effects'"  and  lifetime 
broadening  of  the  density  rrf  states"  as  a  cause  of  the  reduc¬ 
tion  in  T,  in  our  multilayers. 

In  Fig  2,  we  show  the  transition  temperature  of  our 
multilayer  series  as  a  function  of  normal-metal  thickness. 
The  upper  data  set  (squares)  is  for  the  Nb/Cu  multilayers, 
while  the  middle  set  (diamonds)  is  for  the  Nb/CuMn  series. 
Applying  the  de  Gennes-Werthamer  theory  to  the  Nb/Cu 
multilayers  yields  excellent  agreement  between  the  measured 
and  calculated  values  for  7',  with  no  adjustable  parameters. 
The  calculated  values  arc  within  0.02  K  of  the  measured  /', 
values  for  all  three  of  the  Nb/Cu  multilayers.  The  inclusion 
tif  Mn  in  the  Cu  layers  causes  a  dramatic  decrease  of  the 
transition  temperature  of  the  Nb/CuMn  multilayers,  as  ex¬ 
pected  for  these  magnetic  atoms. 

When  a  dilute  concentration  of  randomly  oriented  and 
distributed  magnetic  moments  are  included  in  the  normal- 
metal.  the  equation  relating  /',  to  the  relevant  physical  pa¬ 
rameters  is  modified  by  the  inclusion  of  an  electron  relax¬ 
ation  lime  due  to  the  magnetic  pair  breaking.  Strictly  speak- 
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FIG.  2.  Transition  temperatures  of  the  multilayers  as  a  function  of  normal- 
metal  thickness. 

ing,  the  ex'.cnsion  of  the  dc  Gennes-Werthamer  theory  to 
include  random  magnetic  impurities  should  not  apply  to  our 
multilayers  with  thick  CuMn  layers,  where  the  Mn  moments 
locally  order.  Applying  the  theory  to  the  multilayer  with  a 
CuMn  layer  thickness  of  3.3  A,  where  'n<  r,. ,  and  where 
the  theory  is  most  likely  to  be  valid,  yields  a  reasonable 
value  for  the  electron  relaxation  time,  t,  ,  of  d.bxlO  s. 
Using  this  value  of  r,  as  an  input  for  the  theory,  we  can 
calculate  values  for  the  other  multilayers.  This  yields  the 
cross  points  marked  theory  in  Fig.  2.  Tlie  theory  is  in  good 
agreement  for  the  first  four  data  points  (the  theory  is  set 
equal  to  the  first  data  point),  but  then  falls  well  below  the 
measured  values  at  larger  thicknesses.  Clearly  the  magnetic 
extension  of  the  Werthamer  theory  fails  lo  describe  all  the 
data. 

For  those  multilayers  with  ,  where  the  Mn  mo¬ 

ments  arc  in  a  locally  more  ordered  state,  one  would  expect 
a  greater  suppression  of  7,.  than  predicted  by  the  random 
magnetic  impurity  model.  This  is  not  ;he  case.  It  is  interest¬ 
ing  to  note  that  the  deviation  between  the  data  and  the  theory 
begins  near  the  CuMn  thickness,  where  ! f  becomes  larger 
than  .  In  addition,  as  the  CuMn  layer  thickness  is  in- 
crea.sed,  a  three-dimensional  to  two-dimensional  crossover 


decoupling  the  Mb  layers  is  expected.  Further  work  is  needed 
to  determine  if  the  deviations  from  the  theory  are  a  result  of 
a  dimensional  crossover  or  are  driven  by  the  spin-glass  or¬ 
dering  of  the  CuMn.  Parallel  critical  field  measurements  are 
now  underway  to  investigate  at  what  normal-metal  thickness 
the  three-dimensional  to  two-dimensional  crossover  takes 
place. 

IV.  CONCLUSION 

We  have  grown  epitaxial  spin-glass/superconductor  mul¬ 
tilayers  of  Nb  and  CuMn,  as  well  as  the  nonmagnetic  Nb/Cu 
multilayers  using  MBE.  The  suppression  of  for  the  Nb/Cu 
multilayers  is  in  excellent  agreement  with  the  dc  Gennes- 
Werthamer  proximity  effect  theory,  without  the  complication 
of  localization  or  lifetime  broadening  of  the  density  of  states. 
At  small  CuMn  thicknesses,  the  additional  depression  of 
caused  by  the  inclusion  of  Mn  in  the  Cu  can  be  described  by 
the  extension  of  the  de  Gennes-Werthamer  theory  for  ran¬ 
dom  magnetic  impurities.  The  data  and  theory  disagree  for 
the  larger  CuMn  layer  thicknesses.  This  may  be  due  to  a 
three-dimensional  to  two-dimensional  crossover  decoupling 
the  Nb  layers,  and  is  currently  under  investigation. 
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Heterodyne  microwave  mixing  in  a  superconducting  YBa2Cu307_x  coplanar 
waveguide  circuit  containing  a  single  engineered  grain  boundary 
junction 
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The  purpose  of  this  work  was  to  utilize  the  nonlinear  current-voltage  properties  of  induced  grain 
boundaries  in  high  temperature  superconducting  YBa2Cu307..,.  thin  hints  to  fabricate  a  planar 
microwave  mixer.  The  experiment  involved  constructing  a  coplanar  waveguide  microwave  circuit, 
the  center  conductor  of  which  had  a  constriction  patterned  in  it  containing  a  single  high  angle  grain 
boundary,  thus  forming  a  weak  link  junction.  Analysis  was  provided  by  use  of  the  resistivcly 
shunted  junction  model  with  ex''ess  current. 


I.  INTRODUCTION 

Sufficient  precedent  exists,  as  a  result  of  previous  work 
in  years  past  on  low  temperature  superconducting  mixers, 
which  provides  the  motivation  for  conducting  extensive  re¬ 
search  in  microwave  and  millimeter  wave  mixers  using  high 
temperature  superconductors,  l-or  example,  theoretical  calcu¬ 
lations  on  lower  bounds  on  noise  temperature  have  been  de¬ 
termined  for  superconducting-insulator-supcrconducting 
(SIS)  mixers  employing  quasiparticle  tunneling.'  These  theo¬ 
retical  limits  have  been  approached  experimentally,  provid¬ 
ing  noise  temporainres  below  those  currently  available  in 
semiconductor  devices  ’  At  least  one  experimental  result  has 
demonstrated  a  positive  conversion  gain  using  lirw  tempera¬ 
ture  supeiconduciing  tunnel  junctions.' 

Since  the  introduction  of  high  temperature  superconduct¬ 
ors.  several  reports  of  mixing  have  appeared.  Some  ot  these 
measurements  were  performed  usin.;  the  transition  resistance 
occurring  above  the  temperature  at  which  the  dc  resistance 
falls  to  zero.'  Other  successful  experiments  in  mixing  have 
been  reported  using  materials  other  than  YHa.('u,()-.  , 
(YBCO),''  Microwave  mixing  using  YHCO  and  employing 
weak  link  effects,  have  been  reported,  riiese  devices  contain 
weak  links  involving  polycrysi.illine  materials  with  tnultiple 
randomly  oriented  grain  boundaries  or  involving  step  edge 
junctions,''  ‘‘  Sotiu:  of  these  devices,  indeed,  have  shown  re¬ 
markable  results  in  tertits  of  cottversion  loss  in  itiixitig  at 
microwave  fiequencies.'" 

The  purpose  here  has  been  to  construct  ttuly  planar  su¬ 
perconducting  YBCO  mixers  employing  artilicially  mduced 
grain  boundaries  with  predictable  angles,  and  to  characterize 
these  grain  boundary  mixers  by  employing  suitiihle  physical 
models. 

It.  EXPERIMENTAL  DETAILS 

The  starting  ntitterial  was  an  epitaxial  YIH'O  thin  tilm. 
which  was  grown  by  laser  ablatioti  deposition  on  a  bicrystal- 
linc  .Sr'fiO,  substrtde."  This  substriitc  was  composed  of  two 
crystals  joined  together  with  an  interface  th;il  formed  a 
angle. 

The  coplanar  waveguide  circuit  was  patterned  on  this 
thin  ftlm,  such  that  a  ,^(l  /um  wide  microbridge  was  formed. 


which  spanned  the  bicrystal  boundary,  and  thereby  induced  a 
single  gram  boundary  in  the  microbridge,  as  is  evident  in  the 
mixer  circuit  depicted  schematically  in  Fig,  1.  The  pattern 
was  obtained  by  conventional  wet  etching. 

This  procedure  resulted  in  circuits  v.'ith  constrictions  that 
would  contain  a  single  grain  boundary  with  an  angle  of 
Such  circuits  exhibit  greatly  reduced  critical  current 
densities  and  weak  link  properties,'*" 

The  etched  circuit  was  mounted  on  an  acrylic  block,  and 
the  coplanar  waveguide  was  connected  to  50  U  cables  by 
means  of  SMA  to  mierostrip  launchers.  The  dc  probes  for 
applying  bias  current  and  measuring  the  voltage  were  com¬ 
posed  of  stainless  s'ecl  spring  loaded  contacts,  which  mated 
with  the  surface  of  the  center  conductor  in  the  circuit.  This 
configuration  is  also  shown  in  Fig.  1. 

Output  from  the  two  microwave  sources  used  for  mixing 
could  be  independently  adjusted  in  power  and  frequency, 
I'hc  signals  were  combined  in  a  directional  coupler,  and  then 
passed  through  a  dc  block  and  into  the  device.  The  output 
signal  passed  through  the  output  launcher  front  the  device 
anil  through  a  second  dc  block  into  a  high  gain  spectrum 


I'Ki.  1.  Sclicinalie  Uoiwiiij;  ol  wavceimk’  'i  lHO  iiiixcr  viu.iiil 

-slmwiiif;  lilt;  Mibslralc  liietyMiil  iiikrliiii'.  Uic  IikmIuui  dl  llic  iiiu'mliriilm' 
eoiislrielioii  wiili  tcspcel  lu  llic  hiLrysliil  inKThiiT.  llu  bi.is  LonUkts,  llii- 
iniciiiwiivi'  SMA  lainiL'liLTs. 
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FIG.  2.  Schematic  diagram  of  the  experimental  microwave  mixer  test  appa¬ 
ratus. 


analyzer.  The  experimental  apparatus  is  depicted  in  Fig.  2. 

First,  current  versus  voltage  characteristic  curves  were 
obtained  for  the  junction,  in  the  absence  of  microwave  en¬ 
ergy,  and  recorded.  When  the  junction  was  driven  by  the 
local  oscillator,  with  microwave  energy,  current  steps  were 
produced  in  the  current  voltage  characteristic  curve.  These 
steps  appeared  at  voltages  that  were  integral  multiples  of  the 
flux  quantum  times  the  frequency.  Both  characteristic  curves 
are  overlaid  in  Fig.  3.  The  current  steps,  evident  in  Fig.  3, 
were  the  basis  for  adjustments  of  the  current  bias  levels,  and 
were  the  nonlinear  contribution  of  the  circuit,  which  was 
utilized  for  down-conversion  mixing. 

III.  THEORETICAL  MODELING 

Modeling  of  the  coplanar  waveguide  circuit  involved  the 
use  of  some  approximations  of  the  standard  equations.'"'  Ap¬ 
proximate  values  for  the  transmission  iine  characteristic  im¬ 
pedances  were  obtained  using  the  value  of  ob¬ 

tained  from  published  data'^  and  a  value  of  tan  5=0.03 
obtained  from  literature.'®  From  the  characteristic  imped- 


Voltage  (microvolts) 

FIG.  3.  Current  voltage  charactcristie  curvc.s  fur  YBCO  grain  boundary 
weak  link  junction.  Dotted  line  is  without  rf  signal.  Solid  line  with  rf  energy 
at  8.7  GHz. 


ances,  together  with  the  tran.smission  line  dimensions,  and  by 
using  transmission  line  matrix  methods,  it  was  possible  to 
calculate  the  input  impedance  of  the  transmission  line  at  the 
signal  frequency  and  the  local  oscillator  frequency.  The 
value  obtained  was  found  to  be  1 .368  — jO.  1 1  6  and 

Z,;v  1.396-t-y0.044.  Using  the  input  impedances  and 
the  transmission  line  matrices,  together  with  the  knowledge 
of  the  input  signal  power  and  input  local  oscillator  power,  it 
was  possible  to  estimate  the  respective  currents  on  the  mi¬ 
crobridge  portion  of  the  transmission  line.  This  was  found  to 
be /v=-5.55.8xl0  ■®-;562.4x  10'®  Aand //.(;  =  483,8 
Xl0“®-Fyi87.5xl0“®  A. 

With  an  estimated  value  of  the  currents  due  to  the  two 
input  microwave  signals,  and  a  knowledge  of  the  bias  cur¬ 
rent,  a  calculation  for  the  output  current  level  was  obtained 
using  the  following  two  equations; 

/  =  /,.  sin  4>  (1) 

and 

h  di 

—  —  11  + 1 1  a  cos  cos  wyt  — /y 

-/,  sin  (A).  (2) 

Equations  (1)  and  (2)  are  recognized  as  the  Josephson  rela¬ 
tions  used  in  the  resistively  shunted  junction  model  for  the 
shunted  Josephson  junction,  with  excess  current,  Ig  is 
the  dc  bias  current,  is  the  superconducting  excess  shunt 
current,  h  the  normal  mode  resistance  obtained  from  the 
characteristic  curves,  and  q  is  the  superconducting  pair 
charge.  These  equations  were  solved  numerically  using  the 
technique  of  Runge-Kutta  in  double  precision  and  then  sub¬ 
ject  to  a  discrete  Fourier  transform  to  extract  the  harmonic 
content.  The.se  calculations  yielded  the  result  for  the  magni¬ 
tude  of  /|,f. ,  the  current  of  the  intermediate  frequency  at  the 
junction, '  which  was  /j.f  =4.25X10"®  A=3.00X10~®  A 
(rms).  The  calculated  value  of  /j  j  was  then  used  again  in  the 
matrix  representation  of  the  transmission  line  using  imped¬ 
ances  determined  at  the  intermediate  frequency.  The  result 
was  an  output  power  of  -82  dB  m. 


IV.  RESULTS  AND  DISCUSSION 

When  the  circuit  was  dc  current  biased  near  any  one  of 
the  current  steps,  and  when  both  the  microwave  local  oscil¬ 
lator  and  the  microwave  signal  were  applied,  an  intermediate 
frequency  was  ob.served  at  the  difference  frequency.  In  the 
experiments,  the  local  oscillator  was  at  8.7  GHz  and  the  sig¬ 
nal  frequency  was  at  7.7  GHz,  therefore  the  difference  fre¬ 
quency  was  measured  at  1.0  GHz.  The  input  signals  are 
shown  as  an  inset  in  Fig.  4  and  output  intermediate  fre¬ 
quency  is  shown  in  Fig.  4. 

It  was  determined  that  the  conversion  loss  of  the  mixer 
was  dependent  upon  the  input  power  and  the  bias  current. 
Approximate  relative  values  of  conversion  gain  are  shown  in 
Fig.  5.  It  was  evident  during  the  experiment  that  mixing  was 
absent  for  bias  values  between  steps,  whereas  the  i.f.  signal 
was  maximum  when  the  bias  current  was  located  within  the 
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FIG.  4.  Output  intermediate  ftequcncy,  i.f.,  signals  at  temperature  45  K, 
with  dc  current  bias  of  0.78  mA.  Input  microwave  signals  arc  shown  in  the 
inset. 


V.  CONCLUSION 

The  coplanar  waveguide  geometry  allowed  the  fabrica¬ 
tion  of  a  high  frequency  transmission  line  in  one  plane.  This 
eliminated  the  need  for  copper  grounding  blocks,  and  al¬ 
lowed  the  circuit  to  be  fabricated  using  standard  wet  etch 
technology.  Thus,  there  is  potential  use  in  monolithic  micro¬ 
wave  integrated  circuits. 

The  use  of  engineered  grain  boundary  junctions  pro¬ 
vided  the  opportunity  to  characterize  the  intrinsic  operation 
of  the  weak  link  junctions  used  as  mixers.  It  allowed  the 
reproducible  fabrication  and  testing  of  weak  link  junctions 
with  similar  results,  since  the  grain  boundary  angles  could  be 
as.sured  during  their  construction.  However,  by  using  SrTiOi 
substrates,  the  resulting  embedding  impedances  limited  the 
amount  of  i.f.  power  efficiently  coupled  to  the  output. 

Using  the  resistively  shunted  junction  model  with  excess 
current,  it  was  possible  to  mathematically  model  the  opera¬ 
tion  of  superconducting  grain  boundary  mixers  using  the  co¬ 
planar  waveguide  configuration.  The  calculations  are  in  ex¬ 
cellent  agreement  with  the  measured  results,  and  should 
provide  insight  in  further  developments. 


range  of  values  of  the  current  steps.  The  smallest  conversion 
loss  appeared  at  current  values  corresponding  to  the  «  =  ±  1 
steps. 

The  bias  current  levels  were  theoretically  and  experi¬ 
mentally  observed  to  provide  mixing  when  biased  at  the 
steps.  The  measured  conversion  loss  agrees  with  the  theoreti¬ 
cal  calculation  to  within  3  dB. 


Bias  Current  (mA) 

FIG.  5.  Approximate  experimental  values  of  conversion  gain  for  YBCO 
grain  boundary  mixer  at  7'=  45  K  vs  bias  current.  Value!!  arc  relative  to  the 
minimum  conversion  loss  at  0.78  mA  bias  current. 
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Superconducting  YBa2Cu307-x/Y4Ba309  multilayers:  Field  independent 
critical  current  and  dimensional  crossover  (abstract) 

Jun-Hao  Xu,  A.  M.  Grishin,  and  K.  V.  Rao 

Department  of  Condensed  Matter  Physics,  Royal  Institute  of  Technology,  ,S-10()44  .Stockholm,  .Sweden 

A  new  class  of  c-axis-oriented  YBa;Cu,07  ,/Y4Ba30,)  (YBCO/YBO)  multilayer  films  with  YBCO 
and  YBO  individual  thicknesses  ranging  from  24  to  156  A  have  been  fabricated  by  a  single  target 
on-axis  biased  rf  magnetron  sputtering  tecbnique  on  LaAlO^  (001)  substrates,  SQUID  dc  magnetic 
measurements  reveal  a  striking  feature  of  magnetic  field  independent  critical  current  j,iT)  from  5 
K  to  almost  near  superconducting  transition  7’,..  For  thin  YBCO  layer  thickness  the  magnitude  of  j,. 
is  found  to  decrease  as  (1-777',.)“,  and  exponentially  with  the  thickness  of  the  isolating  spacer 
YBO.  It  is  distinctly  shown  that  7,(7')  in  the  (a,b)  plane  is  determined  by  interlayer  Joscplison 
current.  All  the  SQUID  data  for  the  temperature  dependencies  of  magnetization  for  a  few  families 
of  multilayers  with  thin  YBCO  layers  arc  shown  to  scale  and  collapse  into  a  single  universal 
behavior  consi.stent  with  a  model  of  “slipped  out  pancake  vortices  in  Josephson  cou))led 
heterostructures.’’  On  approaching  7',.,  the  characteristics  of  critical  current  j,.  change  gradually  from 
the  field  independent  behavior  to  another  dependence  similar  to  an  ordinary  //  '  “  dependence 
typical  for  collective  pinning  of  the  vortex  lattice  in  the  YBCO  single  layer  film.  This  suggests  that 
a  dimensional  crossover  takes  place  when  the  quantum  coherence  between  individual  YBCO  layers 
sets.  The  crossover  temperature  is  found  to  depend  on  the  multilayer  period  and  individual 
thicknesses  of  superconducting  and  isolating  layers  while  a  linear  temperature  dependence  of  j,. 
appears  for  multilayers  with  thick  YBCO  layers. 


Schematic  frictional  model  for  interacting  vortices  in  an  isotropic 
superconducting  plate  (abstract) 

J,  S.  Kouvel®'  and  S.  J.  Park 

Department  of  Physics,  University  of  Illinois,  Chicago,  Illinois  ()0(>8() 

In  the  simple  model  propo.sed.  repulsive  inlcrvortex  forces  are  balanced  by  containitig  forces 
produced  by  the  external  field  (77)  and  by  frictional  forces  representing  the  effects  of  pinning  on 
displaced  vortices.  For  the  field-cooled  (FC)  state,  whose  vortex  density  is  presumably  uniform,  the 
empirical  fact  that  the  average  flux  density  (B)  in  nearly  equal  to  H  yields  an  operational 
inverse-square  dependence  of  the  intervorlex  force  on  the  intervortex  spacing.  For  both  the  FC  and 
zcro-field-cooled  (ZFC)  states,  expressions  are  derived  for  B  vs  7/  (including  the  remanetices  at 
//  =  ())  and  for  the  profiles  of  77  across  the  sample  thickne.ss.  Calculations  of  these  properties  are 
compared  with  experiment  and  with  the  macroscopically  related  critical-state  model,  revealing  again 
that  the  pinning  forces  are  strongly  dependent  on  77.  The  frictional  interacting-vortex  model  is  also 
used  in  deriving  the  critical  current  as  a  transport  property  of  the  FC  and  ZFC  states. 
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We  examine  the  role  of  quantum  well  and  interface  states  in  mediating  the  coupling  between 
magnetic  films.  We  have  studied  with  spin-  and  angle-resolved  photoemission  the  electronic 
structure  of  Cu  on  Co(lOO)  and  Ag  on  Fe(lOO).  Noble  metal  states  of  v/; -derived  character  are  found 
to  be  spin-polarized  upon  contact  with  the  magnetic  materials.  In  C"  fi'tns  up  to  10  monolayer 
thickness  polarized  states  have  been  observed.  These  observations  are  well  described  within  the 
framework  of  one-dimensional  quanitm-well  states,  for  film  thicknesses  above  a  few  monolayers. 

In  the  low  coverage  regime,  the  hybridization  with  the  magnetie  states  of  the  substrate  strongly 
influences  the  character  and  the  dispersion  of  the  conduction  bands. 


I.  INTRODUCTION 

The  origin  of  the  indirect  exchange  coupling'  between 
magnetic  layers  separated  by  a  nonmagnetic  spacer  is  related 
to  the  Fermi  surface  of  the  spacer  material,  in  a  Ruderman- 
Kittel-Kasuya-Yasida  (RKKY)  picture^  as  well  as  in  a 
quantum  well  picture,'*  The  oscillatory  and  long  range  char¬ 
acter  of  the  indirect  exchange  coupling  in  magnetic  multilay¬ 
ers  can  be  explained  within  the  framework  of  RKKY  inter¬ 
actions.  Studies  based  on  the  RKKY  coupling  scheme 
identify  the  experimentally  found  oscillations  as  a  Fermi  sur¬ 
face  effect  within  the  nonmagnetic  spacer  material. 

A  full  understanding  of  the  coupling  mechanisms  should 
require  however  a  detailed  description  of  the  conduction 
band  states,  explicitly  including  the  modification  due  to  the 
ieduced  dimensionality  and  to  the  exchange  interaction.  In 
interface  systems  with  one  magnetic  component,  the  bonding 
at  the  interface  often  induces  a  polarization  in  the  nonmag¬ 
netic  material  through  a  spin-dependent  electronic 
hybridization."*’^  The  resulting  moment  in  transition  metal 
overlayers  on  magnetic  substrates  depends  primarily  on  the 
extent  of  the  d-d  hybridization.  For  a  noble  metal  on  a  3d 
ferromagnet  the  calculated  interface  moment  is  very  small 
(<0.1  fig)'*  because  of  the  small  degree  of  overlap  between 
the  d  states  of  the  two  metals. 

The  induced  magnetization  of  the  d  electrons  of  a  non¬ 
magnetic  material  typically  becomes  negligible  a  few  atomic 
layers  away  from  the  interface."*’'^  On  the  other  hand,  the 
spin-polarization  induced  on  the  more  delocalized  sp  states 
can  extend  over  several  layers.  Therefore,  those  states  pro¬ 
vide  a  way  of  mediating  the  long  range  indirect  coupling 
among  magnetic  layers  through  a  wide  class  of  nonmagnetic 
materials,  including  transition  and  noble  metals.  The  recent 
quantum  well  approach  relates  the  coupling  to  sp -derived 
electronic  states  observable  in  electron  spectroscopies.*’"” 
Ortega  et  al}'  found  that  the  sp-derived  electronic  states  of 


ultrathin  noble  metal  films  present  some  characteristic  fea¬ 
tures  of  one-dimensional  quantum-well  states.  In  addition, 
their  wave  vector  can  be  related  within  a  simple  picture  to 
the  wave  vectors  of  the  RKKY  coupling  in  the  asymptotic 
high  coverage  limit.  This  unusual  set  of  properties  suggested 
that  polarized  quantum-well  states  could  provide  the  cou¬ 
pling  through  nonmagnetic  layers. 

Here  we  review  some  of  our  recent  experimental  results 
on  quantum-well  and  interface  states  of  noble  metal  films  on 
magnetic  substrates.  We  applied  spin-  and  angle-resolved 
photoemission  spectroscopy,  being  directly  sensitive  to  mag¬ 
netic  information,  to  systems  which  have  shown  oscillatory 
coupling  and  which  can  be  grown  epitaxially  on  (100)  single 
crystal  surfaces.  Results  from  spin-resolved  photoemission 
are  prc.sented  to  c!  'rify  some  aspects  of  the  oscillatory  mag¬ 
netic  coupling  through  the  noble  metals,  Cu  and  Ag.  The 
experiments  comprise  (i)  the  asymptotic  limit  of  the  cou¬ 
pling,  where  the  bulk  electronic  structure  of  the  nonmagnetic 
material  has  developed,  and  (ii)  the  low  coverage  limit, 
where  the  hybridization  with  the  magnetic  interface  is  the 
determining  factor. 

II.  EXPERIMENT 

The  spin-  and  angle-resolved  photoemission  apparatus'* 
consists  of  a  spherical  ene'gy  analyzer  coupled  to  a  100  keV 
Mott  detector  for  spin  analysis.  The  spectra  were  measured 
with  monochromatic  synchrotron  radiation  from  the  storage 
ring  BESSY  in  Berlin.  The  experimental  geometry  allows  for 
a  component  of  the  electric  field  vector  perpendicular  to  the 
surface  plane.  Photoemission  spectra  were  measured  with 
photon  energies  between  10  and  80  eV  on  the  TGM5  and  the 
TGMl  beamlines. 

The  growth  of  Cu  on  Co(lOO)  and  Ag  on  Fe(lOO)  has 
been  characterized  by  several  methods.'"  A  full  account  of 
our  preparation  and  characterization  procedures  can  be  found 
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in  our  recent  and  forthcoming  publications.^’"  The  measure¬ 
ments  presented  heie  were  performed  on  Cu/Co/Cu(100)  and 
\g/I'’e/Ag(100)  three-layered  systems.  The  single-crystal 
substrates  were  prepared  by  sputtering  and  annealing  cycles. 
Epitaxial  films  were  deposTed  in  situ  by  e-beam  evaporation. 
A  20  monolayer  thick  fee  Co  film  was  grown  on  Cu  at 
100  °C.  Ultrathin  Cu  layers  were  subsequently  deposited  on 
Co  at  room  temperature.  Similarly,  we  grew  a  10  monolayer 
thick  Fe  films  on  Ag(lOO),  by  evaporation  on  the  substrate  at 
room  temperature.  We  produced  an  overlayer  of  Ag  on  Fe  by 
annealing  the  sample  at  250  °C  for  30  min.  Temperature  and 
time  of  the  annealing  were  chosen  in  order  to  achieve  a  com¬ 
plete  monolayer  coverage,  as  indicated  by  the  saturation  of 
the  Ag  4t//Fe  3d  intensity  ratio  in  the  photoemissicn  spectra. 
The  system  prepared  in  this  way,  consisting  of  a  Ag(l  ML)/ 
Fe(10  ML)/Ag(100),  is  stable  upon  further  heating  and  upon 
cooling  to  room  temperature.  The  binding  energy  of  Ag- 
related  spectral  features  corresponds  to  those  obtained  oy 
Brookes  et  al}^  for  an  evaporated  Ag  monolayer  on  Fe(lOO). 

We  observe  a  sharp  low-energy  electron  diffraction 
(LEED)  pattern  with  low  background  at  all  stages  of  the 
epitaxial  growth.  The  distinct  and  intense  “quantum-well 
states”  observed  in  the  photoemission  spectra,  shown  in  Sec. 
Ill,  also  demonstrate  the  good  quality  of  the  overlayer  struc¬ 
ture.  According  to  Ortega  et  al.^  these  states  provide  a  very 
strict  test  for  the  smoothness  and  crystalline  order  of  the 
overlayer.  The  Co  and  Fe  substrates  have  been  magnetized 
along  the  in-plane  (011)  and  (001)  directions,  respectively, 
which  are  the  easy  axes  of  these  ferromagnetic  thin  films. 
Photoemission  spectra  have  been  measured  in  magnetic  re- 
manence,  The  sample  magnetization  was  aligned  parallel  to 
the  spin-sensidve  direction  of  the  spin  detector. 

III.  RESULTS  AND  DISCUSSION 

A.  Cu  on  Co(IOO):  Spin-polarized  quantum-well  states 

For  Cu  on  Co(lOO)  we  have  explored  the  sp-derived 
quantum-well  states  up  to  large  thicknesses,  where  the  elec¬ 
tronic  structure  of  the  space'-  layer  is  believed  to  be  largely 
independent  of  that  of  the  ferromagnetic  substrate  (asymp¬ 
totic  limit).  The  spin-integrated  photoeinission  spectra  in  Fig. 
1  show  the  development  of  the  valence  band  states  for  in¬ 
creasing  thickness  of  the  Cu  film.  These  data  liave  been  mea¬ 
sured  for  normal  electron  emission.  This  geometry  probes 
states  with  initial  state  k||=0,  where  kj  is  the  component  of 
the  wave  vector  parallel  to  the  surface  plane.  The  ip -derived 
Cu  states  give  rise  to  new  and  well-defined  structures  easily 
observed  above  the  Cu  3d  band  edge,  within  2  eV  binding 
energy  from  the  Fermi  level. 

The  energy  dispersion  of  the  .vp-derived  Cu  states  as  a 
function  of  film  thickness,  shown  in  Fig.  1,  resembles  that  of 
quantum-well  states.  It  can  be  satisfactorily  modeled  assum¬ 
ing  discretization  of  bulklike  states  due  to  the  finite  size  of 
the  layer,  as  proposed  by  Ortega  et  al.^  In  Fig.  2(a)  we  com¬ 
pare  the  dependence  of  the  sp-state  binding  energy  on  the 
film  thickness  with  the  predictions  based  on  the  bulk  band 
structure,  .\bove  a  film  thickness  of  about  5  monolayers  the 
experimental  data  follow  rather  closely  the  expectations  of  a 
simple  quantum-well  picture.  Our  results  are  similar  to  those 
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FIG.  1.  Aiiglc-rcsolvcd  photocmission  spectra  of  Cu  films  on  Co(lOO).  The 
spectra  are  measured  for  normal  emis^on  with  17  eV  photon  energy.  The 
emission  from  Cu  .vp -derived  states  is  shown  by  the  gray-.shadowed  areas. 
These  stales  are  labeled  according  to  the  definitions  in  Ref.  6. 


reported  by  Ortega  et  al.^  and  by  Garrison  et  al,^  Noble 
metal  films  display  a  similar  development  of  sp-derived 
quantum-well  states  also  on  other  magnetic'’  and  nonmag¬ 
netic  substrates.'^ 

The  capability  of  quantum-well  states  to  mediate  the  in¬ 
direct  exchange  interactions  in  multilayers  depends  on  their 
coupling  to  the  magnetic  substrate.  The  interface  boundary 
conditions  and  the  hybridization  with  substrate  levels  will  in 
general  be  different  for  states  of  opposite  spin.  For  this  rea¬ 
son  the  electronic  structure  of  the  thin  film  might  develop 
spin-polarized  bands,  for  which  the  spin  degeneracy  has  been 
lifted.  We  have  experimentally  established  that  quantum-well 
states  of  Cu  on  Co(lOO)  are  magnetically  polarized,  by  mea¬ 
suring  the  spin  polarization  of  the  photoelectrons,  The  results 
of  the  spin-resolved  measurements  are  presented  in  Fig.  3, 
for  several  film  thicknesses.  In  correspondence  to  the 
quantum-well  states  discussed  above,  the  spectra  exhibit 
spin-polarized  spectral  features.  The  quantum-well  states 
shown  m  Fig.  3  are  spin-polarized  up  to  a  Cu  thickness  of  at 
least  U,  monolayers.  They  are  predominantly  of  spin-down 
(minority)  character.  Furthermore,  weak  spin-up  (majority) 
states  appear,  separated  by  an  exchange  splitting  (in  average 
0.2  eV)  from  the  more  intense  spin-down  states. 

Pairs  of  spin-up  and  spin-down  features  gradually  shift 
with  increasing  coverage  to  lower  binding  energy  [see  Fig. 
2(b)].  By  varying  the  film  thickness,  polarized  states  at  a 
given  energy  periodically  appear  and  disappear.  This  causes 
a  modulation  of  the  photoemission  intensity  [Fig.  2(c)]  and 
of  the  spin  polarization  ai  the  Fermi  level  [Fig.  2(d)],  Both 
have  a  similar  periodicity,  with  an  oscillation  period  of  5-6 
monolayers,  corresponding  to  the  main  RKKY  wave  vector 

Carbone  et  at.  6967 


Cu/Co(100) 


normal  amission 


4  3  2  1 


s  10  IS 

Cuthicknast  (ML) 


FIO,  2.  (tt)  Binding  energy  of  Ihc  Cu  ^pr-dcrived  states  as  a  function  of  the 
film  thickness,  as  determined  from  spin-integrated  photoemission  spectra, 
(b)  Binding  energy  of  the  spin-polarized  Cu-dcrived  states  as  a  function  of 
Aim  thickness,  as  determined  from  spin-resolved  spectra,  (c)  Intensity  at  the 
Fermi  levci  as  a  function  of  film  thickness,  after  subtraction  of  the  substrate 
emission,  (d)  Spin  polarization  at  the  Fermi  level  as  a  function  of  film 
thickness. 


along  the  (100)  direction.  In  brief,  the  results  directly  show 
that  the  interaction  with  the  magnetic  substrate  induces  a 
spin  polarization  on  the  Cusp  states.  These  levels  are  spin- 
split  into  two  separated  sub-bands,  both  displaying  a  disper¬ 
sion  close  to  that  expected  for  quantum-well  states. 

It  should  be  noticed  that  quantum-well  states,  intended 
as  discrete  states  strictly  confined  within  the  overlayer,  can 
only  form  in  correspondence  to  a  band  gap  in  the  substrate 
electronic  structure.  In  Co(lOO)  there  is  no  band  gap  for 
states  near  Ep  (Ref.  14)  with  ^||=0.  A  complete  confinement 
within  the  overlayer  should  thus  not  be  expected,  because  of 
the  coupling  to  degenerate  bulk  states  (of  proper  symmetry) 
of  the  substrate.  In  fee  Co  these  states  are  the  strongly  dis¬ 
persive  A,  subbands  of  both  spin  characters,  which  cross  the 
Fermi  level  along  the  r-Jf  direction.  A  A]  symmetry- 
projected  energy  gap  of  the  spin-down  bands  is  located  in  fee 
Co  between  1  and  2  eV  binding  energy.  In  fact,  in  this  energy 
region  most  intense  quantum-well  structures  are  observed  in 
the  spin-down  channel.  However,  the  reflectivity  due  to  the 
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FIG.  3.  Spin-  and  anglc-rcsolved  photocmission  spectra  of  Cu  on  Co(lOO). 
The  spectra  arc  measured  for  normal  emission  with  17  eV  photon  energy,  as 
in  Fig.  1.  Open  symbols  correspond  to  spin-up  emission,  full  symbols  to 
spin-down  emission. 


interface  may  also  partially  confine  within  the  film  sp  states 
that  are  degenerate  with  the  substrate  levels.®  In  this  way, 
narrow  resonance  states'®  rather  than  discrete  quantum-well 
states  appear  in  the  overlayer.  It  is  thus  ultimately  a  departure 
from  an  ideal  quantum-well  behavior  that  determines  the  role 
of  the  sp  states  in  the  magnetic  coupling  through  Cu{100). 
The  coupling  to  the  substrate  polarizes  the  s -derived  states 
but  at  the  same  time  reduces  their  degree  of  confinement 
within  the  overlayers. 

For  a  comprehensive  understanding  of  the  polarization 
effects  in  the  Cu  films  the  coupling  to  the  Co  states  will  still 
have  to  be  analyzed  experimentally  and  theoretically  in  more 
detail.  For  example,  the  role  of  (modified)  surface  states  and 
interface  states  localized  near  the  magnetic  substrate  still 
needs  to  be  examined.  In  the  case  of  Ag  on  Fe(lOO),'^  Pd  on 
Fe(lOO),®  and  Fe  on  PdClOO),'®  it  has  been  shown  that  inter¬ 
face  states  can  convey  the  magnetization  in  nonmagnetic  lay¬ 
ers.  Furthermore,  recent  measurements  of  the  x-ray  magnetic 
circular  dichroism  at  the  Cu  L2  3  edge  in  multilayers  have 
detected  an  induced  moment  in  the  Cu  3d  levels.'^  This  mo¬ 
ment  is  largely  localized  at  the  interface  but  it  might  also 
present  weak  long-range  oscillation.  On  the  basis  of  tight 
binding  calculations  Garrison  et  al.^  suggest  that  the  polar¬ 
ization  of  the  quantum  well  states  results  from  the  hybridiza¬ 
tion  between  the  Cu  s-  and  zf-derived  states.  Recent  first 
principle  calculations,'®  which  emphasize  the  scattering  na¬ 
ture  of  quantum  well  states  using  a  Korringa-Kohn- 
Rostoker  (KKR)-Green’s  function  method,  account  for  their 
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FIG.  4.  Angl.'’,  resolved  pholoemission  spectra  of  Cu  films  on  Cot  UK)).  The 
data  arc  obtained  with  SO  cV  photon  energy  for  normal  electron  emission. 
The  development  of  the  Cu  'id  bands,  below  2  cV  binding  energy,  is  dis¬ 
played  as  a  function  of  the  film  thickness. 

dispersion  as  a  function  of  Cu  thickness  and  for  a  small  spin 
splitting  between  spin-up  and  spin-down  states.  These  calcu¬ 
lations  predict  a  very  small  exchange  splitting  for  the  Cu  M 
bands,  in  accord  with  the  weak  spin-dependence  of  the  Cu 
2d  emission  in  the  photoemission  spectra  of  Fig.  3. 

The  experimental  results  presented  above  show  that  po¬ 
larized  electronic  states  related  to  the  long  range  exchange 
coupling  in  multilayer  systems,  either  of  s  or  d  character,  can 
be  directly  investigated  by  spectroscopic  methods.  Further 
photoemission  studies  are  now  in  progress  in  order  to  assess 
the  connection  between  spectroscopically  accessible  conduc¬ 
tion  band  properties  (such  as  the  Fermi  surface  and  its  modi¬ 
fication  in  ultrathin  layers)  and  the  magnetic  coupling  phe¬ 
nomena.  We  present  in  the  next  section  new  results  for  the 
low  coverage  limit  (i.e.,  noble  metal  films  1-2  monolayers 
thick),  where  the  hybridization  with  the  magnetic  interface  is 
the  determining  factor. 

B.  Cu  on  Co(IOO)  and  Ag  on  Fe(IOO):  Approaching 
the  monolayer  limit 

Deviations  from  a  simple  quantum-well  behavior,  based 
on  the  quantization  of  bulklike  states,  or  from  the  RKKY 
scheme  are  expected  to  become  evident  for  small  thicknesses 
of  the  nonmagnetic  film.  Approaching  the  monolayer  limit, 
the  electronic  structure  can  be  strongly  modified  by  the  in¬ 
teraction  with  the  substrate  as  well  as  by  the  reduced  atomic 
coordination.  This  is  manifested  for  example  in  the  photo¬ 
emission  spectra  of  the  relatively  highly  localized  Cu  2d 
states  up  to  about  4  ML. 

The  spectra  in  Fig.  4  display  the  developments  of  the  Cu 
2d  states  with  increasing  coverage,  for  initial  states  with 
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I'U'i.  .S.  Spill-  and  angle -rcMilvtd  pholoemission  speeira  of  a  C'u  monolayer 
on  t  o(llHI),  (left  panel),  and  an  Ag  monolaye'  on  Fe  (11)0).  Open  symbols 
correspond  lo  spin-up  emission,  full  symbols  to  spin-down  emission.  The 
noble  metal  d  states  appear  a.s  intense  features,  at  binding  energies  below  2 
eV  in  Cu  and  below  4  cV  in  Ag.  Tlie  strongly  polarized  emission  closer  to 
the  Fermi  level  is  mainly  due  to  the  magnetic  id  states  of  the  substrate. 


^11=0  (the  f  point  of  the  two-dimensional  Brillouin  zone). 
Similar  results  are  obtained  at  other  emission  angles  and 
photon  energies.  Up  to  1  ML  coverage  we  obtain  a  single 
narrow  peak.  With  the  second  monolayer  the  spectra  develop 
a  broader  structure  still  without  a  corresponding  structure  in 
the  Cu  bulk  spectra.  At  1  and  2  ML  coverages  the  Cu  2d 
states  do  not  show  any  dispersion  with  varying  photon  en¬ 
ergy,  as  expected  for  two-dimensional  states.  With  the  for¬ 
mation  of  the  third  monolayer  the  Cu  2d  bands  begin  to 
develop  the  spectral  features  of  three-dimensional  Cu,  Only 
with  the  fourth  monolayer  the  binding  energy  of  most  Cu  2d 
states  becomes  close  to  that  of  the  bulk,  although  the  (rela¬ 
tive)  spectral  intensities  still  differ  in  some  cases  consider¬ 
ably  from  the  bulk  case. 

In  order  to  test  the  importance  of  the  spin  dependent 
hybridization  with  the  magnetic  substrate  in  determining  the 
evolution  of  the  Cu  2d  bands,  we  have  measured  the  mono- 
layer  spectrum  also  with  spin  resolution.  The  results,  shown 
in  Fig.  5,  indicate  that  the  exchange  splitting  of  those  2d 
states  is  smaller  than  0.1  eV.  We  also  show  in  Fig.  5  the 
spin-polarized  spectrum  corresponding  to  the  F  point  for  an 
Ag  monolayer  on  Fe(lOO).  Similarly  to  the  case  of  Cu,  the 
data  suggest  that  these  Ag  dd  states,  between  4  and  7  eV 
binding  energy,  exhibit  only  a  very  small  exchange  splitting, 
of  less  than  0.1  eV.  Although  other  point  in  k  space  might 
present  a  larger  splitting,  calculations  on  noble  metal  mono- 
layers  and  interfaces  coupled  with  magnetic  materials'*  '^ 
show  that  it  should  not  exceed  a  few  tenths  of  an  cV.  For  this 
reason,  we  believe  that  the  development  of  the  2d  spectral 
features  described  above  reflects  primarily  a  transition  from 
quasi-two-dimensional  bands  to  a  bulklike  electronic  struc¬ 
ture. 

The  convergence  to  a  bulklike  band  structure  can  be  ex¬ 
pected  to  occur  at  even  larger  thicknesses  for  the  extended 
sp-conduction  states.  Indeed,  as  mentioned  already  in  the 
previous  section,  below  about  5  ML  the  experimental  bind- 

Carbone  et  al.  6969 


various  emission  angles.  The  noble  metal  induced  features  arc  indicated  by 
gray  shadowed  areas. 


ing  energies  of  the  sp  states  differ  systematically  from  those 
expected  for  quantized  bulklike  states,  in  Cu  on  Cu(iUO)'''’ 
and  in  other  noble  metal  films.'’  The  discrepancy  can  origi¬ 
nate  from  two  effects;  (i)  in  the  monolayer  regime  the  bands 
are  altered  by  the  reduced  atomic  coordination  and  lowered 
symmetry,  as  seen  above  for  the  d  states,  (ii)  the  hybridiza¬ 
tion  with  the  substrate  states  further  modifies  the  overlayer 
states  in  a  way  that  depends  on  the  spin,  wave  vector  and 
symmetry  of  the  band.  We  examine  here  how  the  .vp-derived 
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FIG.  7.  Angle-resolved  spectra  of  an  Ag  monolayers  on  Fe(lOO),  probing 
the  dispersion  along  the  f  -X  direction.  The  spectra  arc  measured  at  52  eV 
for  various  emission  angles.  The  nob'e  metal  induced  features  arc  indicated 
by  gray  shadowed  areas. 


K|(1/A) 

FIG.  H.  Fxpcrimcntally  determined  band  dispersion  as  a  function  of  the 
paratlcl  wave  vector  for  2  Cu  monolayers  on  Cu  (I (XI)  (upper  panel)  and  1 
Ag  momrlaycr  on  FedtX))  (lower  panel).  The  dispersion  is  measured  along 
the  1'-.^  symmetry  direction.  The  solid  lines  indicate  free  clcctron-likc  dis¬ 
persion  corresponding  to  an  electron  effective  mass  of  2.7  (upper  panel)  and 
2  (lower  panel). 

states  form  at  low  coverages  two-dimensional  magnetic 
bands,  which  eventually  develop  the  simple  behavior  of 
quantum-well  states  in  thicker  films.  We  have  studied  the 
system  Cu  on  Co  (U)0)  as  well  as  an  Ag  monolayer  on  Fe 
(100). 

The  spectra  in  Figs.  6  and  7  show  the  band  dispersion  for 
an  Ag  monolayer  on  Fe(lOO),  and  for  two  Cu  monolayer  on 
Co(lOO)  along  the  symmetry  direction.  The  gray  shad¬ 
owed  areas  indicate  the  noble  metal-induced  features  which 
appear  superimposed  to  the  3d  emission  of  the  substrate.  In 
both  cases  the  features  we  have  followed  correspond  to  the 
first  and  most  intense  spectral  structure  induced  by  the  over¬ 
layer,  apart  from  the  strong  d-emission  at  higher  binding 
energy.  For  Cu  on  Co  the  peak  at  1 .6  eV  is  prominent  in  the 
23-30  eV  photon  energy  spectra  but  hardly  discernible  at 
lower  photon  energy.  The  s -related  character  of  these  states 
is  indicated  by  tight  binding  calculations.**'*^  In  both  cases 
spin-resolved  photoemission  reveals  that  these  structures 
have  predominantly  spin-down  character.**'"’*^  These  states 
are  thus  well  suited  for  studying  the  preasymptotic  limit  as 
they  can  be  looked  upon  as  the  precursor  of  spin-polarized 
quantum-well  states.  We  do  not  detect  a  dispersion  of  these 
features  upon  changing  the  photon  energy,  consistently  with 
a  two-dimensional  character.  By  varying  the  emission  angle 
we  can  determine  the  dispersion  of  these  bands  as  a  function 
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ill  ihe  parallel  wave  veclof  ki  I  hc  imtial  iialc  wave  vector  is 
Hiven  b\  iirc  projection  on  the  surface  pl'iiic  of  the  pholiK'Icc- 
Iron  inonteiituni  as  ineasuted  outside  the  solid 

The  experimentally  determined  hand  dispersion  in  Imj:.  H 
sumniari/es  the  results  presented  alxive  I  he  spin-down  hand 
hetween  I  and  2  eV  induced  hy  the  luihle  metal  display  the 
expected  synunetrlc  hchaviot  with  respect  to  Ihe  center  of 
the  Hrillouin  /one.  Ihe  vlispcrsioii  of  these  hands  is  consid¬ 
erably  weaker  than  lor  nearly  free-elecltiin-like  stales.  As¬ 
suming  a  simple  paralxilic  dispersion  in  the  proximity  of  the 
/.one  center  I'  we  obtain  an  electron  effective  mass  of  about 
2  for  the  Ag  bands  and  alniut  2.7  for  the  Cu-derived  bands. 
This  strong  departure  trom  a  frte-electron-like  dispersion  be¬ 
comes  in  both  cases  even  more  evident  away  from  I'.  This 
behavior  indicates  the  importance  ai  low  coverage  of  the 
hybridization  of  Cu  4,v  states  with  other  and  more  liKalizcd 
levels.  For  an  Ag  monola/cr  on  Fe(l(K))  tight  binding  band 
structure  calculations  identify  the  state  at  1.7  eV  as  a  spin- 
polarized  interface  states.  Recent  ah  initio  calculations  de¬ 
scribe  well  the  experimental  di,soersion,‘'  showing  that  a  true 
spin  polarized  interface  .states  derived  from  the  Ag  5s  levels 
is  shared  by  both  the  constituents.  Consistently  with  the  ex¬ 
perimental  results  reported  above,  the  calculated  bands'' 
present  an  increasingly  admixture  with  Fe  3d  states  on  mov¬ 
ing  from  f-.Y.  In  summary  the  .v-derived  states  in  the  low 
thickness  limits  show  a  significant  departure  from  a  simple 
quantum-well  model.  This  is  not  only  due  to  the  reduced 
dimensionality  of  the  system  but  also  to  the  hybridization 
with  the  magnetic  states  of  the  substrate. 

IV.  CONCLUSIONS 

By  spin-  and  angle-resolved  photoemission  we  have  in¬ 
vestigated  the  electronic  structure  of  Cu  on  Co(lOO)  and  Ag 
on  Fe(lOO),  in  order  to  clarify  the  origin  of  the  indirect  ex¬ 
change  coupling  through  noble  metals.  We  find  that  the  sp- 
derived  electronic  states  of  the  noble  metals  are  spin- 
polarized  upon  contact  with  the  magnetic  materials.  For  film 
thicknesses  above  a  few  monolayers,  a  quantum-well  picture, 
based  on  the  quantization  of  bulklike  states,  describes  the 


development  of  the  sp  states.  In  the  low  coverage  regime, 
the  conduction  electron  bands  are  instead  strongly  modified 
i'v  hybridization  with  the  states  of  the  magnetic  substrate. 
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Recent  progress  in  the  theory  of  interlayer  exchange  coupling  is  presented.  The  interlayer  coupling 
is  described  in  terms  of  quantum  interferences  in  the  spacer  layer,  due  to  reflections  of  Bloch  waves 
on  the  spacer  boundaries.  This  approach  is  used  to  discuss  (i)  the  coupling  variation  with  respect  to 
ferromagnetic  layers  ihickne.ss,  and  (ii)  the  coupling  across  a  notmetallic  spacer  layer. 


calculations  can  be  performed  analytically,  thus  providing  a 
physically  transparent  illustration  of  the  various  aspects  of 
the  problem.  The  model  is  sketched  in  Fig.  1:  the  zero  of 
energy  is  taken  at  the  bottom  of  the  majority  b'  nd  of  the 
ferromagnetic  layers;  the  potential  of  the  minor. ly  band  is 
given  by  the  exchange  splitting  A,  while  the  spacer,  of  thick¬ 
ness  D,  has  a  potential  equal  to  U,  The  ferromagnetic  layers, 
and  Fg ,  have  a  thickness  L  (/,  =»  stands  for  .semiinfinite 
magnetic  layers),  and  their  magnetizations  are  at  an  angle  0 
with  respect  to  each  other.  According  to  the  position  of  the 
Fermi  level,  this  model  describes  the  case  of  a  metallic 
spacer  (for  e,.>(y),  or  of  an  insulating  spacer  (for  e,.<U). 


I.  INTRODUCTION 

In  the  past  few  year;,  the  intense  research  activity  on 
interlayer  exchaiige  coupling,  both  experimental  and  theo¬ 
retical,  has  been  essentially  focussed  on  the  oscillations  of 
the  interlayer  coupling  with  respect  to  spacer  thkkne.s.s,  in 
systems  with  metallic  spacer  layers.''^  Recently,  the  interest 
in  this  field  has  been  renewed  by  (i)  the  theoretical 
prediction^'"*  and  experimental  confirmation'''’  of  oscillations 
of  the  coupling  with  respect  to  ferromagnetic  layers  thick¬ 
ness,  and  (ii)  the  discover*'  of  interlayer  exchange  coupling 
across  nonmetallic  spacer  layers,^  which,  furthermore,  may 
be  thermally  induced*^  or  photuinduced.'’  '^’ 

In  this  article,  I  address  the  above  mentioned  new  as¬ 
pects  of  the  problem  of  interlayer  exchange  coupling.  Tliis 
study  relies  on  a  formalism  developed  previously,"  in  which 
the  interlayer  coupling  is  described  in  terms  of  quantum  in¬ 
terferences  in  the  spacer,  due  to  reflectums  of  BUkIi  waves 
on  the  spacer  boundaries.  This  approach,  which  has  been 
rederived  subsequently  by  Stiles.'^  has  the  virtue  of  being 
physically  transparent,  and  also  provides  a  suitable  starting 
point  for  quantitative  calculations,  cither  for  models,  or  for 
realistic  systems.  A  heuristic  presentation  of  this  approach  is 
given  in  Sec.  11. 

As  pointed  out  in  Ref.  4,  it  becomes  almost  obvious,  in 
the  light  of  the  “quantum  interferences"  formulation,  that 
one  may  expect  o.scillatioos  of  the  coupling  versus  ferromag¬ 
netic  layers  thickness,  us  a  consequence  of  the  interferences 
associated  with  the  multiple  internal  rellections  in  a  magnetic 
layer  of  finite  thickness,  in  analogy  with  the  reflection  o.scil- 
lations  in  an  optical  Perot-Fabry  cavity.  This  problem  is  dis¬ 
cussed  in  detail  in  Sec.  III. 

In  contrast  to  the  important  theoretical  literature  devoted 
to  interlayer  coupling  across  metal  spacer,  the  magnetic  cou¬ 
pling  across  insulators  has  attracted  very  little  attention  on 
the  theoretical  point  of  view.  A  notable  exception  is  Slon- 
czewski’s  mode'  of  coupling,  at  7  =  0,  through  a  tunneling 
barrier:'’  the  coupling,  in  this  case  is  non-oscillatory,  and 
decays  exponentially  with  spacer  thickness.  In  a  recent 
paper, I  discussed  this  problem  within  the  quantum  inter¬ 
ferences  approach:  at  7'=0,  one  recovers  the  results  of  Slon- 
czewski;  on  the  other  hand,  the  coupling  is  found  to  increase 
with  increasing  temperature,  in  contrast  to  the  metal  spacer 
case.  This  study  is  presented  in  Sec.  IV. 

In  view  of  pedagogical  clarit"  the  free-electron  model 
will  be  used  in  Secs.  Ill  and  IV.  For  this  simple  case,  the 
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II.  QUANTUM  INTERFERENCES  AND  INTERLAYER 
EXCHANGE  COUPUNG 

In  this  section,  I  shall  present  a  heuristic  presentation  of 
the  interlayer  coupling  in  terms  of  quantum  interferences  in 
the  spacer  layer;  the  emphasis  will  be  on  physical  transpar¬ 
ency  rather  than  on  mathematical  strictness. 

Inside  the  paramagnetic  layer,  a  conduction  electron  ex¬ 
periences  essentially  the  same  potential  as  in  the  bulk  mate¬ 
rial;  deviations  from  the  bulk  potential  are  confined  to  the 
interface  regions,  and,  of  course,  to  the  regions  occupied  by 
the  ferromagnetic  material.  Thus,  the  electrons  propagate 
through  the  spacer  like  in  the  hulk  material;  the  effect  of 
potential  deviations  as  they  encounter  the  interface  with  the 
ferromagnetic  material  make  them  being  (partly)  reflected 
towards  the  paramagnet.  Because  of  the  spin  polarization  of 
the  ferromagnetic  material,  the  potential  deviation  at  the  in¬ 
terface  is  spin  dependent,  and  so  is  the  reflection  coefficient. 


Ii'l  i' ilil.iJMI'-l  -.li.ni- 


FIG.  1.  Sketch  of  the  free-clectroii  model;  the  dashed  line  indicates  the 
position  of  the  Fermi  level,  (a)  for  the  metallic  spacer  case,  (b)  for  the 
insulating  spacer  case. 
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Since  the  iti-plane  translational  invariance  is  maintained, 
the  in-plane  component  kf|  of  the  wave  vector  is  a  good  quan¬ 
tum  number,  i.e.,  it  is  conserved  under  reflection.  Tor  an 
incident  electron  of  wave  vector  k'  =  (k||,/:|),  the  reflected 
wave  vector  is  k'=(k„,-  A,  )  and  the  corresponding  complex 
reflection  coefficient  for  spin  parallel  (antiparallel)  to  the 
magnctizaticii  in  the  ferromagnet  is  r  *  •’;  the  module  of  the 
reflection  coefficient  gives  the  amplitude  of  the  reflected 
wave,  while  its  argument  </»  gives  the  phase  shift  due  to  the 
reflection.  We  also  define 

r'  + 1"  r  r- 

fas - 2“  *** 

respectively,  the  spin-average  and  spin-asymmetry  of  the  re¬ 
flection  coefficients. 

In  the  paramagnetic  spacer,  the  electrons  are  reflected  on 
both  interfaces  and  /•'/,).  so  that  interferences  take  place 
due  to  the  multiple  reflections.  Let  us  consider  a  wave  of 
vector  k  =  (kj|,/:  j ),  with  k  ,  X);  the  phase  change  of  the  wave 
function  after  a  round  trip  in  the  spacer  (one  reflectioit  on  F.^ 
and  one  reflection  on  /'h)  is 

J)  +  +  (2) 

if  the  interferences  are  constructive  (respectively,  destruc¬ 

tive),  i.e..  if 

-(2;i-t-l)Tr  (respectively),  (.1) 

with  n  integer,  the  density  of  states  is  enhanced  (respectively, 
lowered)  in  the  spacer  layer.  Taking  these  interferences  into 
account,  the  wave  function  in  the  spacer  may  he  written  as 

where  higher  order  interference  terms  have  been  neglected. 
The  corresponding  contribution  to  the  (kji  projected)  density 
of  states  is 


where  the  integral  gives  the  contribution  of  one  state  (k|i.^:  1 ) 
and  the  prefaetor  dkjde  gives  the  number  of  states  in  an 
energy  interval 

Here,  we  are  interested  essentially  in  the  part  of  «(k||,e) 
which  is  a.ssociatcd  with  the  interferences,  i.e., 

dkj^ 

A/i(k|i,c)~2/.>  —  I r^l cost 2*1  D-(-</>^ -!-(/)/,) 

~lm(2tD  (6) 

The  total  change  of  in  the  density  of  states  per  unit  area  is 
obtained  by  summing  over  in-plane  wave  vectors  and  over 
the  spin,  yielding 

r  dk 

Anf(e)~ImJ  dkjiliD  ~  (r\rj)  + (7) 

for  the  ferromagnetic  configuration,  and  similarly. 


A«,^/.■(e)-'  ImJ  (/k||2/D  + 

for  the  antiferromagnetic  configuration. 

The  interlayer  exchange  coupling  per  unit  area  (at  7  =0) 
may  be  expressed  as 

=  f  ( 6  -  f/.  )|  A«,.(  e)  -  A/I, .(e)  jde:  (9) 


integrating  by  parts,  we  get  for  the  interlayer  exchange  cou¬ 
pling  (for  large  D) 


F,:~F 


-  Im 


r  f'' 

d\ 

J  J 


de(r,^r,,  +  |■^\/j,-r;^ril 


Im 


I  dkj^'  de  4A/-,,Ar-„(-'*'".  (10) 


As  appears  clearly  from  Lq.  (10),  the  coupling  depends 
on  (i)  the  wave  vectors  A,  in  the  spacer  layer,  and  (ii)  the 
spin-asyrnmetries  A/’,(  and  A//i  of  reflection  coefficients  at 
the  paramagnetic-ferromagnetic  interfaces;  the  former  deter¬ 
mine  the  oscillation  periods  of  the  coupling,  while  the  latter 
determine  its  strength. 

So  far  1  have  implicitely  considered  that  the  incident  and 
reflected  wave:,  ate  usual  propagative  Bloch  waves  (with  k^ 
real);  these  ore  the  states  which  are  allowed  in  bulk  materi¬ 
als.  Howcvei,  in  a  slab  of  finite  thickness,  evanescent  states 
[with  lm(A',  j  nonvanishingj  are  al.so  present  and  contribute 
to  the  density  of  states.  Thus,  evanescent  states  contribute  to 
the  coupling  in  Eq.  (10)  on  an  equal  footing;  in  particular, 
they  are  found  in  gaps  of  the  bulk  band  structure.  The  role 
played  by  these  states  will  be  discussed  in  Sec.  IV. 

An  exact  derivation,  using  Green's  functions  formalism, 
yields,  for  the  interlayer  coupling  energy  per  unit  area." 

/Ltw(«)=-Ai+7i  cos  ()  +  ./,  cos’  «+•••  (11) 

with  the  Heisenberg  coupling  constant 


2Ar 


1  -  2r- ''’  +  {/■■-  Ar-)-t’ 


171777- 


(12) 


where  f(e)  is  the  Fermi -Dirac  distribution,  and  where  the 
indices  A  and  B  have  been  dropped,  since  = 


III.  VARIATION  OF  THE  COUPLING  WITH  RESPECT  TO 
MAGNETIC  LAYERS  THICKNESS 

1  consider  here  the  case  of  ferromagnetic  layers  of  finite 
thickness  L.  For  simplicity,  1  shall  restrict  myself  to  the  case 
of  a  metallic  spacer;  more  precisely,  1  take  (7  =  0;  thus,  the 
magnetic  layer  is  transparent  for  electrons  of  spin  parallel  to 
the  majority  .spins,  i.e.,  r'  =  ()  and  f  -  -  Ar-r^  H. 

In  the  case  of  a  layer  of  finite  thickness,  like  in  Perot- 
Fabry  cavity,  all  the  waves  associated  with  the  multiple  re- 
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flections  inside  the  magneiic  layer  contribute  to  the  net  re¬ 
flection  coefficient.  T'he  summation  is  easily  carried  out,  and 
one  gets 


1  -exp[2/Ar|L] 

1  -  r\^  exp[2/il:|/,] 


(13) 


where  k[  is  the  minority-spin  wave-vector  in  the  magnetic 
layer,  and  ri  the  reflection  coefficient  for  a  semi-infinite 
magnetic  layer.  Clearly,  the  variation  of  r '  with  respect  to  L 
is  oscillatory  or  exponential,  according  to  the  nature — 
propagative  or  evanescent — of  the  state  of  wave  vector  ij  . 
The  interlayer  coupling  it;  governed  essentially  by  the  states 
lying  at  the  bermi  level.  Thus,  \i  it}  is  real,  one  can  expect 
oscillations  of  the  interlayer  coupling  vs.  magnetic  layvrs 
thickness  to  show  up,  The  oscillations  are  due  to  the  quan¬ 
tum  interferences  inside  the  magnetic  layers;  when  the  inter¬ 
ferences  arc  cons'.iMCtive  ^respectively,  destructive),  the  cou¬ 
pling  strength  is  enhanced  (respectively,  reduced).  Below,  I 
consider  only  the  former  case,  i.c.,  real. 

In  the  limit  where  both  L  and  D  are  large,  the  expression 
of  the  coupling  (at  7=0)  reduces  to"* 


1 


2m 


^  lm{ 


X 


(14) 


Clearly,  the  interlayer  exchange  coupling  oscillates  versus  L, 
with  a  period  equal  to  -nik).-.  The  amplitude  of  these  oscilla¬ 
tions  decays  essentially  as  L  ' To  illustrate  this  behavior,  1 
have  performed  numerical  calculations  for  the  free-electron 
model  with  €^  =  7.0  eV,  (/  =  (!,  and  A=  1,5  cV;  these  calcu¬ 
lations  u.se  the  exact  expression  (12),  not  the  asymptotic  one 
(14).  The  results  are  displayed  in  Fig.  2;  the  coupling  varia¬ 
tion  versus  magnetic  layer  thickness  L,  for  several  value  of 
the  spacer  thickness  D.  The  oscillatory  behavior  of  period 
TT/ik},  and  the  decay  appear  clearly.  A  striking  feature  is 
that,  in  contrast  to  the  oscillations  of  J  |  vs  D,  the  oscillations 
are  not  necessarily  around  zero;  instead,  J\  may  oscillate 
around  a  positive,  or  a  negative  value,  depending  on  the 
choice  of  the  spacer  thickness  D,  This  point  is  also  obvious 
from  Eq.  (15). 

On  the  other  hand,  for  large  D  and  small  L,  one  has 


1 


2m 


(15) 


The  fact  that  the  couplirig  varies  like  at  low  magnetic 
layers  thickness  is  obvious  from  the  analogy  with  optics:  the 
reflection  coefficient  foi  a  thin  layer  is  proportional  to  its 
thickness. 

Until  recently,  it  was  generr'.ly  believed  that  the  coupling 
is  essentially  independent  ^'f  the  magnetic  layers  thickness. 
This  point  has  been  studied  experimentally  in  the  case  of 
Co/Cu/Co(001)  by  Qiu  et  al.,'^  who  found  no  dependence  of 
the  coupling  versus  Co  thickness;  however,  only  three  differ¬ 
ent  Co  thicknesses  have  been  used  in  this  study.  On  the  theo¬ 
retical  point  of  view,  oscillatio.-is  of  the  coupling  versus  mag¬ 
netic  layers  thickness  have  been  first  reported  by  Barnas'^ 
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I'lO.  2.  Inicriuyot  exchange  coupling  constant  J  | ,  calculated  us  a  function 
of  the  spacer  thickness  D,  for  scmi-inhnilc  ferromagnetic  layers  (lower 
panel),  ami  as  u  function  of  the  ferromagnetic  layers  thickness  t,  for  various 
values  of  the  spacer  thickness  P  (upper  panel). 


from  numerical  calculations  for  the  tree-electron  model.  The 
explanation  of  this  behavior  on  the  basis  of  the  quantum 
interferences  picture  has  been  given  in  Ref.  4;  in  this  article, 
I  also  estimated  the  oscillation  period  versus  Co  thickness  in 
Co/Cu/Co((K)l)  to  be  about  3.5  atomic  layers  (ALs). 

The  predictions  of  Ref.  4  have  been  confirmed  recently 
by  Bloemen  et  al.J'  who  succeeded  in  observing  oscillations 
of  the  coupling  versus  Co  thickness  in  Co/Cu/Co(()0l);  the 
observed  period  is  about  3.5  ALs,  in  very  good  agreement 
with  the  predicted  one.  Further  confirmation  has  been  given 
by  Okuno  and  Innomata,'"  who  observed  oscillations  of  inter¬ 
layer  coupling  versus  Fe  thickne.ss  in  Fe/Cr(()01)  multilayers. 

IV.  METALLIC  VERSUS  INSULATING  SPACER 

In  this  section,  I  discuss  the  coupling  behavior,  in  par¬ 
ticular  its  spacer  thickness  and  temperature  dependence,  for  a 
nonmetallic  spacer  (e/.<t/),  in  comparison  with  the  case  of 
a  metallic  spacer  (ep>U).  For  simplicity,  I  take 

Because  of  the  abrupt  variation  of  the  Fermi-Dirac  dis¬ 
tribution  at  the  Fermi  energy,  the  interlayer  coupling  is  de¬ 
termined  by  the  neighborhood  of  the  Fermi  level.  Thus,  the 
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nature  of  the  states  present  at  the  Fermi  level  controls  the 
physical  behavior  of  the  coupling.  In  the  case  of  a  metallic 
spacer,  one  has  propagative  states  at  Fermi  energy,  and  this 
leads  to  the  oscillatory  character  of  coupling  vs.  spacer  thick¬ 
ness.  For  an  insulating  spacer,  on  the  other  hand,  the  states 
with  Fermi  energy  are  evanescent  waves,  so  that  we  expect  a 
monotonic  exponential  decay  of  the  interlayer  coupling  with 
spacer  thickne.ss. 

In  the  limit  of  large  spacer  thickness  and  low  tempera¬ 
ture,  Eq.  (12)  becomes''^ 

1  T  ^Ln  27rkiiTl)mlfrki. 

=  Im(  l-T-j-T — r-rprfz — jrm 

4v  mD  ainhdTrkiirDmlfrki.) 

(16) 


with 


k,.  =  [2m(e^-U)/h^V'\  (17a) 

k,.  =  i[2m(U-fr)lfi'V'^^  (17b) 


respectively,  for  a  metallic  and  an  insulating  spacer. 

Of  course,  the  coupling  behavior  is  completely  different 
in  both  ca.ses.  While  it  is  oscillatory  for  a  metal  spacer,  it 
decreases  exponentially  with  spacer  thickness  in  the  insulator 
case.  Another  striking  difference  concerns  the  temperature 
dependence,  which  is  given  by  the  last  factor  in  Eq.  (16).  For 
a  metal  spacer,  the  coupling  decreases  with  increasing 
temperature.^  On  the  other  hand,  when  we  consider  the  insu¬ 
lating  spacer  case,  where  k/.-  is  imaginary,  the  exchange  cou¬ 
pling  increases  with  temperature  for  an  insulating  spacer, 
because  sinh({x)//jir«sin(jr)/x  is  an  increasing  function. 
Physically,  this  behavior  may  be  understood  easily:  when  the 
temperature  increases,  the  contribution  of  states  below  the 
Fermi  level  is  lowered,  at  the  expense  of  states  above  the 
Fermi  level;  since  the  penetration  length  of  the  latter  is  larger 
than  the  one  of  the  former,  the  exchange  coupling  is  thereby 
enhanced. 

To  illustrate  the  above  results  more  quantitatively,  we 
have  performed  numerical  calculations  of  the  exchange  cou¬ 
pling  for  the  free  electron  model,  with  f/.  =  10.0  eV,  A=1.5 
eV,  and  t/-e;.  =  0.1  eV;  the  calculation  uses  the  exact  ex¬ 
pression  (12),  not  the  asymptotic  result  (16),  The  results  are 
displayed  on  Fig.  3.  With  the  above  choice  of  parameters,  the 
coupling  at  large  spacer  thicknesses  is  antiferromagnetic 
(yi>0).  One  clearly  observes  the  strong  temperature  in¬ 
crease  of  the  coupling;  as  expected  from  Eq.  (16),  the  rela¬ 
tive  thermal  variation  increases  with  increasing  thickness. 

One  should  be  careful  when  comparing  the  results  with 
experimental  observations  of  coupling  across  no-metallic 
spacers:  indeed,  the  latter  concern  materials  that  are  disor¬ 
dered  or  even  amorphous,  whereas  the  theory  presented  here 
pertains  to  ordered  systems;  the  importance  of  disorder  for 
the  thermally  induced  coupling  remains  to  be  clarified.  Nev¬ 
ertheless,  the  finding  of  a  positive  temperature  coefficient  for 
the  exchange  coupling  through  an  insulating  spacer  provides 
a  plausible  explanation  for  the  experimental  observations  of 
thermally  induced  exchange  coupling.*^  Note  that  the  latter 
result  is  not  restricted  to  the  free-electron  case,  and  may  be 
shown  to  hold  for  any  insulating  spacer  material. 


on  so  mo  iso  ?ou  2S.o  .wo 
/M.M 


FIG.  3.  Calculated  interlayer  exchange  coupling  across  an  insulating  spacer; 
(upper  panel)  exchange  coupling  versus  spacer  thickness  ut  r=();  (lower 
panel)  exchange  coupling  vs,  temperature  fur  various  spacer  thickness,  cor¬ 
responding  to  the  solid  points:  (A)  IS.O  A,  (B)  20.0  A,  and  (C)  30.0  A. 


V.  CONCLUDINQ  REMARKS 

In  this  article,  1  have  discussed  various  new  aspects  of 
the  problem  of  interlayer  exchange  coupling,  on  the  basis  of 
the  quantum  interference  approach,  is  which  the  coupling  is 
expres-sed  in  terms  of  reflection  coefficients  at  the  boundaries 
of  the  spacer  layer. 

This  approach  provides  a  physically  transparent  descrip¬ 
tion  of  the  phenomenon  of  interlayer  exchange  coupling. 
When  applied  to  simple  models,  such  as  the  free-electron 
model,  the  calculations  can  be  performed  almost  completely 
analytically. 

1  have  shown  that  the  interlayer  coupling  me  be  expected 
to  exhibit  oscillations  versus  ferromagnetic  layers  thickness, 
a  prediction  which  has  been  confirmed  recently  by  experi¬ 
ments.  For  the  case  of  an  insulating  spacer,  the  expression  of 
the  coupling  is  formally  similar  to  the  metallic  spacer  case; 
however,  the  evanescent  character  of  the  states  with  Fermi 
energy  leads  to  a  completely  different  physical  behavior:  in 
contrast  to  the  metal  spacer  case,  the  coupling  has  a  mono¬ 
tonic  exponential  decay  with  respect  to  spacer  thickne.ss,  and 
increases  with  temperature.  This  result  provides  a  plausible 
explanation  for  recent  experimental  observations. 


J.  Appl.  Phys.,  Vol,  76,  No.  10,  15  November  1994 


P.  Bruno 


6975 


'S.  S.  P,  Parkin,  N.  Mote,  and  K.  P.  Roche,  Phys.  Rev,  Lett.  64,  2304 

(IW). 

^P.  Bruno  and  C.  Cliapj.t  ;,  Phys.  Rev,  l^tt.  67,  1602,  2502E  (lOPl);  Phys. 
Rev.  B  46,  261  (1992). 

'J.  Barnas,  J,  Magn.  Magn.  Mat.  Ul,  L215  (1992). 

^P.  Briino,  Europhys.  Lett.  23,  615  (1993). 

*  P.  J.  H.  Bloemcn,  M.  T.  Johnson,  M.  T.  H.  van  dc  Vorst,  R.  Coohoern,  J.  1. 
dc  Vries,  R.  Jungblut,  aai  dc  Stegge,  A.  Reinders,  and  W.  J.  M,  dc 
Jongc,  Phys.  Rev.  Lett.  72  7^4  (1994). 

'’S.  N.  Okuno  and  K.  Inomata.  Phys.  Rev,  Lcti.  72,  1553  (1994). 

’S,  Toscano,  B.  Briner,  H.  iiop.stcr,  and  M.  Landolt,  J.  Magn.  Magn.  Mai. 
114,  L6  (1992). 


*S.  Toscano,  B.  Briner,  and  M.  Landolt,  in  A/ngncd.sm  aiut  Siruclun'  in 
Systems  of  Rinliweil  Pimensions,  edited  by  R.  P'.  C,  Farrow,  B.  Dieny,  M, 
Donath.  A.  Fert,  and  B,  D.  Hermsmeier,  NATO  ASI  Ser.  B  .309  (Plenum, 
New  York,  1993),  p.  257. 

'’J.  li.  Mattson.  S.  Kumar,  E.  F.  Fullerton,  S.  R,  Ia’C.  C.  H,  Sowers,  M. 
Grimsditch,  S.  1).  Bader,  and  F'.  T.  Parker,  Phys.  Rev.  U-it.  71,  1R.5  ( 1993). 
‘"B.  Briner  and  M.  Landolt.  Z.  Phys.  B  92,  1.35  (1993). 

"P.  Bruno,  J,  Magn,  Magn.  Mat.  121,  24S  (19931. 

'^M.  D.  Stiles.  Phys.  Rev,  B  39,  72.3K  ( 1 993). 

‘■'J.  C,  Slonczewski,  Phys.  Rev,  B  39,  6995  (19K9), 

'■'P.  Bruno.  Phys.  Rev.  H  49.  132.3  (1994). 

Oiu,  J.  Pearson,  and  S.  D.  Bader,  Phys.  Rev.  B  46,  S659  (1992). 


6970  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


P.  Bruno 


Exchange  anisotropy  in  films,  and  the  problem  of  inverted  hysteresis  loops 
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The  inverted  hysteresis  loop  is  claimed  to  be  possible,  in  an  exchange-coupled  bilaycr,  when  a 
magnetically  soft  material  is  affected  by  the  demagnetizing  field  of  the  hard  material.  These 
demagnetizing  fields  are  caused  by  the  charge  on  the  surfaces,  neglected  in  all  the  theories  that 
assume  a  strictly  one-dimensional  structure,  in  an  infinite  material.  For  these  one-dimensional 
models,  an  analytic  solution  is  presented,  which  reduces  the  computation  from  a  numerical 
integration  of  a  set  of  differential  equations  to  the  .solution  of  an  algebraic,  transcendental  equation 
(which  contains  elliptic  functions)  for  fitting  only  the  boundary  conditions.  It  may  then  be  feasible 
to  introduce  at  least  an  approximation  for  the  demagnetizing  effect  of  the  surfaces  in  a  finite  sample. 


I.  INTRODUCTION 


II.  SIMPLE  THEORY 


Inverted  hysteresis  loops  have  been  observed''’  in  some 
exchange-coupled  multilayers.  In  the  decreasing  part  of  such 
loops  the  magnetization  becomes  negative  when  the  applied 
field  is  still  positive,  while  in  the  increasing  part  the  magne¬ 
tization  becomes  positive  'vhen  the  applied  field  is  still  nega¬ 
tive  (see  Fig.  2).  No  explanation  is  known  for  this  unusual 
phenomenon.  The  attempt’’^  to  relate  it  only  to  the  exchange 
coupling  at  the  interface  failed,  in  the  sense  that  the  theory 
did  not  produce  anything  similar  to  the  observed  loops. 

Unlike  the  exchange  coupling,  which  acts  on  the  bound¬ 
ary  layer  only,  magnetostatic  interaction  between  the  layers 
acts  on  the  whole  volume  of  the  film,  and  is  thus  more  ef¬ 
fective  and  more  likely  to  produce  inverted  loops.  However, 
the  magnetostatic  interaction  is  complicated  and  difficult  to 
take  into  account,  and  is  just  neglected  in  most  theoretical 
studies.  To  illustrate  the  complexity,  two  cases  of  such 
exchange-coupled  layers  are  shown  schematically  in  Fig.  1. 

In  case  (a)  the  magnetic  field  is  in  the  film  plane,  and  the 
magnetization  of  the  hard  component,  A,  is  pointing  to  the 
right.  A  simple-minded  calculation  assumes  an  infinite  film, 
with  no  demagnetizing  effect.  However,  these  films  do  end 
somewhere  and  there  is  a  charge  on  that  surface.  This  charge 
(shown  schematically  as  the  pluses)  creates  a  field  (shown 
schematically  by  the  two  field  lines),  which  points  to  the  left 
when  the  applied  field  is  to  the  right.  The  field  acting  on  the 
soft  material,  B,  is  the  difference  between  these  fields,  and 
can  be  negative  in  a  positive  applied  field. 

In  case  (b)  the  applied  field,  and  the  magnetization  in  the 
film,  are  pointing  upwards.  There  should  be  no  demagnetiz¬ 
ing  effects  besides  the  overall  demagnetization,  which  is 
easy  to  take  into  account.  However,  if  the  films  are  not  con¬ 
tinuous,  and  one  material  “penetrates”  through  the  other 
one,  a  surface  charge  can  be  created,  as  .seen  in  Fig.  1 ,  and 
the  effect  is  the  same  as  in  case  (a). 

These  effects  are  not  easy  to  estimate,  because  they  de¬ 
pend  on  the  fine  details  of  the  layer  structure;  but  they  arc 
not  negligible,  because  the  magnetostatic  self-energy  is  usu¬ 
ally  very  large,  A  rather  crude  theory  will  be  given  in  Sec.  II. 
which  demonstrates  the  main  physics  of  the  present  sugges¬ 
tion  for  the  origin  of  the  inverted  hysteresis  loop.  A  method 
for  advancing  to  a  more  realistic  approximation  will  be  pro¬ 
posed  in  Sec.  III. 


*’E-mail:  a.aharoni^iccc.urg 


The  earliest  theory’  of  exchange  coupling  in  a  geometry 
of  an  infinite  slab  used  an  oversimplified  picture  of  the  CoO 
layer  as  being  infinitely  hard,  so  that  the  direction  of  its 
magnetization  could  not  be  changed  by  any  applied  held. 
The  softer,  cobalt,  layer  was  assumed  to  be  sandwiched  be¬ 
tween  such  CoO  layers,  and  the  coupling  to  these  layers  gave 
the  boundary  conditions  for  the  energy  minimization.  For 
this  model  the  differential  equation  could  be  .solved  analyti¬ 
cally,  and  the  reduced  magnetization  in  the  field  direction 
was  shown’  to  be 

j  =  {M„)fM,  =  -\+2E(k)/K{l(),  (1) 

where  K  and  E  are  the  complete  elliptic  integrals  of  the  first 
and  second  kind,  respectively,  and  k  is  a  parameter,  related  to 
the  reduced  applied  held, 

/i-///(27rA/,,),  (2) 

by 

-7^5^/l  =  [/C(^)]^  S----aMJ.,A.  0) 

Here  A  =  C/2  is  the  exchange  constant,  and  a  is  the  Co  him 
thickness. 

Two  changes  are  made  in  this  theory  fur  using  it  here. 

(1)  In  a  sufficiently  large  held  the  CoO  layer  reverses  its 


FIG.  1.  Schematic  representation  of  a  soft  magnetic  layer,  “B"  being  de¬ 
magnetized  by  the  held  due  to  the  .surface  charge  on  a  hard  layer,  "A" 
magnetized  parallel  (a),  or  perpendicular  (h)  to  the  layer  plane. 
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FIG,  2.  An  inverted  hysteresis  loop  computed  from  Bqs.  (1)  and  (4),  with 
nS^ho=  \2.5. 


magnetization  into  the  field  direction.  Effectively,  boundary 
conditions  no  longer  require  the  surface  magnetization  to  be 
always  parallel  to  +z.  At  a  large  negative  field  it  becomes 
parallel  to  -z. 

(2)  A  demagnetization  is  added  by  replacing  Eq.  (3)  by 

-irS^{h-ho)  =  [K{k)]\  (4) 

Of  course,  these  assumptions  are  oversimplified,  because 
the  CuO  is  not  magnetized  abruptly,  and  the  demagnetization 
is  not  a  constant,  b  p .  However,  this  simple  model  contains 
all  the  physics  of  the  assumed  mechanism,  and  it  can  pro¬ 
duce  the  experimental  curves.  A  typical  hysteresis  curve, 
computed  from  Eqs.  (I)  and  (4)  and  plotted  in  Fig.  2,  con¬ 
tains  all  the  features  of,  and  is  qualitatively  very  similar  to, 
the  observed*’^  inverted  hysteresis  loops. 

The  plot  in  Fig.  2  is  sensitive  to  the  value  used  for  /ip. 
For  a  smaller  value  the  increasing  and  decreasing  part  of  the 
hysteresis  curve  cross,  approaching  the  shape  of  the  curves 
computed^  with  no  demagnetization.  An  example  is  plotted 
in  Fig.  3.  This  result  is  not  inconsistent  with  the  experimemcl 
observation*'^  that  the  loops  are  not  always  Inverted.  It  must 
mean  that  the  geometrical  details  of  the  demagnetization  are 
important. 

It  should  be  emphasized  that  the  curve  in  Pig.  2  is  not  a 
true  minor  loop.  If  the  decreasing-fleld  part  in  Fig.  2  is 
stopped  and  reversed  at,  say,  7r5^/i  =  -7,  the  magnetization 
will  climb  back  on  the  same  branch,  and  not  on  the  increas¬ 
ing  part.  Changing  between  the  two  branches  occurs  only  in 
a  highly  positive  or  highly  negative  field,  where  energy  has 
to  be  spent  on  reversing  the  hard  component.  Presumably, 
the  same  is  also  true  for  the  observed  inverted  loops,  al¬ 
though  this  point  is  not  specified  in  the  published*’^  accounts. 
Otherwise,  the  negative  resistance  of  the  minor  loop  could  be 
used  to  create  a  perpetual  motion  machine,  thus  violating  the 
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FIG.  3.  As  in  Fig.  2,  only  with  10.5.  Note  (hat  the  scales  arc 

different. 


second  law  of  thermodynamics.  Actually,  the  energy  gain  in 
small  Helds  is  more  than  balanced  by  the  energy  loss  in 
higher  fields,  as  is  the  case  for  an  electronic  circuit  with  a 
negative  resistance  in  part  of  the  V-l  cycle. 

ill.  ONE-DIMENSIONAL  THEORY 

The  crude  approximations  of  Sec.  11  do  not  allow  for  a 
magnetization  distribution  in  the  hard  magnetic  component, 
take  the  demagnetizing  field  as  a  constant,  and  do  not  take 
into  account  the  demagnetizing  of  the  hard  by  the  soft  com¬ 
ponent.  These  approximations  can  be  much  improved  by  a 
slight  modification  of  the  theory  which  was  used"*  for  bilay¬ 
ers  of  NiFe-TbCo,  but  which  is  qualitatively  the  same  for 
any  other  pair  of  materials.  It  should  be  particularly  noted 
that  this  theory  contains  us  particular  cases  all  the  other  one¬ 
dimensional  models  which  were  developed  separately,  e.g., 
when  each  film  is  taken  as  a  “single  domain,”  without'*  or 
with*’  a  transition  wall  between  them. 

This  theory '*  considers  a  soft  layer  whose  magnetization 
is  at  an  angle  d,  (z)  to  the  axis  of  induced  anisotropy,  taken 
as  the  X  axis,  in  the  region  -fi^z^O;  and  a  hard  layer 
whose  magnetization  is  at  an  angle  02(z)  to  x,  in  the  region 
0^z^f2 .  For  the  soft  and  the  hard  films,  the  saturation  mag¬ 
netization  is  M  j ,  the  uniaxial  anisotropy  constant  is  Kj ,  and 
the  exchange  constant  is  Ay,  with  j=\,  2,  respectively.  It  is 
only  assumed  here  that  the  soft  film  interacts  with  a  field 
Hfy-Hpi,  and  the  hard  film  with  instead  of  just 

with  the  applied  field,  .  Here  Hpi  should  eventually  be 
taken  as  proportional  to  the  average  of  cos  02«  ^md  Hp2  as 
proportional  to  the  average  of  cos  6^ ,  which  should  be  a 
reasonably  good  approximation  to  many  real  phy.sical  situa¬ 
tions.  This  part  will  be  published  elsewhere.  The  following 
notations  arc  used  for  short: 

Amikam  AharonI 


=  h2^{HA-HD2)M2lK2, 

q^  =  Klsm\2eh)/{4A2K2),  0b=O2it2)<  (5) 

0Q=ei(-t;),  (2=  \/i^+(*I72+COs"^, 

where  Kf,  {s'*  the  surface  anisotropy. 

Smith  and  Cain'*  solved  numerically  the  two  second- 
order  differential  equations  which  minimize  the  energy. 
However,  it  is  known^’®  and  has  been  pointed  out**  again,  that 
all  the  equations  of  one-dimensional  micromagnetics  can  be 
integrated  at  least  once,  if  not  twice.  After  the  first  integra¬ 
tion,  these  equations  become 

(A  1  /AT]  )(r/ /dz)^  = /i  1  [cos{  00  -  0//)  -  cos(  d]  -  5//)] 

-t-sin^  01-sin^  0o,  (6a) 

(A  2  /K2)  {d  02  /dz)^  =  /i2[cos(  6^-6^)-  cos(  02-0//)] 

-f-^^-t-sin^  02-sin^  0/,.  (6b) 

Here  0//  is  the  angle  between  the  applied  field  and  the  x  axis. 
It  can  be  checked  that  Eqs.  (6)  are  indeed  first  integrals  of  the 
second-order  equations^  and  that  they  fulfill  two  of  the 
boundary  conditions,  which  require  the  z  derivatives  of  0| 
and  of  02  lo  vanish  on  z=-/i  and  z  =  /2i  respectively.  It 
should  be  noted,  though,  that  0o  and  0^,  are  known  at  this 
stage  only  as  the  boundary  values  of  0i  and  02.  They  still 
need  to  be  evaluated. 

One  of  the  remaining  boundary  conditions  is  that  the 
derivative  is  continuous, 

d0\ldz--d02ldz,  on  2  =  0.  (7a) 

The  other  one  was  taken'*  as  a  certain  discontinuity  of  the 
angle  at  z=0,  thus  introducing  unnecessarily  another,  un¬ 
known  parameter,  /f,  .  It  is  better  to  take  the  limit 
because  the  exchange  is  the  largest  force  over  short  dis¬ 
tances.  Other  micromagnetics  studies  do  not  allow  a  discon¬ 
tinuity  because  the  exchange  is  so  strong,  and  having  an 
exchange  coupling  between  two  different  materials  cannot 
change  this  argument.  In  the  studies  of  nucleation  at  crystal¬ 
line  imperfections,  with  an  abrupt'**  or  a  gradual"  or  a 
periodic'^  change  in  the  anisotropy,  and  in  the  study*^  of 
domain  wall  pinning,  or  wall  motion*'*  in  a  material  with  a 
variable  exchange,  the  angle  was  assumed  to  be  continuous. 
There  is  no  reason  to  assume  anything  else  here,  and  the 
second  boundary  condition  is  that  the  angle  is  also  continu¬ 
ous, 

0,  =  6'i(O)=02(O).  (7b) 

Analytic  integration  of  these  equations  is  possible  in 
many  cases,  but  there  are  different  types  of  functions  de¬ 
pending  on  the  values  of  the  physical  parameters  involved. 
The  following  .solution  is  only  an  example,  for  the  particular 
case  of  an  in-plane  field,  0//=O 

1  -  cos  0(1 

1-COS0,  = - ^ - — - - r,  (8a) 

1-^(14-008  0„)sn^^-^^ — Ui,ki 


1-cos  02  =  - 


I-G4-/I2/2 


kf  = 


1-y  [l  +  0-^)sn^(t/2,K) 

2(/j, -1-2  cos  0o) 


‘  (14-cos  0o)(l  4-/li4-C0S  0o)  ’ 

4Q 


ki  = 


(l+Qy-(l,2/2) 


«i=-2  V(l  +  cos  0o)(l  -l-/z,4-cos  0,}) 


U 


,  =  UoA  —  U2,  u2  =  r\jT:Q’ 


sn^(uo,A:2)=  : 


^2 

1 


4- 


1 


(8b) 

(8c) 
(8d) 
(8c) 
(8f) 

J 

(8g) 

where  sn  is  the  Jacobian  elliptic  function,  and  where  the 
integration  constants  have  already  been  chosen  so  that  0|  =  0o 
on  z  =  -  r  1 ,  and  02  =  0;,  on  2  =  <2  ■  h  can  be  checked  by  dif¬ 
ferentiation  that  Eqs.  (8)  solve  the  differential  Eqs.  (6). 
Therefore  Eqs.  (8)  arc  a  legitimate  solution,  provided  the 
parameters  are  such  that 

0<Af<l  andO<A:2<l.  (9) 

If  either  ky  or  ^2  not  in  this  region,  standard  transforma¬ 
tions  to  other  elliptic  functions  may  be  used. 

The  problem  has  thus  been  reduced  to  finding  0^  and  Oj, 
that  will  fulfill  the  boundary  conditions  of  Eqs.  (7). 

Once  this  problem  is  solved,  the  average  magnetization 
in  each  region. 


2Q  \  Q  +  cos  9h  + h2l2  l-cos0j 


(cos  0] 


M  J-/, 


COS  01  dz, 


1  f'2 

(cos  02)=  —  COS  02  dz, 
<2  JO 


(10a) 


(10b) 


is  a  standard  elliptic  integral  of  the  third  kind.  The  reduced 
total  magnetization  is  then 

Afi/i(cos  01 ) 4-^2(2(008  02) 


;  = 


M  yt  y+  M  2(2 


(11) 
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An  analytical  treatment  of  the  Ruderman-Kittel-Kasuya-Yosida  polarization  in  inhomogeneous 
media  is  possible  for  some  simple  models.  This  is  exemplified  with  the  half-spaces  and  slabs  in  one 
and  three  dimensions,  and  with  an  especially  chosen  potential  barrier  in  one  dimension, 


I.  INTRODUCTION 


Experiments  with  films  and  with  layered  structures  re¬ 
quire  information  on  the  Ruderman-Kittel-Kasuya-Yosida 
(RKKY)  polarization  in  inhomogeneous  situations.  This 
work  deals  with  especially  simple  situations  for  which  a  cal¬ 
culation  can  be  made  analytically.  The  aim  is  to  get  familiar 
with  effects  that  appear  in  idealized  situations  rather  than  to 
study  a  model  that  incorporates  many  features  of  actual  ex¬ 
perimental  conditions. 

As  in  the  classical  papers  on  RKKY  polarization'  we 
shall  assume  the  electron  gas  to  be  ideal  and  fully  degener¬ 
ate.  At  a  position  a  the  electron  spins  are  subject  to  a  point 
field  leading  to  a  perturbing  Hamiltonian 


H'^-yS\r-a)  y. 


(1) 


The  coupling  constant  y  has  the  dimension  energy  volume,  r 
is  the  electron  position,  and  o-^  the  Pauli  spin  matrix  for  the 
2  direction.  In  the  homogeneous  case  plain  waves 
=  1/ with  ±  j  the  spin  quantum  number,  and 
which  belong  to  the  energy  e(k)=‘h^k^l2m,  form  a  complete 
set  of  unperturbed  one  particle  states.  It  can  be  shown  by  an 
extension  of  Yosida’s  argument^  to  inhomogeneous  situa¬ 
tions,  Eq.  (33),  that  the  first-order  perturbed  wave  functions 


3  , 


e(k’)-e(k) 


(2) 


lead  to  the  correct  spin  polarization  which  has  z  direction: 


(2-771  Jk<ky  2 

kf  is  the  Fermi  wave  vector. 


(3) 


II.  THE  SEMISPACE 

Consider  an  ideal  electron  gas  confined  to  the  half-space 
with  coordinate  a:>0.  This  is  obviously  not  a  realistic  model 
for  a  surface  of  a  true  metal.  However,  it  has  the  virtue  that 
again  a  simple  set  of  one  particle  functions  can  be  written 
down.  In  the  one-dimensional  case  they  can  be  taken  to  be 
1/v^  sin(<:x)|5).  The  electron  density  and  therefore  the  po¬ 
larization  vanishes  at  the  surface.  Mathematically  the  whole 
change  is  a  sine  function  in  place  of  an  exponential.  In  the 
unlimited  one-dimensional  .space  the  spin  polarization  is'^-'* 


.  ,  y  2m  I  n  ,  ,  \ 

«i(lAr-ul)==  —  jr  ^2~Si(2/r,.lA:-al)j.  (4) 

For  the  half-line  the  calculation'’  gives 

a) 

-2R^[\x-a\l2  +  (x  +  a)l2].  (5) 

The  first  term  is  the  polarization  in  a  homogeneous  medium 
due  to  a  point  field  at  position  a,  and  the  second  is  the  same 
expression  centered  around  the  mirror  point  -a.  At  the  sur¬ 
face,  jt  =  0,  the  two  terms  have  the  same  value.  In  this  sense 
the  second  term  is  not  a  reflected  wave.  It  is  the  third  term, 
which  depends  on  the  average  distance  to  the  source  and  to 
its  mirror  point,  which  compensates  the  first  two  terms  at  the 
surface.  P,,,  is  shown  in  Fig.  1. 

When  the  half-space  has  more  than  one  dimension,  a 
complete  set  of  one  particle  wave  functions  which  vanish  at 
the  boundary  x  =  0  is 

v2  sin(<:x)t'““*l.v),  (6) 

where  k>Q,  and  R  and  K  are  orthogonal  to  the  x  direction. 
In  two  dimensions  the  authors  were  unable  to  perform  the 
integrations  analytically.  For  a  three-dimensional  half-space 
the  polarization  P;,  can  again  be  expressed"  in  terms  of  the 
usual  RKKY  function 


f,z 


ykj.-  2m  sin(x)-x  cos(x) 


(7) 


as 


I'lG.  I.  The  spin  polati-zutiun  in  ii  luilf-linc  fnr  a  point  Ikld  iit  u  “  ft. 

Distances  arc  in  units  of  1/(2*,.)  and  F,,,  is  in  units  of  y2ml{‘kirfr'). 
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FIG  2.  Polarization  in  half-space  due  to  a  point  field  at «  =  4.  is 

shown,  where  the  factor  p.. .  the  distance  to  the  point  source,  suppresses  the 
divergence  of  P/,  at  the  source  and  emphasizes  the  oscilhitions.  Distances 
are  in  units  of  \/(2kp)  and  P/,  i.s  in  units  of 


Pi=R{2kp-p.)+R{  2k,.p  + )  -  R[k,.ip^  + p^.)]. 


(2p_p+) 


(8) 


Here 


P:e  =  'Jix  +  a)^  +  R^, 


(9) 


so  that  p..  is  the  distance  to  the  source  and  p+  to  its  mirror 
point.  The  first  two  terms  are  spherical  waves,  while  the  third 
term  depends  un  p+  +  p_  and  compensates  the  first  two  at  the 
surface.  See  Fig.  2. 


111.  TH*:  SLAB 


In  the  one-dimensional  case,  i.e.,  for  the  finite  line  ot 
length  I,  a  closed  expression  for  the  polarization  .P|/(Ar)  has 
been  derived.''’  The  plot  in  Fig.  3  assumes  an  even  number  of 
electrons  V,  so  that  the  highest  occupied  level  is  designated 
by  np=NI2.  In  three  dimensions,  for  the  slab  of  width  L, 
the  polarization  Pf(x,R)  can  be  written  as  a  rapitJly  converg¬ 
ing  series.^  Here,  x,  with  Q<x<L,  and  R  are  coordinates  of 
a  circular  cylinder  with  the  source  at  A'  =  a,  /?  =  ().  Figure  4 


30 


FIG.  lolarization  in  a  finite  iinc  oi'  length  L-il  due  to  a  point  field  at 
0  =  8,  III.--5.  Units  arc  as  in  Fig.  1.  The  precise  position  a  determines 
whether  the  positive  polarization  netir  n  i.s  compensated  by  a  negative  one 
mostly  to  the  right  or  to  the  left  of  a. 


FIG.  4.  The  .spin  polarization  P|(.v,/f)p  in  a  slab  of  width  /.  =  .12.  0=  1 2. 
Units  arc  as  in  Fig.  2. 


shows  PfP-,  where  p..  is  the  distance  from  the  source. 
np=li\l{iTkp/L)  =  5  designates  the  band  at  the  Fermi  level. 


IV.  POLARIZATION  ACROSS  A  POTENTIAL  WELL 

A  potential  also  creates  an  inhomogeneily  in  an  electron 
ga.s.  A  square  well  leads  to  wave  functions  with  somewhat 
complicated  coefficients  which  inhibit  a  further  analytical 
treatment.  A  numerical  calculation  has  been  performed  by 
Jones  and  Hanna.*’  Here  we  discuss  a  one-dimensional  mode! 
with  a  particular  localized  potential  which  lends  itself  to  ana¬ 
lytic  treatment. 

The  electrorus  are  subject  to  a  localized  potential  of 
width  k 


V(x)=  -  V()  sech^(\.A) 

(10) 

V„=2\V|2/(2m), 

(11) 

where  m  is  the  mass  of  an  electron.  With  Eq.  (11)  the  poten¬ 
tial  has  the  remarkable  proper*-'  ^f  being  reflectionless, ^  Note 
that  Eqs.  (10)  and  (11)  imply  i.hal  the  depth  and  width  of  the 
potential  cannot  be  varied  independently.  This  potential  has 
been  cho.sen  for  the  simplicity  of  its  wave  functions  and 
spectrum.  This  consists  of  a  continuous  part 


FIG,  5.  Spin  polarization  due  (o  a  point  source  al  u  =  8  in  the  presence  of  a 
potential,  Eq,  (21)  with  k  -  1,  near  .v  =  ().  Units  are  as  in  Fig.  1. 
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-ik+\  tanh(\A) 

h^k^ 

f  ,  — 

(12) 

2=1a-«1, 

(14) 

1 -  i  hv, 

*  Im  ' 

7 = tanh(  \x )  tanh(  \a), 

(15) 

and  one  bound  state 

5=|tanh(\A)- tanh{Xa)|, 

(16) 

<f>b,s{x)=^ 

xJ^SKh(kx)\s),  E^  = 

2m 

(13) 

(k'-P\~T)cos{kz)-k\S  sin(^2) 

Ck  , 

(17) 

With 

_ 1 

the  polarization  becomes 

2m  -y  (  rr  (if  dk  1  t  i  t  i  , 

P(x,a)^-jr^  \  ~  2  ^  ^J„  y  >in(242)  +  2\SA:(A:‘+\‘r) 


,  (if  C*  77 

Xcos(2<:z)}  +  2X.[e  ^^(7- 1 -5)  +  sech(\jc)sech(Xfl)]  dA:  sech(X.A) 

Jo  (A:‘  +  \  ;  i 


Xsech(\a)e''''[7+  l  +  \z{T-  1  -5)] 


(18) 


r 


This  still  contains  an  integration  to  be  performed  numerically 
(Fig.  5). 

As  a  limiting  case  let  both  x  and  a  be  on  the  same  side 
of  the  potential  and  far  away  from  it,  i.e., 

x,aP"\,  or  -A,-aS>X.  (19) 

In  this  case  7-1  and  S  =  0.  Thus  F(x,a)'«/?i(|x-a|}  of  Eq. 
(4).  Note  that  the  terms  that  were  neglected  were  exponen¬ 
tially  small.  This  result  conforms  with  the  reflection  free 
property  of  the  potential.  In  general  P{a,a)-  y2nt/{4Trh^) 
independent  of  a  and  \. 

V.  INTEGRATED  POLARIZATION 

The  validity  of  the  procedure  used  by  Ruderman  and 
Kittel  to  derive  the  polarization  induced  by  a  point  field  was 
demonstrated  by  Yosida.  This  can  be  extended  to  situations 
in  which  the  electron  gas  is  subject  to  boundary  conditions 
and  spin  independent  potentials.  Let  0„.„(x),  e(K,n)  represent 
the  orbital  wave  functions  and  energies  of  the  continuous 
part  of  the  spectrum,  where  k  is  a  continuous  quantum  num¬ 
ber  while  V  labels  the  bands.  Then  it  can  be  shown  that  the 
polar'zation  satisfies 


. 


P(x,a)r/\v  = 


"7  Jav,„  4Tr  lV,,6(K,n)l’ 


(20) 


where  the  integration  extends  over  the  Fermi  surfaces  5/;.,  „  of 
all  bands  that  are  partially  filled.  The  right-hand  side  can  be 
interpreted  as  counting  the  spin  flips  at  the  Fermi  energy  due 
to  the  point  field.  However  the  formula  is  derived  using  per¬ 
turbed  wave  functions  and  the  unperturbed  occupation  of 
states.  The  bound  states  contribute  only  indirectly,  through 
the  orthogonality  to  the  continuous  states.  Apart  from  Justi¬ 
fying  our  method  of  calculation,  Eq.  (20)  provides  a  shortcut 
to  obtain  the  integrated  polarization. 
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Spin  reversal  in  Co/Au(111)/Co  trilayers 

V.  Grolier,  J.  Ferre,  M.  Galtier,®*  and  M.  Mulloy®^ 

Laboratoire  de  Physique  des  Solides,  Bat.  510,  Universite  Paris-Sud,  91405  Orsay  Cedex,  France 

In  Co/Au(lll)/Co  trilayers  exhibiting  oscillatory  interlayer  coupling,  we  show  how  the  nature  and 
the  strength  of  this  interaction  modify  the  magnetization  reversal.  In  the  case  of  antiferromagnetic 
(AF)  coupling  the  magnetic  domain  patterns  observed  by  Faraday  microscopy  differ  drastically 
according  to  the  amplitude  of  the  coupling.  This  effect  can  be  understood  on  the  basis  of  the 
fluctuations  of  the  effective  field  acting  on  a  layer  produced  by  the  roughness  of  the  Au  interlayer. 
Among  the  ferromagnetically  (F)  coupled  layers  slighter  differences  are  visible  that  can  be 
accounted  by  changes  of  the  anisotropy  energy. 


INTRODUCTION 

Widely  observed  in  systems  with  planar  anisotropy,  the 
oscillatory  interlayer  coupling  has  been  detected  in  few  sys¬ 
tems  with  perpendicular  anisotropy.'’^  Among  them  Co/ 
Au(lll)/Co  is  particularly  attractive  in  view  to  study  the 
magnetization  reversal  and  the  corresponding  domain  pat¬ 
terns,  because  much  of  the  work  has  been  devoted  to  simple 
Au/Co/Au  sandwiches.^'"'  The  purpose  of  this  article  is  to 
show  how  the  spin  reversal  near  the  coercive  field(s)  is  af¬ 
fected  by  the  interlayer  coupling  and  its  oscillatory  nature 
and  to  understand  this  behavior  in  light  of  what  is  already 
known  about  Au/Co/Au  monolayers. 

SAMPLES  AND  EXPERIMENTAL  TECHNIQUES 

The  samples  are  Co/Au(lll)/Co  trilayers  grown  by  ther¬ 
mal  evaporation  in  ultrahigh  vacuum  on  a  polycrystalline  fee 
Au(lir  buffer.  Details  about  the  growth  conditions  and  the 
structural  properties  of  the  samples  are  reported  elsewhere.' 

The  Au  interlayer  has  a  stepped-wedge  shape,  with  eight 
different  thickne.sses,  from  2  to  9  atomic  layers  (AL).  The 
(WO  Co  films  have  the  same  thickness — O.f)  nm — and  com¬ 
parable  roughness  (1  AL)  in  this  range  of  Au  interlayer  thick¬ 
ness,  as  was  shown  by  AFivI  and  RHEED  experiments.'^ 
Therefore,  for  the  thinnest  samples  AL),  we  can  ex¬ 

pect  that  in  the  absence  of  coupling  the  top  and  the  bottom 
layers  have  almost  the  same  intrinsic  coercive  field  and  ex¬ 
hibit  similar  domain  patterns  during  the  reversal  of  magneti¬ 
zation. 

All  the  samples  have  perpendicular  anisotropy  and  their 
magnetization  was  deduced  from  sensitive  Faraday  ellipticity 
measurements.  At  a  more  microscopic  scale  a  Faraday  mi¬ 
croscope  with  an  objective  of  high  numerical  aperture  (0.85) 
was  used  to  observe  domain  patterns. 

RESULTS 

The  hysteresis  loops  (Fig.  1)  measured  in  perpendicular 
field  confirm  the  oscillatory  nature  of  the  interlayer  coupling: 
for  AL  and  9  AL  we  ob.serve  two  successive  Jumps  of 
magnetization  at  different  fields,  thus  revealing  AF  coupling. 


■‘Institut  d’Opliquc  Theorique  i:t  Appliqucc.  Uat.  .SO.S.  Uiiiversilc  I’aris-Sud. 
91405  Orsay  Cedex,  France. 


For  the  other  interlayer  thicknesses,  only  one  steep  reversal 
is  visible,  occurring  at  a  smaller  coercive  field  for  the  thin¬ 
nest  interlayers  (/au=2  AL  and  3  AL). 

In  the  case  of  AF  coupling,  the  two  coercive  fields  are 
different  enough  to  enable  the  ob.servation  of  the  domains  in 
each  Co  layer  separately.  For  strong  AF  interaction,  the  time 
evolution  of  the  domain  structures  after  premagnetizing  the 
sample  in  a  large  negative  field  are  shown  Fig.  2.  The  first 
layer  exhibits  a  dendritic  growth  of  domains  starting  from  a 
few  nucleation  centers.  The  situation  is  completely  different 
in  the  second  layer:  a  great  amount  of  small  domains  are 
nucleated  and  very  limited  propagation  of  their  walls  is  vis¬ 
ible  afterwards. 

For  small  AF  coupling  '^L),  if  the  reversals  occur 

at  different  fields,  the  corresponding  evolutions  of  the  do¬ 
main  patterns  (Fig.  3)  are  identical;  a  domain  wall  is  moving 
across  the  sample  with  a  reduced  deformation  of  its  shape  by 
pinning  centers. 

/vmong  the  F  coupled  samples  the  less  strongly  coupled 
ones  (/au=4,  6,  8  AL)  form  an  homogeneous  group  with  the 
same  coercive  field  and  identical  domain  patterns.  The 
strongly  F  coupled  films  (/au=2,  3  AL)  behave  differently, 
which  appear  clearly  on  magnetic  after-effect  curves.  For 
these  .samples,  one  has  to  notice  that  beside  the  regular 
RKKY  coupling  a  direct  exchange  interaction  exists.  Figure 
4  illu.strates  the  influence  of  the  strength  of  the  F  coupling  on 
relaxation  curves  obtained  for  and  4  AL.  Both  the  bias 
fields  and  the  shape  of  the  relaxation  are  different:  for  fAu^^ 
AL  we  get  a  typical  reversal  dominated  by  domain  wall 
propagation,  whereas  for  /au“2  AL,  the  nucleation  process 
plays  a  more  important  role  and  the  needed  applied  fields  are 
smaller. 

INTERPRETATION 

Bruno  and  Chappert,"'  first  have  pointed  out  in  this  sys¬ 
tem  the  importance  of  the  inhomogeneities  in  the  determina¬ 
tion  of  the  coercivity  via  domain  wall  movement.  In  the  case 
of  coupled  films,  the  effective  field  acting  on  each  layer  is 

^ cff~  ^appi~b  ^iiU  ' 

where  //^ppi  ^im  applied  and  interaction  fields, 

with  Wi,„>()  for  AF  coupling.  Therefore,  to  the  inhomogene- 
ities  due  to  the  structural  roughness  of  each  Co  layer  the  ones 
produced  by  the  fluctuations  of  H,.((  due  to  the  roughness  of 
the  interlayer  arc  added. 
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FIG.  1.  Hysteresis  loops  measured  by  magneto-optical  Faraday  cilipticity 
for  different  values  of  the  Au  interlayer  thickness. 

When  fAu“5  AL,  the  coupling  is  AF  but  its  amplitude 
and  its  sign  are  very  sensitive  to  the  Au  layer  thickness.'  In 
that  case,  taking  into  account  a  realistic  roughness  of  the 
interlayer  of  1  AL,  islands  of  F  coupled  zones  exist  in  a 
majority  of  AF  coupled  regions.  It  must  be  noted  that  this 
picture  of  islands  is  reasonable  when  the  mean  interlayer 
thickness  is  smaller  than  the  so-called  cutoff  thickness  equal 
to  5  AL  in  this  system.*^  For  the  first  Co  layer,  nucleation 
occurs  where  the  effective  field  is  the  highest  (AF  zones)  and 
the  F  islands  act  as  obstacles  to  be  avoided  by  the  moving 
wall,  which  explains  the  dendritic  shape  of  the  walls.  In  the 
second  Co  layer,  nucleation  occurs  in  F  zones  and  very  rap¬ 
idly,  the  domain  wall  reaches  an  AF  region  which  stops  its 
motion. 

For  (au=9  AL,  we  are  beyond  the  cutoff  thickness  and 
the  fluctuations  of  the  coupling  arc  much  smaller  than  near 
the  first  AF  peak,  namely  0.05  erg  cm“^  for  a  change  of  the 
interlayer  thickness  of  1  AL.  Besides,  the  variation  of  the 
anisotropy  energy  due  to  the  roughness  of  each  Co  film  is  0. 1 
ergern"^  when  fco“0'8  nm-  Therefore,  in  this  case,  the  AF 


FIG.  2.  Co(0.8  nm)/Au(5  AL)/Co(0.8  nm);  time  evolution  of  the  magnetic 
domain  structure  in  the  first  Co  layer  (a)  at  W  =  3.36  Oc  and  in  the  second 
one  (b)  at  H  =  1008  Oe. 


FIG.  3.  Co(0.8  nm)/Au(9  AL)/Co(0.8  nm);  time  evolution  of  the  magnetic 
domain  structure  in  the  first  Co  layer  (a;  at  //==624  Oe  and  in  the  second 
one  (b)  at  //  =  768  Oc. 


coupling  just  shifts  the  magnetization  reversals  with  respect 
to  one  another,  but  does  not  alter  their  mechanisms  as  com¬ 
pared  to  a  single  Au/Co/Au  sandwich  with  /co~0'8  nm. 

When  the  coupling  is  F  another  effect  accounts  for  the 
differences  observed  between  weakly  and  strongly  coupled 
Co  layers.  The  magnetic  anisotropy  of  the  above-mentioned 
samples  {/au“2  and  4  AL)  was  compared  to  the  one  of  a 
Au/Co/Au  sandwich  (tc:o=0.8  nm).  For  this  purpose,  the 
magnetic  field  is  applied  to  25°  with  respect  to  the  sample 
plane  and  the  variation  of  the  perpendicular  component  of 
the  magnetization  is  recorded  as  a  function  of  the  field 
amplitude.’  The  results  are  shown  Fig.  5. 

Whereas  the  sample  with  ^  similar  to  the 

single  Co  film  from  the  point  of  view  of  magnetic  anisotropy, 
the  strongly  coupled  one  ((^^=2  AL)  is  softer  and  is  compa¬ 
rable  to  a  single  1.2-nm  thick  Co  layer. 

Therefore,  the  differences  observed  in  Fig.  4  can  be  un¬ 
derstood  on  the  basis  of  the  effective  thickness  deduced  from 
the  anisotropy  measurements.  They  correspond  to  the  trends 


0  t  (s) 


FIG.  4.  Magnetic  after  effect  for  AL  (a)  and  AL  F  J  fw  dif¬ 
ferent  values  of  the  applied  field. 
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FIG.  5.  Variation  of  the  normal  compc  i'icnt  of  the  magnetization  under  ap- 
plicatioi  .  a  magnetic  field  at  2'°  with  respect  to  the  film  plane  fur  two 
trilayers  with  i\u=2  AL  and  ®  O.S-nm-thlck  Co  mono- 

layer. 


observed  for  Aii/Co/Au  sandwiches:  decrease  of  the  coercive 
field,  importance  of  the  nucleation  process  when  the  Co 
thickness  is  increased.^ 

CONCLUSIONS 

As  for  Co  monolayers,  the  fluctuations  play  an  important 
role  in  the  dynamics  of  the  magnetization  reversal  but  con¬ 
trary  to  the  former  case  these  fluctuations  are  not  due  to  the 


own  roughness  of  the  Co  films  but  results  from  the  one  of  the 
Au  interlayer.  This  effect  is  enhanced  by  the  sensitivity  of  the 
coupling  to  the  Au  thickness,  especially  near  the  first  AF 
peak.  At  lower  thicknesses  (strong  F  coupling),  the  differ¬ 
ences  originate  from  the  decrease  of  the  magnetic  anisotropy 
for  thin  Au  interlayers. 
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Effect  of  coupling  on  magnetic  properties  of  uniaxial  anisotropy  NiFeCo/ 
TaN/NiFeCo  sandwich  thin  films 

T.  Yeh,  L  Berg,  B.  Witcraft,  J.  Falenschek,  and  J.  Yue 

Honeywell,  Solid  State  Electronics  Center,  Plymouth,  Minnesota  55441 

The  coercivity  of  the  coupled  NiFeCo  thin  films  is  a  function  of  nickel-iron-cobalt  (NiFeCo)  film 
thickness  and  tantalum  nitride  (TaN)  intermediate  layer  thickness.  This  can  be  attributed  to  the 
variation  of  energy  and  magnetization  gradients  of  a  domain  wall.  The  magnetization  gradient  can 
be  affected  by  a  thickness-induced  coupling  effect  associated  with  altering  the  exchange  and 
magnetostatic  interactions  between  the  two  NiFeCo  films.  Decreasing  the  exchange  coupling  and 
increasing  the  magnetostatic  coupling  between  the  coupled  NiFeCo  films  tends  to  decrease  the 
energy  and  magnetization  gradients  of  domain  walls  and  results  in  decreased  coercivity. 


INTRODUCTION 

The  success  of  utilizing  coupled  magnetic  films  as  mag¬ 
netic  sensors  or  memories  largely  depends  upon  a  better  un¬ 
derstanding  and  control  of  the  magnetic  coupling  between 
the  coupled  magnetic  films.  One  of  the  most  striking  effects 
of  sandwich  magnetic  films,  as  compared  to  that  of  a  single 
film,  is  the  reduction  of  coercivity,  which  is  attributed  to 
reduced  domain  wall  energy.  Theoretical  calculation 
showed  that  the  domain  wall  energy  of  coupled  films  can  be 
significantly  changed  through  the  exchange  and  magneto¬ 
static  coupling  of  the  coupled  films  by  varying  the  thickness 
of  magnetic  and  nonmagnetic  films.^'^’^  In  this  article,  the 
manner  in  which  the  magnetic  properties  of  coupled  NiFeCo 
films  are  affected  by  pure  tantulum  (Ta)  and  reactive-sputter 
TaN  films  is  examined,  and  the  magnetic  properties  of  sand¬ 
wich  NiFeCo/TaN/NiFeCo  films  as  a  function  of  TaN  and 
NiFeCo  film  thicknesses  are  investigated.  Also,  the  correla¬ 
tion  between  the  coercivity  of  the  coupled  films  and  the  do¬ 
main  wail  is  discussed. 


EXPERIMENT 

Because  of  the  nature  of  short-range  interaction,  the  ex¬ 
change  coupling  of  coupled  films  may  be  very  sensitive  to 
the  thickness  of  the  nonmagnetic  interlayer  and  the  interlayer 
material.  The  experiments  for  this  article  were  performed  as 
follow.  First,  the  effect  of  Ta  and  TaN  intermediate  layers  on 
magnetic  properties  of  150-A-thick  coupled  NiFeCo  films 
was  investigated.  Second,  how  the  nonmagnetic  intermediate 
layer  thickness  affects  the  magnetic  properties  of  the  coupled 
films  was  studied.  In  this  portion  of  the  study,  the  150-A- 
thick  NiFeCo  film  was  used  with  the  intermediate  TaN  film 
thickness  varying  from  0  to  105  A.  Third,  in  an  attempt  to 
study  the  magnetostatic  coupling  effect  on  the  magnetic 
properties  of  the  sandwich  films,  the  NiFeCo  films  were  var¬ 
ied  from  150  to  600  A  with  the  intermediate  TaN  film  held 
constant  at  50  A. 

Samples  of  NiFeCo/TaN/NiFeCo  sandwich  films  were 
sputter  deposited  on  a  4-in.  silicon  wafer  coated  with  a  thin 
sputtered  silicon  nitride  film,  rf  sputtering  was  used  to  de¬ 
posit  the  NiFeCo  films  while  the  TaN  was  deposited  by  a  dc 
reactive-sputter  process  with  an  At  and  N2  mixture  sputtering 
gas  and  a  pure  Ta  target  producing  the  NiFeCo/TaN/NiFeCo 


sandwich.  The  deposition  rates  of  the  films  were  carefully 
characterized  while  the  thickness  of  the  films  was  controlled 
by  varying  the  sputtering  time. 

Subsequent  to  the  deposition,  the  film  properties  were 
characterized  by  a  B-H  looper  using  a  maximum  lOO-Oe 
applied  field.  The  sheet  resistance  and  B’s  of  the  films  were 
used  to  monitor  the  thickness  of  the  NiFeCo  films.  The  mag¬ 
netic  properties  of  the  films,  such  as  skew,  dispersion  a^, 
anisotropy  field  and  coercivity  H^//,  were  determined 
by  the  B-H  looper  measurements.  Atomic  force  microscopy 
(AFM)  was  used  to  characterize  the  surface  topography  of 
the  sandwich  films. 

The  magnetic  properties  of  the  sample  films  are  summa¬ 
rized  in  Tables  1,  II,  and  III.  The  skew  and  dispersion  cr^o 
data  demonstrate  that  all  the  sample  films  exhibit  in-plane 
magnetic  unaxial  anisotropy  with  easy  and  hard  axes  perpen¬ 
dicular  to  each  other.  A  typical  easy  and  hard  axis  hysteresis 
loop  of  the  sandwich  film  is  shown  in  Fig.  1.  The  anisotropy 
field  Hj{  of  the  film  was  mea.sured  to  be  approximately  20 
Oe,  showing  results  of  the  easy  and  hard  axes  hysteresis 
loops  to  be  consistent  with  the  skew  and  dispersion  a^)  mea¬ 
surements. 


Before  reporting  and  discussing  the  experimental  results, 
we  will  first  derive  the  relationship  between  coercivity  and 
the  domain  wall  energy  of  the  coupled  films.  Because  of  the 
coupling  effect  in  the  configuration  of  two  ferromagnetic 
films  separated  by  a  nonmagnetic  film,  the  domain  wall 
structure  differs  markedly  from  those  observed  in  single  fer¬ 
romagnetic  films.  One  of  the  most  striking  properties  of 
coupled  magnetic  films  is  the  modification  of  domain  wall 
reversal  properties  by  comparison  with  those  of  single  films. 
The  coercivity  is  a  quantitative  measure  of  the  magnetic  field 
required  to  reverse  the  magnetization  direction  in  the  film. 
Local  energy  gradients  constitute  a  generalized  force  tending 
to  hinder  the  magnetization  reversal  process  of  a  ferromag¬ 
netic  film.^  However,  for  a  magnetic  uniaxial  anisotropy 
film,  the  local  energy  gradients  of  domain  walls  are  the 
dominant  hindrance  of  the  magnetization  reversal  process.  If 
we  call  the  domain  wall  energy  y,  the  coercivity  is  related  to 
the  derivative  of  this  energy  with  respect  to  position  dy/dx, 
the  energy  gradient.*^ 


RESULTS  AND  DISCUSSION 
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TABLE  I.  Magnetic  properties  ot  ili:  coupied  NiFeCo  films  with  different 
nonmagnetic  intermediate  layers. 


NiFeCo 

Interlayer 

Skew 

Dispersion 

Wx 

"rll 

thickness  (A) 

thickness  (A) 

(nW) 

(degree) 

(degree) 

(Oe) 

(Oe) 

150 

50  (TaN) 

2.41 

0,52 

0.7 

20,0 

0,45 

150 

50  (pure  Ta) 

2.34 

-0.23 

0,8 

20.0 

1.38 

The  total  energy  of  tlie  wall  configuration  is  given  by  the 
sum  of  magnetostatic,  anisotropy,  and  exchange  terms,  as¬ 
suming  that  the  domain  wall  is  Neel  and  quasi-Neel  type  and 
the  wall  is  thick  compared  to  the  total  thickness  of  the  sand¬ 
wich  film.^'^’^  Therefore,  the  coercivity  of  the  coupled  films 
can  be  derived  to  be:^ 


dy 

dx 


^lTrD\\b+\D 
\2  3 


dM,; 
dx  I 


+K  cos^  (p 


dxj  ' 


(1) 


where  D  and  d  are  thicknesses  of  the  magnetic  films  and  the 
nonmagnetic  interlayer,  respectively,  K  is  the  effective  an¬ 
isotropy  constant,  and  A  is  the  exchange  constant.  One  may 
note  that  the  coercivity  is  a  function  of  dMJdx  and 
dip/dx,  the  magnetization  gradients,  with  lower  magnetiza¬ 
tion  gradient  resulting  in  lower  coercivity.  Also,  a  domain 
wall  with  lower  magnetization  gradient  implies  a  wider  do¬ 
main  wall  width.  In  other  words,  the  domain  wall  width 
would  be  wider  for  the  coupled  film  with  lower  coercivity 
due  to  lower  magnetization  gradient.  The  width  of  the  do¬ 
main  wall  appears  to  be  inverse  proportional  to  the  square 
root  of  the  coercivity  W,,.; . 

Now,  we  mo\'e  to  a  discussion  of  the  effect  of  different 
intermediate  layers  on  magnetic  properties  of  the  coupled 
NiFeCo  films.  The  coercivity  of  the  coupled  NiFeCo  films 
separated  by  a  50- A  t!iick  Ta  film  is  measured  to  be  1.38  Oe, 
while  the  coercivity  is  reduced  to  0.45  Oe  when  the  coupled 
films  arc  separated  by  a  50-A  thick  reactive-sputter  TaN  film. 
No  effect  from  the  ani.sotropy  field  on  the  coercivity 
would  be  expected  because  of  the  same  were  obtained  in 
the  two  sample  films.  The  coercivity  reduction  of  the  coupled 
NiFeCo  films  with  a  TaN  intermediate  layer  could  be  attrib¬ 
uted  to  the  TaN  film  inducing  a  lower  energy  and  magneti¬ 
zation  gradient  of  the  domain  wall  by  altering  the  exchange 
and  magnetostatic  interactions  between  the  magnetic  films. 


lABl.F,  It.  Magnetic  prupcrtic'-  of  tlic  coupled  NiFeCo  films  as  a  fuctioii  of 
TaN  thickness  (Fig.  .5). 


NiFeCo 
thickness  (A) 

TaN 

thickive.ss  (A) 

(iiW) 

Skew 

(degree) 

Dispersion 

(degree) 

Hk 

(Oe) 

Brl\ 

(Oe) 

150 

0 

2.42 

0.45 

0.8 

22.2 

2.16 

150 

17 

2.3‘) 

-0.03 

0.7 

19,9 

0.55 

150 

2,3d 

-0.77 

0.() 

19.9 

0.48 

1.50 

50 

2.41 

0.52 

0,7 

20,0 

0.45 

150 

711 

2.42 

0.34 

0.9 

19.9 

0.63 

150 

88 

2,.3d 

-0.31 

1.0 

20.2 

1.06 

150 

)05 

2,37 

0.74 

1.0 

20.0 

1.21 

TABLE  III.  Magnetic  properties  of  the  coupled  NiFeCo  lilms  as  a  function 
of  NiFeCo  film  thickness  (Fig.  4). 


NiFeCo 
thickness  (A) 

TaN 

thickness  (A) 

IK 

(nW) 

Skew 

(degree) 

Dispersion 

(tlegrcc) 

IIk 

(Oe) 

//,ll 

(Oe) 

150 

50 

2.41 

(I.S2 

0.7 

20.0 

0.45 

200 

.511 

3.26 

0.52 

0.7 

21.2 

0.38 

250 

.50 

4.06 

()..54 

0.6 

21.6 

()..34 

600 

50 

10.12 

0,54 

0.5 

23.6 

0.25 

The  coercivity  reduced  by  the  intermediate  TaN  film  tnay 
also  have  an  impact  on  the  domain  wall  structure  of  the 
coupled  film. 

The  magnetic  properties  of  coupled  150- A  NiFeCo  films 
with  varying  TaN  film  thickness  are  summarized  in  Table  11. 
The  coercivity  of  the  film  with  no  TaN  interlayer  is  measured 
to  be  2.16  Oe,  but  when  the  film  is  separated  by  a  17- A  TaN 
film,  the  coercivity  decreases  to  0.55  Oe.  The  anisotropy 
field  Hfi  decreases  from  22,2  Oe  for  the  film  with  no  TaN 
interlayer  to  19.9  Oe  for  the  film  separated  by  a  17- A  TaN 
film.  This  decreasing  in  implies  that  the  anisotropy  con¬ 
stant  K  of  the  film  separated  by  a  17-A  TaN  film  is  10% 
lower,  but  the  10%  decrea.se  in  the  anisotropy  constant  alone 
cannot  explain  the  four  times  reduction  of  the  coercivity.  The 


FIG.  1.  Typical  (a)  ca.sy  axi.s  (li)  liard  a.xis  hysteresis  loups  of  Nil'cCo/'I'aN/ 
NiFc('i)  sandwich  lilm. 
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NiPcCo  thickness  (A) 


FIG.  4.  The  coercivity  and  anisotropy  field  of  the  coupled  films  as  a  func¬ 
tion  of  NiFcCo  thickness  (Thblc  III). 


FIQ.  2,  The  surface  topography  of  the  coupled  film  (rms  roughness~3.4  A). 


coercivity  reduction  may  be  attributed  to  lowering  the  mag¬ 
netization  gradient  of  the  domain  wall  induced  by  the  17-A 
intermediate  TaN  film.  The  intermediate  TaN  film  may  in¬ 
duce  the  magnetostatic  coupling  and  decouple  the  exchange 
interaction  between  the  two  NiFeCo  films.  The  surface  to¬ 
pography  of  the  sample  film  shown  in  Fig.  2  demonstrates 
very  smooth  surface  roughness.  The  surface  roughness  of  the 
film  indicates  that  a  17-A  thick  intermediate  TaN  film  is 
thick  enough  and  continuous  enough  for  the  exchange  cou¬ 
pling  between  the  magnetic  films  to  be  weak  or  negligible, 
and  for  the  magnetostatic  interaction  between  the  separated 
films  to  be  appreciable  which  results  in  reducing  the  coerciv- 
ity. 

The  coercivity  as  a  function  of  the  TaN  intermediate 
layer  thickness  is  shown  in  Fig.  3.  As  the  TaN  interlayer 
thickness  increases,  the  coercivity  decreases  due  to  degrada¬ 
tion  of  the  exchange  coupling  between  the  magnetic  films 
when  the  coercivity  reaches  a  minimum  at  50  A.  When  the 
exchange  interaction  is  degraded,  the  magnetostatic  interac¬ 
tion  between  the  two  magnetic  films  comes  to  play  a  domi¬ 
nant  role  in  determining  the  coercivity.  While  increasing  the 
intermediate  TaN  thickness  further,  the  magnetostatic  inter¬ 
action  between  the  coupled  NiFeCo  films  decreases  and  re¬ 
sults  in  increasing  the  coercivity. 

The  dependence  of  coercivity  on  TaN  thickness  could  be 
caused  by  variation  of  the  energy  and  magnetization  gradi- 


FIG.  3.  The  coercivity  of  the  coupied  films  as  a  function  of  TaN  tliicknc.ss 
(Table  II). 


ents  induced  by  varying  the  intermediate  TaN  thickness, 
Both  the  exchange  and  magnetostatic  coupling  between  the 
coupled  film  could  play  a  dominant  role  in  different  thick¬ 
ness  regimes,  The  intermediate  TaN  film  thickness  may  also 
have  an  effect  on  the  domain  wall  structure. 

Table  111  summarizes  the  effect  of  magneto.static  cou¬ 
pling  on  the  magnetic  properties  of  coupled  films  when  vary¬ 
ing  the  NiFeCo  film  thickness.  The  coercivity  and  anisotropy 
field  of  the  coupled  films  as  a  function  of  NiFeCo  film  thick¬ 
ness  is  plotted  in  Fig.  4.  The  coercivity  was  found  to  de¬ 
crease  when  increasing  the  thickness  of  the  NiFeCo  film, 
while  the  anisotropy  field  H ^  increased  when  increasing  the 
NiFeCo  film  thickness.  This  increasing  of  the  anisotropy 
field  can  be  attributed  to  the  NiFeCo  film  thickness-induced 
magnetostatic  coupling.  Increasing  the  magnetostatic  cou¬ 
pling  between  the  uniaxial  anisotropy  coupled  films  tends  to 
increase  the  coupling  strength  along  the  easy  axis  and  results 
in  lowering  the  energy  state.  For  this  reason,  the  anisotropy 
field  increased  when  increasing  the  thickness  of  NiFeCo 
film.  A  higher  anisotropy  field  of  the  film  would  cause 
the  coercivity  to  increase;  therefore,  the  reduction  of  the  co¬ 
ercivity  is  not  due  to  increasing  the  anisotropy  field.  In  this 
case,  the  coercivity  can  be  related  to  the  energy  and  magne¬ 
tization  gradients  of  the  domain  wall  being  decreased  by 
increasing  the  magnetostatic  coupling  due  to  the  thicker  Ni¬ 
FeCo  film. 

In  summary,  decreasing  the  energy  and  magnetization 
gradients  of  a  domain  wall  through  altering  the  exchange  and 
magnetostatic  interactions  between  the  coupled  magnetic 
films  is  responsible  for  the  reduction  of  the  coercivity  of  the 
coupled  films. 
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We  have  calculated  the  local  magnetic  moments  and  magnetic  order  for  a  Fe(Cr)  monolayer 
adsorbed  on  a  stepped  Cr(Fe)(107)  substrate.  The  electronic  structure  at  T~()  K  has  been 
self-consistently  determined  within  the  unrestricted  Hartree-Fock  approximation  of  the  Hubbard 
Hamiltonian  in  the  framework  of  a  real-space  tight-binding  method.  In  the  Cr/Fe{107)  system,  two 
magnetic  arrangements  have  been  obtained,  the  more  stable  being  the  less  frustrated  as  obtained  in 
the  case  of  V  overlayers  on  vicinal  substrates  of  Fe.  An  analysis  of  both  solutions  in  terms  of  the 
total  energy  calculation  and  the  different  degree  of  frustration  is  presented.  For  Fe/Cr(107),  a 
two-step  periodicity  is  obtained.  The  sign  of  the  magnetization  at  the  Fe  overlayer  changes  from  step 
to  step.  This  spin-flop  transition  is  consistent  with  the  two-layer  period  oscillation  recently  observed 
in  Fe/Cr/Fe  wedge  structures,  and  with  the  total  magnetization  determined  from  in  situ 
magnetometer  measurements  during  growth  of  ultrathin  Fe  films  on  Cr(OOl). 


Considerable  attention  has  been  devoted  for  15  years  to 
the  study  of  a  possible  enhancement  of  the  spin  polarization 
at  the  surface  of  Fe  and  Cr''*’  and,  more  recently,  to  a  physi¬ 
cally  transparent  explanation  of  the  exchange  coupling  of 
adjacent  Fe  layers  across  a  Cr  spacer.  Antiferromagnetic  ex¬ 
change  coupling  of  adjacent  Fe  layer  magnetizations  through 
Cr  layers  was  found  by  Griinberg  et  al.^  through  light  scat¬ 
tering  and  by  Baibich  et  al.^  through  magnetoresistance  ex¬ 
periments.  Besides  oscillations  from  ferromagnetic  (FM)  to 
antiferromagnetic  (AFM)  exchange  couplings  with  a  long 
period,  Unguris,  Celotta,  and  Pierce^  and  Purcell  era/.‘“ 
have  discovered  oscillations  with  a  period  of  two  Cr  mono- 
layers  when  the  crystallographic  quality  of  the  Fe/Cr  inter¬ 
face  is  extremely  good.  The  coupling  was  measured  on  a 
sample  consisting  on  a  Fc(lOO)  single-crystal  whisker  sub¬ 
strate,  a  Cr  wedge  deposited  by  molecular  beam  epitaxy  and 
covered  by  the  Fe  overlayer.  As  discussed  in  those  papers,*^''*’ 
the  sign  of  the  polarization  of  the  Fe  overlayer  changes  from 
step  to  step. 

There  is  agreement  between  most  of  the  theoretical  cal¬ 
culations  concerning  the  Fe/Cr  systems,  whereas  the  experi¬ 
mental  results  indicate  the  possibility  of  complex  magnetic 
behaviors  in  some  cases.  In  a  recent  work,  Turtur  and 
Bayreuther*’  have  used  an  in  situ  alternating  gradient  mag¬ 
netometer  (AGM)  to  continuously  monitor  the  magnetic  mo¬ 
ment  in  ultrathin  Cr  films  on  Fc(l()0)  during  growth  in  ultra- 
high  vacuum  with  submonoiayer  sensitivity.  They  have 
reported  an  evident  deviation  from  layered-AF  order  in  the 
first  two-three  Cr  monolayers,  a  very  strong  moment  en¬ 
hancement  in  submonoiayer  Cr  films,  and  a  complex  mag¬ 
netic  order  of  Cr  moments  close  to  the  Fe  substrate.  From 
these  results  the  necessity  of  further  band  and  total-energy 
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calculations  for  corresponding  model  .structures  in  these 
Fe/Cr  systems  is  obvious. 

It  is  the  aim  of  this  communication  to  explore  the  experi¬ 
mental  results  obtained  by  Unguris  et  al.  and  Purcell  et  al. 
for  the  Fe/Cr  wedge  structure,  and  to  investigate  the  possible 
magnetic  arrangements  one  can  find  at  Cr  monolayers  depos¬ 
ited  on  nonidcal  substrates  of  Fe,  as  a  first  step  for  under¬ 
standing  the  complex  behaviors  one  can  expect  for  thicker 
coverages. 

In  the  following  we  present  and  discuss  the  results  (local 
magnetic  moments  and  magnetic  order)  obtained  for  the 
monolayer  of  Cr  adsorbed  on  the  stepped  (107)  substrate  of 
Fe  and  for  the  monolayer  of  Fe  on  Cr(107).  For  this  study, 
we  have  calculated  the  spin-polarized  electronic-charge  dis¬ 
tribution  for  the  valence  3d  electrons  using  a  self-consistent 
tight-binding  real-space  model  within  the  unrestricted 
Hartree-Fock  approximation  of  the  Hubbard  Hamiltonian. 
This  method  has  been  recently  applied  to  describe  the  spin 
polarization  al  the  Fe/V  interface'^  and  at  vicinal  surfaces  of 
Cr.'’  Instead  of  going  into  detail,  we  refer  the  reader  to  these 
works. 

In  Fig.  1  we  show  the  two  magnetic  arrangements  ob¬ 
tained  for  Cr/Fe(107).  In  both  cases,  a  periodicity  of  one  step 
is  obtained,  together  with  AF  coupling  between  most  of  the 
Cr  atoms  and  the  Fe  sub.strate.  Moreover,  the  Cr  atoms  at  the 
edge  of  the  step  and  at  the  kink  positions  are  antiferromag- 
netically  coupled.  This  result,  which  is  consistent  with  the 
tendency  of  Cr  to  present  AF  coupling  between  nearest 
neighbors,  gives  an  indication  of  the  importance  of  the  short- 
range-order  interactions  in  these  materials.  These  two  solu¬ 
tions  differ,  however,  in  the  degree  of  frustration.  The  main 
qualitative  difference  between  them  arises  from  a  change  of 
the  sign  of  the  local  magnetization  at  the  Cr  atoms  located  at 
the  kink  and  edge  of  the  step.  In  the  solution  (a),  the  Cr  at  the 
edge  displays  a  magnetic  moment  of  —  1.5  l/x/j,  and  the  Cr 
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FIG,  1.  Magnetic  moment  /x  (in  units  of  /xj)  per  atom  for  the  two  solutions 
(a)  and  (b)  obtained  for  the  Cr  monolayer  adsorbed  on  the  stepped  (107) 
substrate  of  Fc.  Open  circles  represent  the  Cr  atoms  whereas  the  filled 
circles  represent  the  Fc  atoms.  The  figure  is  given  by  projection  in  the  (010) 
plane. 


atom  at  the  kink,  a  moment  of  0.60/1^ ,  which  is  ferromag- 
netically  coupled  with  four  nearest-neighbor  Fe  atoms  of  the 
subsurface  layer.  Since  Fe  and  Cr  nearest  neighbors  tend  to 
couple  antiferromagnetically,  strong  frustration  is  present  in 
the  sunounding  of  the  defect  for  solution  (a).  In  contrast,  in 
the  solution  (b),  only  the  Cr  atom  at  the  edge  (which  displays 
a  moment  of  2.35/1^)  is  ferromagnetically  coupled  with  two 
nearest-neighbor  Fe  atoms  of  the  subsurface  layer.  Thus,  the 
degree  of  frustration  is  lower  in  solution  (b)  and  the  local 
magnetization  around  the  defect  results  larger  than  in  the 
solution  (a).  A  total-energy  calculation  for  the  two  magnetic 
arrangements  gives  a  difference  of  0.009  eV  per  atom  within 
the  cell  of  Fig.  1,  which  stabilizes  the  less  frustrated  solution 
(b).  The  same  magnetic  arrangement  has  been  obtained  as 
the  more  stable  one  in  vanadium  overlayers  on  vicinal  sub¬ 
strates  of  iron.*'*  A  detailed  inspection  of  the  energy  contri¬ 
bution  of  each  atom  within  the  system  shows  that  most  of  the 
difference  in  the  energy  comes  from  the  surrounding  of  the 
defect  (kink  and  edge  atoms)  up  to  second  nearest  neighbors, 
indicating  that  the  different  degree  of  frustration  plays  an 
important  role  in  the  stabilization  of  solution  (b)  (a  similar 
behavior  has  been  obtained  in  the  same  kind  of  calculations 
for  an  infinite  step'*).  However,  the  small  difference  of  en¬ 
ergy  between  them  and  the  fact  that  experiments  are  per¬ 
formed  at  finite  temperatures  permit  us  to  speculate  about  the 
possible  coexistence  of  both  solutions  at  finite  temperature. 
Furthermore,  the  perfect  layered-AF  structure  of  Cr  is  broken 
as  a  consequence  oi  the  defect,  since  atoms  at  the  kink  in 
solution  (a)  and  at  the  edge  in  solution  (b)  display  a  local 
moment  opposite  to  the  rest  of  Cr  atoms  belonging  to  the 
same  plane.  Complex  magnetic  order  of  Cr  moments  close  to 
the  Fe  substrate  has  been  pointed  out  by  Turtur  and 
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FIG,  2.  Magnetic  moment  /x  (in  units  of  /Xg)  per  atom  obtained  for  the  Fc 
monolayer  adsorbed  on  the  stepped  (lb7)  substrate  of  Cr. 


Bayreuther  in  recent  experiments  on  ultrathin  Cr  films  on 
Fc(lOO)." 

2n  Fig.  2,  the  results  are  shown  for  the  most  stable  mag¬ 
netic  arrangement  obtained  in  the  Fe/Cr(107)  system.  In  this 
case,  F  coupling  between  the  kink  and  edge  atoms  of  the  Fe 
overlayer  is  obtained,  in  agreement  with  the  tendency  be¬ 
tween  nearest  neighbors  of  Fe,  Moreover,  a  periodicity  of 
two  steps  is  imposed  by  the  AF  Cr  substrate,  as  can  be  seen 
in  Fig.  2.  Thus,  the  sign  of  the  magnetization  at  the  Fe  over¬ 
layer  oscillates  from  step  to  step.  This  spin  flop  gives  support 
to  the  fact  that  the  two-layer  period  oscillation  of  the  ex¬ 
change  coupling  between  Fe  layers  observed  in  Fe/Cr/Fe 
wedge  structures'*’"'  is  favored  by  the  AF  order  of  the  Cr 
substrate,  particularly  for  large  Cr  thickness.  Furthermore, 
the  total  magnetic  moment  at  the  Fe  overlayer  results  in  zero, 
in  agreement  with  the  total  moment  measurements  of 
Bayreuther'*  for  Fe  overlayers  on  Cr.  Frustration  effects  ate 
also  present  in  this  case,  since  the  Fe  atom  at  the  edge  is 
ferromagnetically  coupled  with  two  nearest-neighbor  Cr  at¬ 
oms  at  the  subsurface  layer.  Another  iwo  (less  stable)  mag¬ 
netic  arrangements  are  present  for  this  system.  One  of  them 
appears  when  Fe  atoms  at  the  kink  and  edge  change  the  sign 
of  their  local  magnetization.'*  In  the  third  solution,  the  local 
magnetic  moment  in  all  Fe  atoms  points  in  the  same  direc¬ 
tion,  so  that  an  F  iron  overlaycr  is  obtained.  However,  the 
strong  frustration  present  in  this  case  give  rise  to  a  difference 
in  energy  of  0.004  eV  per  atom  with  respect  to  the  most 
stable  one. 

The  present  work  shows  that  if  a  steplike  defect  is  con¬ 
sidered  at  the  surface  or  interface  of  these  materials,  various 
magnetic  configurations  can  be  found  and,  in  some  cases, 
with  small  differences  in  energy  between  them.  Due  to  the 
strong  environment  dependence  of  the  magnetic  properties, 
one  expects  the  surface  reconstruction  of  the  presented 
stepped  systems  to  have  an  important  influence  in  the  mag¬ 
netic  arrangement.  Thus,  for  a  full  understanding  of  the  ex¬ 
perimental  observations,"’'*  the  geometrical  structure  has  to 
be  treated  in  the  same  level  as  the  electronic  structure  in  the 
model  calculations.  Here,  we  have  studied  the  effect  of  the 
steps,  but  other  phenomena  like  the  mentioned  reconstruc¬ 
tion.  interdiffusion,  or  local  inclusions  of  other  surface  oii- 
entations  deserve  to  be  also  analyzed.  Calculations  along 
these  lines  are  in  progress. 

This  work  has  been  partly  supported  by  DGICYT 
(Spain)  and  Junta  de  Castilla  y  Ixon  (Spain).  A.  V.  would 
like  to  acknowledge  Ministerio  de  Educacion  y  Cicncia 
(Spain)  for  a  post-doctoral  grant. 
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Influence  of  Cr  growth  on  exchange  coupling  in  Fe/Cr/Fe(100)  (invited) 
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The  giant  magneloresistance  and  the  interlayer  exchange  coupling  between  magnetic  layers 
separated  by  nonmagnetic  spacer  layers  are  sensitive  to  the  roughness  at  the  interfaces  in  multilayer 
magnetic  structures.  We  present  scanning  tunneling  micro.scopy  (STM)  measurements  of  the 
thickness  fluctuations  in  Cr  films  grown  at  different  temperatures  on  near-pcrfectly  flat  Fe(l(K)) 
whiskers  and  correlate  these  results  with  our  scanning  electron  microscopy  with  polarization 
analysis  (SEMPA)  measurements  of  the  oscillations  of  the  exchange  coupling  in  Fe/Cr/Fe(l()()) 
structures  grown  at  similar  temperatures.  Layer-by-layer  growth  was  ob.served  by  STM  for  Cr 
deposition  on  an  Fc  substrate  at  deposition  temperatures  greater  than  300  °C.  The  SEMPA 
measurements  of  the  Fe  overlayer  magnetization  as  a  function  of  Cr  spacer  layer  thickness  for  Cr 
growth  at  this  temperature  could  be  simulated  well  by  oscillatory  coupling  with  periods 
2. 105±(1.005J  and  \2±\d,  where  d  is  the  layer  spacing.  Rougher  Cr  growth,  limited  by  diffusion 
kinetics,  is  observed  at  lower  temperatures,  giving  a  distribution  of  thicknesses  in  the  growth  front. 

We  modeled  the  Fe  magnetization  for  lower  temperature  Cr  growth  by  assuming  that  the  exchange 
coupling  at  each  discrete  Cr  thickness  is  the  same  as  found  for  layer-by-layer  growth.  The  total 
coupling  at  each  average  Cr  spacer  layer  thickness  was  determined  by  adding  the  weighted 
contribution  to  the  coupling  from  each  Cr  layer  thickness  contributing  to  the  average  thickness.  Very 
good  agreement  was  obtained  with  the  SEMPA  measurement  of  the  Fc  overlaycr  magnetization  for 
Cr  growth  at  lower  temperatures  without  including  other  consequences  of  roughness  at  the  interface, 
such  as  the  breakdown  of  translational  invariance. 
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Exchange  magnetic  coupling  through  nonmagnetic  insulator  spacers 
(abstract) 

Shufeng  Zhang 
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Interlayer  magnetic  coupling  has  been  found  in  magnetic  multilayers  with  nonmetallic  spacers. In 
metallic  spacers  the  coupling  is  provided  by  electrons  at  the  Fermi  sphere;  in  nonmetallic  spacers  the 
coupling  is  either  due  to  localized  states  or  to  thermally  activated  conduction  electrons  (or  by  other 
external  means,  e.g.,  photon  exposure).  We  calculate  this  coupling  by  extending  the  RKKY-like 
interaction  to  insulator  bands  at  finite  temperatures.  Since  the  length  scale  1/^/.-  (where  kp  is  the 
Fermi  wave  vector)  that  governs  the  oscillatory  behavior  of  coupling  for  metallic  spacers  does  not 
appear  in  the  present  case,  the  form  of  the  coupling  with  respect  to  the  thickness  and  temperature 
is  quite  different  fo;  metallic  and  for  nonmetallic  spacers.  We  study  the  interlayer  coupling  for  two 
types  of  spacers,  crystalline,  and  noncrystalline  (amorphous)  semiconductors.  For  the  former,  the 
conduction  (or  valence)  bands  are  well-defined  and  the  calculation  of  the  coupling  is  rather 
straightforward.  The  coupling  at  room  temperature  oscillates  from  ferromagnetic  to 
antiferromagnetic  and  back  to  weakly  ferromagnetic  as  the  thickness  of  the  spacer  layer  increases. 

The  antiferromagnetic  coupling  only  exists  in  a  narrow  range  of  the  thickness  of  the  spacer  layer. 

For  an  amorphous  semiconductor  spacer,  the  coupling  can  be  expressed  in  terms  of  localized  states. 

Within  the  variable  range  hopping  picture,  one  can  relate  these  localized  states  to  the  localization 
length.  We  discuss  the  range  and  temperature  dependence  of  the  coupling  for  amorphous  spacers. 

Our  calculations  are  in  good  agreement  with  experimental  results. 
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Fabrication  of  magnetostrictive  actuators  using  rare-earth  (Tb,Sm)-Fe  thin 
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A  new  concept  is  proposed  for  the  microactuation  based  upon  magnetostriction.  Magnetostrictive 
bimorph  cantilever  actuators  and  a  traveling  machine,  composed  of  the  magnetostrictive  amorphous 
Tb-Fe  and  Sm-Fe  thin  films  on  a  polyimide  substrate,  were  fabricated.  These  actuators  moved 
without  power  supply  cables.  The  3-mm-long  cantilever  actuator  exhibited  the  large  deflection 
above  100  p,tn  in  as  low  a  magnetic  field  as  300  Oe  and  above  500  pim  at  resonant  frequency  in  an 
alternating  magnetic  field  of  300  Oe.  Such  unique  characteristics  suggest  that  magnetostriction  is 


useful  as  the  driving  force  of  the  microactuator. 


I.  INTRODUCTION 

A  high-perfoifnance  microactuator  is  required  for  the 
microelectromechanica!  system  (MEMS).  Several  driving 
principles  for  the  rnicroactuator  such  as  electrostatic  force, 
electromagnetic  force,  piezoelectric  effect,  thermal  expan¬ 
sion,  and  shape  memory  effect  have  been  proposed  up  to 
now.  In  principle,  electrostatic  force  devices  are  favorable  for 
the  yum-size  actuators.'  but  some  practical  applications  re¬ 
quire  larger  mechanical  forces  than  those  obtained  by  elec¬ 
trostatic  forces. 

On  the  other  hand,  the  electromagnetic  force,  which  is 
predominant  in  a  macroworld,  had  been  considered  to  be 
unsuitable  for  the  rnicroactuator  because  it  is  a  body  force; 
however,  recent  developments  of  the  three-dimensional  mi¬ 
cromachining  techniques  have  enabled  magnetic  microstruc¬ 
tures  having  enough  volume  to  generate  large  mechanical 
forces.  As  a  re, suit,  some  magnetic  microactuators  have  been 
demonstrated.^"^  In  the  future,  the  magnetic  rnicroactuator  is 
expected  to  play  an  important  part  of  the  MEMS. 

In  this  article  we  propose  a  new  concept  for  the  micro¬ 
actuation  based  upon  magnetostriction.  The  advantages  of 
the  magnetostrictive  actuator  are  as  follows:  (1)  The  combi¬ 
nation  of  a  positive  magnetostrictive  material  and  a  negative 
one  enables  a  large  deflection;  (2)  no  power  supply  cable  is 
required  for  its  actuation  because  it  is  driven  by  external 
magnetic  fields. 

In  spite  of  these  advantages,  only  an  in-pipe  mobile  ro¬ 
bot  madt:  of  a  “bulk”  magnetostrictive  material  has  so  far 
been  reported.'*  Taking  account  of  miniaturization  and  inte¬ 
gration  with  other  microelements,  a  magnetostrictive  “thin 
film”  should  be  used  for  the  rnicroactuator.  In  order  to  de¬ 
velop  such  thin-film  actuators,  we  needed  magnetic  thin 
films  with  large  magnetostriction  in  low  magnetic  fields. 
Here  we  used  amorphous  Tb-Fe  thin  films  having  positive 
magneto.striction  and  amorphous  Sm-Fe  thin  films  having  a 


negative  one.  Both  films  exhibited  a  large  magnetostriction 
of  above  10"''  in  low  magnetic  fields.'''*’ 

In  this  article  we  fabricated  two  kinds  of  magnetostric¬ 
tive  “bimorph”  cantilever  actuators  of  different  sizes  and  a 
traveling  machine  using  the  Tb-Fe  and  Sm-Fe  thin  films.  We 
examined  their  basic  properties  and  discussed  their  merits  for 
the  microactuators. 

II.  MAGNETOSTRICTIVE  MATERIALS 

The  magnetostriction  of  the  conventional  materials  such 
as  Ni,  Fe-Al,  and  amorphous  Fe-Si-B  is  only  3()-40Xl()“'’. 
On  the  other  hand,  some  of  rare-carth-transition-metal  (RE- 
TM)  crystalline  alloys  have  very  large  magnetostriction 
above  10"  ’.  In  particular,  TbFe2  has  the  largest  positive  mag¬ 
netostriction  and  .SmFe2  has  the  largest  negative  one;’  how¬ 
ever,  they  have  very  large  magnetocrystalline  anisotropies 
and  in  general  need  large  magnetic  fields  to  saturate  the  mag¬ 
netostriction.  In  order  to  reduce  the  magnetocrystalline  an¬ 
isotropy,  two  methods  can  be  used:  One  is  to  alloy  positive 
and  negative  magnetocrystalline  materials  such  as 


f-IG.  1.  Applied  iiiagnctic-licld  dependence  of  the  mngiieloslriction  for 
Tb-I-c  thin  rilnis. 
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FIG.  2.  Applied  magnetic-fic!i.i  dependence  of  the  magnetostriction  for 
Sm-Fe  thin  films. 


(Tb,Dy)Fe2  and  the  other  is  to  prepare  amoiphous  state  ma¬ 
terials.  In  our  study  we  applied  the  latter,  because  amorphous 
RE-TM  thin  films  are  easily  obtained  by  a  sputtering  tech¬ 
nique. 

Details  of  the  magnet'c  properties  of  the  amorphous 
Tb-Fe  and  Sm-Fc  thin  films  have  been  already  reported  in 
our  previous  articies.'^’^  In  this  section,  we  explain  the  out¬ 
line. 

Figure  1  shows  the  applied  magnetic-field  dependence  of 
the  magnetostriction  for  the  Tb-Fe  thin  films  having  different 
compositions.  The  magnetostriction  at  lb  kOe  exhibited 
large  values  above  250X10“*  in  a  wide  composition  range 
for  28-46  at.  %  Tb;  however,  the  low-magnetic-field  char¬ 
acteristics  largely  depended  on  the  film  composition  because 
of  the  compo-sition  dependence  of  the  magnetic  anisotropy. 

The  films  with  18-40  at.  %  Tb  content  had  perpendicu¬ 
lar  magnetic  anisotropy  and  needed  high  magnetic  fields  to 
saturate  in-plane  magnetization.  On  the  other  hand,  the  films 
with  above  45  at.  %  Tb  content  had  in-plane  magnetic  an- 
isotro!  y.  In  this  case,  the  in-plane  magnetization  increased 
rapidly  in  low  magnetic  fields,  and  accordingly  the  magne¬ 
tostriction  increased  in  !bo  same  manner.  The  saturation 
magnetostriction  decreased  with  increasing  Tb  content  above 
So  at.  %  Tb;  therefore,  we  used  (he  45-50  at.  %  Tb-Fe  thin 
films  for  further  examinations. 

Figure  2  shows  the  applied  magnetic-field  dependence  of 
the  magnetostriction  for  the  Sm-Fe  thin  films  having  differ¬ 
ent  compositions.  Tne  magnetostriction  increased  rapidly  in 
low  fields  regardless  of  Sm  content  because  Sm-Fe  thin  films 
always  had  in-plane  magnetic  anisotropy.  The  maximum  ab¬ 
solute  values  of  250-300X10“*  at  1  kOe  and  300-400 


t 

^  10  rnm  ' 

Tb-Fe  film  (1  /tm) 

Polyimide  (7.5,  50, 125  /im) 

iim-  Fe  film  (1  ii  m) 

1 

FIG.  3.  Side  view  of  the  cantilever  actuator. 


FIG.  4.  Actuation  behavior  of  the  magneto;.. fictive  bimorph  cantilever. 


X10“*  at  16  kOe  were  obtained  at  30-40  at.  %  Sm.  In  this 
experiment  we  chose  the  30-40  at.  %  Sm-Fe  films  for  the 
fabr'cation  of  actuators. 


III.  DEVICE  CONCEPT 

Figure  3  shows  the  side  view  of  the  magnetostrictive 
bimorph  cantilever.  On  a  surface  of  a  polyimide  substrate, 
which  has  low  clastic  stiffne.ss  and  high  thermal  stability,  the 
Tb-Fe  film  is  sputtered  and  on  the  opposite  surface  the 
Sm-Fe  thin  film  is  sputtered. 

Figure  4  shows  the  actuation  behavior  of  the  magneto- 
•strictive  bimorph  cantilever.  When  a  magnetic  field  is  ap¬ 
plied  along  the  cantilever  length  direction,  the  'Fb-Fe  film 
expands  and  the  Sm-Fe  film  contracts  in  the  length  direction 
and  as  a  result  the  cantilever  dellects  downward  [Fig.  4(a)]. 
Next,  when  a  magnetic  fie’d  is  applied  along  the  cantilever 
width  direction,  the  Ib-Fe  film  contracts  and  the  Sm-Fe  film 
expands  in  the  length  direction  and  then  the  cantilever  de¬ 
flects  upward  [Fig.  4(b)]. 

A  bending  behavior  for  the  cantilever  with  composite 
■Structure  such  as  a  thermally  excited  bimetal  cantilever*  and 
a  piezoelectric  bimorph  cantilever'^  has  been  analyzed  using 
a  classical  method.  Therefore,  we  applied  this  theory  to  the 
magnetostrictive  cantilever  and  described  below. 

For  the  cantilever  of  total  thickness  h  and  length  /,,  let 
the  2  direction  be  the  thickness  dimension  and  a  neutral  axis 
be  located  at  2=0.  We  defined  n  (()<«<!)  to  satisfy  the 
condition  that  the  upper  surface  and  the  lower  one  are  lo¬ 
cated  at  z  =  nh  and  2  =  (n— 1)//,  respectively.  The  neutral 
axis  can  be  found  from 

full 

E{z)zdz  =  0,  (1) 

J  («  -  1  )ti 

where  F(2)  is  Young’s  modulus  as  a  function  of  thici'iiess.  In 
this  article  we  assume  that  Tl>Fe  and  Sm-Fe  films  have  the 
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IV.  FABRICATION 


FIG.  5.  Calculated  deflection  of  magnetostrictive  bimorph  cantilevers  as  a 
function  of  thickness  of  each  magnetic  layer. 

same  Young’s  modulus  and  thickness;  therefore,  the  neutral 
axis  is  located  in  the  geometric  center  for  a  bimorph  struc¬ 
ture,  that  is,  n=0.S. 

When  a  magnetic  field  is  applied  along  the  length  direc¬ 
tion,  the  radius  of  bending  curvature  R  caused  by  magneto¬ 
striction  can  be  expressed  by 

!t:.„,E(2)H2)2dz' 

where  X(z)  is  the  strain  in  the  length  direction  caused  by 
magnetostriction  as  a  function  of  thickness  and  magnetic 
field.  The  tip  deflection  of  the  cantilever  S  is 

S=R[l-co^{L/R)].  (3) 

In  our  study,  R  is  much  larger  than  L.  Therefore,  Eq.  (3)  can 
be  approximated  by 

S=lV2R.  (4) 

This  equation  indicates  that  the  deflection  decreases  strongly 
with  decreasing  the  cantilever  length. 

Next,  when  a  magnetic  field  is  applied  along  the  width 
direction,  we  approximated  that  the  strain  in  the  length  di¬ 
rection  by  magnetostriction  is  -\{z)l2.  Accordingly,  the 
cantilever  deflects  in  the  opposite  direction  and  the  tip  de¬ 
flection  is  a  half  of  that  expressed  in  Eq.  (4).  When  the  can¬ 
tilever  is  driven  in  rotating  in-plane  magnetic  fields,  the  total 
deflection  is  the  sum  of  the  deflection  caused  by  a  magnetic 
field  along  the  length  direction  and  that  by  a  magnetic  field 
along  the  width  direction. 

Figure  5  shows  the  calculated  tip  deflection  for  the  bi¬ 
morph  cantilever  with  a  length  of  10  mm  as  a  function  of 
thickness  of  each  magnetic  film  layer  when  it  is  driven  in  a 
rotating  in-plane  magnetic  held.  In  this  calculation,  we  a.^ 
sumed  the  magnetostriction  values  of  150X10“^  for 

Tb-Fe  films  and  .\sm-Fe~  “250X10“^  for  Sm-Fe  films.  These 
are  typical  experimental  values  obtained  at  1  kOe  on  a  glass 
substrate.  The  calculated  deflection  increases  with  decreasing 
the  substrate  thickness  and  that  each  substrate  has  the  opti¬ 
mum  thickness  of  tue  magnetic  film  to  exhibit  the  maximum 
deflection.  This  calculation  excludes  the  stress  and  strain  in 
the  width  direction  and  the  magnetic  torque  described  later, 
but  is  effective  to  estimate  the  brief  operation  of  the  cantile¬ 
ver. 


The  amorphous  Tb-Fe  and  Sm-Fe  thin  films  were  pre¬ 
pared  by  the  rf  magnetron  sputtering  method.  They  were 
deposited  to  a  thickness  of  1  jxm  on  each  surface  of  a  rect¬ 
angular  polyimide  substrate.  The  sputtering  target  used  was 
composed  of  a  pure  Fe  plate  (3  in.  diameter)  and  small  Tb  or 
Sm  chips.  The  film  composition  was  45-50  at.  %  Tb  for  the 
Tb-Fe  films  and  30-40  at.  %  Sm  for  the  Sm-Fe  films  as 
mentioned  above,  rf  input  power  was  200  W,  and  Ar  gas 
pressure  was  4-10  mTorr  for  the  Tb-Fe  films  and  10  mTorr 
for  the  Sm-Fe  films.  During  sputtering,  the  substrate  was 
water  cooled.  In  order  to  prevent  the  oxidation  of  the  mag¬ 
netostrictive  thin  films,  Si02  films  with  a  thickness  of  0.05- 
0.1  /xm  were  coated  on  them. 

After  deposition,  we  clamped  one  end  of  the  substrate 
and  then  obtained  the  magnetostrictive  cantilever  actuators 
as  shown  in  Fig.  3.  In  this  experiment,  we  fabricated  two 
kinds  of  the  cantilever  actuators.  One  was  a  10-mm-long 
cantilever  using  a  commercial  polyimide  film  with  a  thick¬ 
ness  of  either  7.5,  50,  or  125  /xm.  The  other  was  a  microcan¬ 
tilever  with  a  length  of  3  mm  using  a  3-/xm-thick  polyimide 
film.  This  very  thin  substrate  was  made  from  7.5-/xm-thick 
polyimide  by  reactive-ion  etching  (RIE)  using  O2  gas.  The 
tip  defleetion  of  the  cantilever  was  measured  by  both  a  three- 
terminal  capacitance  method'”  and  direct  observation  using 
the  optical  microscope. 


Before  fabrication  of  the  actuators,  we  investigated  the 
magnetic  properties  of  the  Tb-Fe  and  Sm-Fe  films  sputtered 
on  the  polyimide  substrate. 

Figure  6  shows  the  magnetization  curves  of  (a)  Tb-Fe 
thin  films  on  the  glass  substrate,  (b)  the  50-,um-thick  poly¬ 
imide  substrate,  and  (c)  the  3-^im-thick  polyimide  substrate. 
The  3-/um-thick  substrate  was  the  thinnest  for  our  present 
techniques.  The  in-plane  magnetization  on  the  glass  substrate 
increased  rapidly  in  low  magnetic  fields,  while  that  on  the 
50-/xm-thick  polyimide  required  high  magnetic  fields  to  satu¬ 
rate.  This  result  suggests  that  we  could  not  obtain  the  large 
magnetostriction  in  low  magnetic  fields  when  the  50-yLim- 
thick  polyimide  was  used.  This  change  of  the  magnetic  prop¬ 
erties  was  caused  by  the  large  compressive  stress  in  the 
Tb-Fe  film  with  Isrge  positive  magnetostriction.  We  think 
tha*  this  compressive  stress  was  gem-nited  by  the  difference 
of  (he  thermal  expansion  and/or  the  thermal  contraction  of 
the  polyimide  during  sputtering;  however,  the  magnetic 
properties  on  the  3-/u.m-thick  polyimide  was  similar  to  those 
on  the  glass  substrate.  The  stress  in  the  Tb-Fe  film  from  the 
sub.s'uate  decreased  with  decreasing  the  thickness  of  the 
polyimide  substrate. 

On  the  other  hand,  the  magnetic  properties  of  the  Sm-Fc 
films  were  less  dependent  on  tlie  substrate  material,  com¬ 
pared  with  those  of  Tb-Fe  films.  It  seems  that  the  compres¬ 
sive  stre.ss  hardly  influenced  the  magnetic  properties  of  the 
Sm-Fc  film  because  of  negative  magnetostriction. 


V.  RESULTS  AND  DISCUSSION 

A.  Magnetic  properties  on  a  polyimide  substrate 
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(b)  Polyimide  substrate  (50  !J.  m) 

M  (arbi.  unit) 


(c)  Polyimide  substrate  (3  u  m) 


FIG.  6,  Magnetization  curve.s  of  Tb-Fe  films 


Generally,  magnetic  properties  of  the  magnetostrictive 
material  are  greatly  influenced  by  the  stress.  It  is  necessary  to 
pay  attention  to  the  stress  generated  during  the  deposition 
and  the  micromachining  process. 
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FIG.  7.  Applied  magnetic-field  dependence  of  the  deflection  for  10-mm- 
long  cantilevers. 

B.  10-mm-long  cantilever 

In  this  subsection  we  examined  the  basic  properties  of 
the  magnetostrictive  cantilever.  The  cantilevers  were  10  mm 
long  and  4  mm  wide. 

Figure  7  shows  the  applied  magnetic-field  dependence  of 
the  deflection,  when  the  cantilevers  were  driven  in  a  rotating 
in-plane  magnetic  field.  It  is  seen  that  each  cantilever  exhib¬ 
ited  the  large  deflection  in  relatively  low  magnetic  fields  and 
that  the  deflection  increased  with  decreasing  the  substrate 
thickness.  The  deflection  of  the  cantilever  using  a  7.5-/im- 
thick  polyimide  exhibited  the  maximum  value  of  approxi¬ 
mately  500  /zm  at  1-1.5  kOe. 

In  the  case  of  using  the  7.5-/im-thick  polyimide,  how¬ 
ever,  the  deflection  decreased  at  high  magnetic  fields  above  2 
kOe.  This  was  due  to  the  magnetic  torque  generated  by  the 
large  directional  difference  between  the  magnetic  moment  in 
the  films  and  the  applied  magnetic  field,  when  a  high  mag¬ 
netic  field  was  applied  along  the  length  direction  as  shown  in 
Fig.  4(a).  We  must  design  the  magnetostrictive  actuator,  tak¬ 
ing  account  of  both  the  amplitude  and  the  direction  of  the 
applied  magnetic  field. 

C.  MIcrocantllever 

From  the  results  of  the  magnetic  properties  on  the  poly¬ 
imide  substrate  and  the  10-mm-long  cantilever,  we  found 
that  a  thinner  substrate  was  effective  to  obtain  the  large  de- 


FIG.  S.  Applied  magnetic-field  dependence  of  the  deflection  for  a  ?-mm- 
long  cantilever. 
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FIG,  9,  Excitation  frequency  dependence  of  the  dencction.  describe  the  future  direction  of  the  actuator  design 

on  the  basis  of  Eq.  (3).  Figure  10  shows  the  calculated  de¬ 
flection  of  the  bimorph  cantilever  with  a  length  of  1  mm  as  a 
function  of  the  substrate  thickness  when  it  is  driven  in  a 
flection.  Therefore,  we  fabricated  a  trial  microcantilever  us-  rotating  in-plane  magnetic  field,  E;  and  E,  are  the  Young’s 

ing  a  3-^m-thick  polyimide  substrate.  The  cantilever  was  3  modulus  of  the  magnetostrictive  films  and  substrate,  respec- 

mm  long  and  0.5  mm  wide.  In  this  experiment  we  examined  lively.  Note  tliat  the  deflection  was  a  function  of  ratio  of 

its  hysteresis  and  dynamic  behavior.  EfjE^ .  In  our  experiment,  EflE^  is  about  12  and  the  magne- 

Figure  8  shows  the  hysteresis  curve  of  the  tip  deflection  tostrictive  films  were  supposed  to  be  1  /im  thick  and  have 

of  the  microcantilever  when  a  magnetic  field  was  applied  magnetostriction  as  in  the  case  of  Fig.  5.  The  deflection  in- 

along  the  width  direction,  where  the  deflection  was  little  in-  creased  gradually  with  decreasing  the  substrate  thickness, 

fluenced  by  the  magnetic  torque.  It  exhibited  a  large  deflec-  and  when  substrate  thickness  is  zero,  that  is,  a  “bimetal” 

tion  above  100  /im  at  as  low  a  field  as  300  Oe.  This  deflec-  structure  composed  of  the  Tb-Fe  film  and  the  Sm-Fe  film,  the 

tion  was  equivalent  to  more  than  1  mm  of  the  10-mm-long  predicted  deflection  exhibits  the  maximum  value  of  225  jim. 

cantilever  as  seen  from  Eq.  (4);  besides,  this  microcantilever 
had  relatively  small  hysteresis.  Such  characteristics  of  the 
cantilever  actuator  were  suitable  for  application  as  a  mi¬ 
cropositioning  device.  n  t  ii 

Figure  9  shows  the  excitation  frequency  dependence  of  irtachine 

the  deflection  when  alternating  magnetic  fields  of  200  and  We  fabricated  a  traveling  machine  using  the  magneto- 
300  Oc  were  applied  along  the  width  direction.  Note  that  the  strictive  bimorph  actuator  with  7.5-/im-thick  polyimide  as 

vibrational  frequency  was  double  the  excitation  frequency  shown  in  Fig.  11.  Its  two  legs  at  both  ends  were  inclined  so 

because  the  cantilever  deflected  in  the  same  direction  for  that  it  could  travel  in  one  direction.  When  an  alternating 

both  positive  and  negative  magnetic  fields.  The  cantilever  magnetic  field  was  applied,  it  vibrated  and  traveled  in  the 

exhibited  the  maximum  deflection  above  500  at  an  exci-  arrow  direction  on  disk  planes  as  well  as  inside  a  quartz 
tation  frequency  of  92  Hz,  where  the  vibrational  frequency  tubes  (6.5  mm  in  diameter). 

agreed  with  its  mechanical  resonant  frequency.  This  maxi-  Figure  12  shows  the  excitation  frequency  dependence  of 

mum  deflection  was  five  tintes  as  large  as  that  in  a  static  the  average  traveling  velocity  when  an  alternating  magnetic 

field.  Two  small  peaks  observed  around  30  and  45  Hz  were  field  of  300  Oe  was  applied  along  the  machine  width  direc- 

caused  by  the  harmonics  of  the  vibration.  tion.  The  traveling  machine  needed  the  excitation  frequency 


Substrate  thickness  (^/m)  Excitation  frequency  (Hz) 


FIG.  10.  Calculated  deflection  of  the  1-mm-long  cantilever  as  a  function  of 

the  substrate  thickness.  FIG.  12.  Excitation  frequency  dependence  of  the  tivcragc  traveling  velocity. 
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above  50  Hz  to  begin  to  travel  and  exhibited  the  maximum 
speed  of  approximately  5  mm/s  around  the  mechanical  reso¬ 
nant  frequency  of  200  Hz. 

This  magnetostrictive  traveling  machine  requires  no 
power  supply  cables  which  disturb  its  actuation  in  a  micro¬ 
world;  therefore,  magnetostriction  is  suitable  for  the  driving 
force  of  the  traveling  micromachine. 

VI.  CONCLUSIONS 

We  fabricated  cantilever  actuators  and  a  traveling  ma¬ 
chine  using  magnetostrictive  Tb-Fe  and  Sm-Fe  thin  films  and 
examined  their  basic  properties.  They  showed  unique  char¬ 
acteristics  such  as  large  deflection  and  wireless  driving. 
These  results  indicate  that  the  magnetostrictive  actuation  is 
useful  as  the  driving  force  of  microactuators. 
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Preparation  and  applications  of  magnetostrictive  thin  films 

E.  Quandt,  B.  Gerlach,  and  K.  Seemann 

Kernforschungszentrum  Karlsruhe  GmbH,  Institute  of  Materials  Research  I,  D-76()2I  Karlsruhe,  Germany 

Amorphous  magnetostrictive  films  of  the  binary  compound  Sm^Fe,,  ,.  as  well  as  of  the  ternary 
compound  (Tbj.Dy,  _j,)^.Fei  were  prepared  by  rf  or  dc  magnetron  sputtering  using  either  a 
multitarget  arrangement  with  pure  element  targets  or  cast  composite-type  targets.  The 
magnetostrictive  properties  of  (Tbo  3Dy(,,7)i),4Fe,)„  and  Sm()4Fe„(,  films  were  investigated  in  relation 
to  their  preparation  conditions,  Depending  upon  these  eonditions  (especially  upon  the  deposition 
rate,  the  bias  voltage,  and  the  Ar  sputtering  pressure)  amorphous  films  with  a  giant  magnetostriction 
of  about  250  ppm  (-220  ppm)  at  0.1  T  and  400  ppm  (-300  ppm)  at  0.5  T  for  the  I’bDyFe  (SmFc) 
and  an  in-plane  magnetic  easy  axis  could  be  prepared.  In  view  of  applications  in  microsystem 
technologies  (e.g.,  pumps,  valves,  positioning  elements)  these  films  have  been  tested  in  a  simple 
cantilever  arrangement  and  the  predicted  deflection  of  a  magnetostrictive  actuated  membrane  has 
been  calculated. 


I.  INTRODUCTION 

Giant  magnetostriction  in  thin  films  is  thought  to  be  a 
promising  actuator  mechanism  for  microactuators.  Due  to 
the  interest  in  such  applications,  research  has  focused  upon 
materials  exhibiting  low-field  magnetostriction  and  soft- 
magnetic  properties.  During  the  last  few  years  various  at¬ 
tempts  have  been  made  to  improve  the  low-field  magneto¬ 
strictive  properties  of  amorphous  rare-earth-Fe  films. 
Successful  approaches  were  to  increase  the  total  rare-earth 
content  compared  to  that  of  the  crystalline  pha.ses,'  to  alloy 
different  rare  earths  to  compensate  the  anisotropy,^  to  adjust 
the  preparation  conditions  in  order  to  induce  tensile  film 
.stresses,''  and  to  add  small  amounts  of  B  to  change  the  amor¬ 
phous  state  of  the  films.'*"' 

The  present  article  describes  the  influence  of  preparation 
conditions  (sputtering  power,  Ar  sputtering  pressure,  bias 
voltage)  on  the  composition,  microstructure,  and  in-planc 
magnetostrictive  properties.  Functioning  tests  and  calcula¬ 
tions  are  then  discussed  which  show  the  behavior  of  possible 
actuator  components  based  on  these  films. 

II.  EXPERIMENTAL  WORK 

The  binary  systems  TbFe  and  SmFe  were  dc  magnetron 
sputtered  by  the  multitarget  arrangement  with  pure  clement 
targets.'  For  the  rf  or  dc  magnetron  sputtering  of  the  TbDyFe 
films  a  cast  composite-type  target  (Degussa  AG/Leybold  Ma¬ 
terials)  was  used.  The  Tb,/Dy  ratio  of  this  target, 
(Tb()  ;(Dy()  7)0  42Fe(j  jH.  was  chosen  in  accordance  with  results 
on  the  rare-earth  anisotropy  compensation  composition  at 
room  temperature*’  and  its  total  rare-earth  content  according 
to  results  that  have  been  reported  previously.'  Typical  depo¬ 
sition  rates,  with  an  Ar  sputtering  pressure  of  0.4  Pa,  arc 
3  /u.m/h  for  the  multitarget  arrangement  at  a  distance  of  100 
mm  and  16  ;u,m/li  for  the  composite-type  target  at  300  W  and 
a  distance  of  50  mm. 

Composition  was  determined  by  wavelength-dispersive 
x-ray  microanalysis  (WDX),  and  depth  profiles  were  ob¬ 
tained  using  Auger  electron  spectroscopy  (AES).  The  micro¬ 
structures  were  investigated  by  x-ray  diffraction  (XRD)  and 
transmission  electron  microscopy  (TEM).  In-plane  magneto¬ 
striction  was  measured  by  the  common  cantilevered  substrate 


technique,  polarization  by  a  vibrating  sample  magnetometer 
(VSM),  and  Curie  temperature  by  a  suoerconducting  quan¬ 
tum  interference  device  (SQUID)  magnetometer.  The  film 
stress  was  calculated  by  measuring  the  difference  of  the  cur¬ 
vature  of  the  uncoated  and  coated  Si  substrate  using  a  long- 
•scan  profiler. 

III.  RESULTS 
A.  Materials 

The  magnetron  sputtering  deposition  of  the  rare- 
earth-Fe  films  onto  unheated  Si02,  Si,  or  metal  substrate 
rc,sulted  in  amorphous,  dense  films  with  thicknesses  ranging 
between  1  and  15  /u.ni.  A  dependence  of  the  magnetostriction 
upon  film  thickness  was  not  observed  within  this  range.  The 
time-dependent  oxidation  was  investigated  at  room  tempera¬ 
ture  for  TbFe  and  TbDyFe  films.  Although  both  these  films 
have  the  .same  total  rare-earth  content,  they  exhibited  slightly 
different  oxidation  dependencies  (Fig.  1).  AES  depth  profiles 
indicated  that  the  rare-earth  oxide  formed  at  the  film  surface, 
which  would  tend  to  slow  further  oxidation  within  the 
sample,  is  more  stable  in  the  case  of  the  TbFe  compared  to 
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I'lG.  I.  Time  dependence  of  the  nxidatloii  zone  thickness  ohtnined  hy  AKS 
depth  prolilittg. 
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FIO.  2.  Magnetostriction  measured  at  an  external  field  /u„W =0.6  T  applied 
parallel  to  the  film  plane  vs  the  rare-earth  auilcnt  of  amorphous  Tb^Fci^, 
and  Sm,Fc|_,  films. 


the  TbDyFe  film.  Small-angle  XRD  revealed  a  crystalline 
nature  for  the  oxidixed  region.  This  is  in  contrast  to  results 
reported  previously.’ 

As  was  the  case  with  the  Tb^Fci  films,'  the  maximum 
of  the  magnetostriction  of  the  S.-n,Fe,_j^  films  was  found  to 
be  at  a  rare-earth  content  of  about  40  at.  %  (Fig.  2).  Com¬ 
pared  to  the  TbFe  films,  however,  the  rare-earth  anisotropy  is 
significantly  lower.  This  results  in  a  higher  low-field  magne¬ 
tostriction.  The  influence  of  the  sputtering  parameters  has 
been  investigated  with  the  composite-type  target 
[('l'bo.3Dyo,7)(),42Fe(|,5H]  in  more  detail.  Dramatic  changes  in 
the  magnetostriction  were  observed  in  the  low-field  region 
(up  to  0.15  T)  which  is  of  special  interest  for  applications  in 
microsystem  technology.  At  0.5  T  all  these  films  show  a 
comparable  magnetostriction  of  about  400  ppm.  Best  results 
were  obtained  for  dc  as  apposed  to  rf  magnetron  sputtering, 
an  Ar  sputtering  pressure  of  0.4  Pa  [Fig.  3(a)],  an  rf  bias  of 
160  V  [Fig.  3(b)],  and  a  sputtering  power  of  300  W  [Fig. 
3(c)].  The  results  illustrated  the  dominant  influence  of  the 
bias  voltage  on  low-field  magncto.strictive  properties,  which 
was  also  observed  for  the  multitarget  sputtering  of  Sm,,  4Fe(,,, 
films  (Fig.  4)  even  if  the  low-field  improvement  is  less  pro¬ 
nounced  compared  to  TbDyFe  films.  The  variations  of  the 
sputtering  parameters  have  almost  no  influence  on  the 
chemical  composition  and  on  the  Curie  temperature  of  about 
350  K.  Although  XRD  and  TEM  investigations  also  give  no 
evidence  of  a  clianged  microstructure — due  to  temperature¬ 
annealing  ongoing  deposition  as  a  result  of  the  altered  sputter 
conditions — the  Ar-ion  bombardment  related  with  the  ap¬ 
plied  bias  voltage  changes  the  magnetic  anisotropy.  This  re¬ 
sults  in  an  in-plane  magnetic  easy  axis  for  the  optimized 
TbDyFe  films  (Fig.  5)  whereas  TbDyFe  films  sputtered  with¬ 
out  bias  show  perpendicular  anisotropy.'  in  comparison  to 
dc-sputtered  TbDyFe  films’  the  thermal  induced  stress  is 
comparably  low  (100  GPa)  and  further  reduced  to  about  40 
GPa  as  a  result  of  the  applied  bias  voltage  of  160  V.  In  this 
case  the  magiietoelastic  energy  due  to  the  film  stress  is  lower 
than  the  form  anisotropy  energy  lea  ting  to  an  in-plane  easy 
magnetization. 


B.  Applications 

Sputtering  deposition  of  magnetostrictive  thin  films  in 
combination  with  microstructuring  by  etching  or  sputtering 
through  masks  provides  a  promising  method  for  the  integra- 
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FIG,  3.  l>ow-ticld  magnclostriclioti  of  amorphous  TbDyFe  films  vs  the  mag¬ 
netic  licld  applied  in  the  film  plane  as  a  function  of  (a)  the  Ar  sputtering 
pressure  (160  V  rf  bias,  2(K)  W);  (b)  the  rf  bias  (0.4  Pa  Ar,  .300  W);  and  (c) 
the  dc  .sputtering  power  (0.4  Pa  Ar,  160  V  rf  bias). 
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FIG.  4.  Magnetostriction  of  SmFo  HIms  vs  the  magnetic  field  applied  in  the 
film  plane. 


tion  of  actuator  components  in  microsystems  by  batch  pro¬ 
cesses.  With  this  in  mind,  materials  relevant  to  microengi¬ 
neering  applications  as  Si  and  various  metals  suitable  for  the 
lithography,  electroforming,  and  plastic  molding  (LIGA)** 
process  were  chosen  as  substrates  for  prototype  components. 
Using  the  optimized  ITfOyFc  film  of  1(1  /zm  tliickness  a  de¬ 
flection  of  a  Si  (100)  cantilever  (20  mmX5  min X. 50  /zm)  of 
about  200  fxm  at  a  field  of  0.05  T  could  be  obtained  (see  Fig. 
6).  This  low-field  deflection  is  considerably  greater  than  that 


-0.5  0  0.5 


“o-fflnl  [T1 

FIG.  5.  Polarization  vs  external  field  applied  parallel  (|1)  and  perpendicular 
(1)  to  the  film  plane  for  an  nplimized  IbDyFc  film. 


FIG.  6.  Deflection  of  a  TbDyFe/Si  (UK))  cantilever  vn  the  magnetic  field 
applied  in  the  Kim  plane. 

reported  for  50-jtim-tliick  polyimide  samples.'*  For  micro¬ 
pump  and  microvalve  applications  membranes,  in  addition  to 
cantilevers,  are  important  components.  Finite-element- 
method  (FEM)  calculations  of  a  magnctostrictive  coated 
metal  membrane  predict  a  maximum  deflection  of  75  /xm  for 
a  12.5-mm-diam  membrane  with  both  4  /zm  thickness  of  the 
membrane  and  the  coating.  U.sing  the  optimized  films  the 
required  magnetostriction  of  200  ppm  already  is  obtainable 
in  a  field  of  0.05  T. 
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Magnetostriction  in  TbDyFe  thin  films 

P,  J.  Grundy,  D.  G.  Lord,  and  P.  I.  Williams 

Joule  Physics  Laboratory  and  Sciertce  Research  Institute,  University  of  Salford, 

Greater  Manchester  MS  4WT,  United  Kingdom 

Magnetization  and  magnetostriction  in  amorphous  binary  TbFe  and  DyFe  and  amorphous  and 
polycrystalline,  ternary  (Tb^Dy,  „j.)yFei()()-y  thin  films  have  been  investigated.  The  measurements 
reflect  the  compositional  dependence  of  the  easy  direction  of  magnetization  in  the  Aims.  In  plane 
magnetostrictions  of  over  300X  10  '^  were  measured  for  some  of  the  amorphous  TbFe  and  TbDyFe 
films  and  values  greater  than  750X10  were  obtained  in  polycrystalline  TbDyFe  films  near  to  the 
Terfenol  composition. 


I.  INTRODUCTION 

Rare-earth-transition-metal  (RE-TM)  alloy  films  depos¬ 
ited  from  the  vapor  are  usually  amorphous,  and  postdeposi¬ 
tion  annealing  or  deposition  onto  a  heated  substrate  is  re¬ 
quired  to  effect  crystallization.  Films  containing  heavy  rare 
earths  (e.g.,  Tli,  Dy)  are  ferrlmagnetic  and  can  exhibit  per¬ 
pendicular  anisotropy,  magnetization  compensation,  and 
large  coercivities.  In  common  with  others'”^  we  find  that 
these  interesting  characteristics  in  the  binary  alloys  are 
complemented  by  exceptional  magnetostrictive  properties  at 
relatively  low  magnetic  fields.  We  also  find  that  very  large 
magnetostrains  are  obtained  in  some  ternary  TbDyFe  alloys 
in  both  the  amorphous  and  crystalline  forms. 

II.  EXPERIMENT 

The  films  were  deposited  from  a  triode  source  in  a  cry- 
opumped  sputter-deposition  system.  The  target  consisted  of  a 
150X50X6  mm'^  rectangular  Fe  plate  containing  3.3  lO-mm- 
diam  holes,  With  the  holes  occupied  by  Tb,  Dy,  or  Fe  inserts 
this  arrangement  allowed  for  the  deposition  of  a  continuous 
range  of  RE^.TMi,)(,..._j.  alloys  with  5<a:<5()%.  The  deposi¬ 
tion  rate  was  typically  50  nm  min^'  and  the  thickness  of  the 
resulting  films  was  ~1  /zm.  Crystalline  films  were  obtained 
by  deposition  onto  heated  glass  substrates.  The  magnetic 
properties  of  the  films  were  obtained  by  vibrating  sample 
magnetometry  (VSM)  (up  to  1  ()()()  kA  m  ')  and  their  mag¬ 
netostrictions  were  measured  on  an  optical  cantilever  system 
with  a  .sensitivity  of  10“  ^  in  fields  up  to  350  kA  m"'  (Ref. 
4).  Young’s  modulus  values  for  the  films  (in  zero  field)  were 
calculated  from  load/indentation  curves  obtained  on  a  sensi¬ 
tive  microhardness  instrument. 

III.  RESULTS  AND  DISCUSSION 

The  compositions  of  the  films  were  obtained  from  Ruth¬ 
erford  backscaltcring  and  x-ray  microanalysis  measurements. 
They  were  found  to  be  near  to  the  designed  composition  and 
to  be  uniform  to  better  than  1  at,  %  over  the  area  of  the  film 
(20x5  mm^);  however,  a  small  composition  gradient  was 
measured  through  the  thickness  of  the  films,  typically  2 
at.  %  /zm  '.  This  gradient  svas  probably  caused  by  a  gradual 
decrease  in  the  sputtering  yield  from  the  RE  inserts  with 
time. 

Amorphous  alloy  films  in  the  two  binary  scries 
TbjFeid,,.^  an-J  Dy,.Fe|(,|,  ^  and  the  ternary 


(Tb,.Dyi_,).„Fef,7  and  (Tb^Dy,...,.  )43Fe57  series  were  depos¬ 
ited.  The  ternary  RE-,3Fe(,7  series  was  chosen  because  the 
equivalent  bulk  polycrystalline  compositions  are  known  to 
show  interesting  magnetic  behavior.  The  ternary  RE43Fe57 
films  were  also  deposited  because  of  the  large  magnetostric¬ 
tions  found  in  the  amorphous  phase.'^  It  was  observed  that  an 
excess  of  RE  was  necessary  for  the  formation  of  crystalline 
REFe2:  i.e„  Tb(,  27Dy,|  73Fe2 ,  when  deposited  onto  a  heated 
(350  °C)  substrate. 

Figure  1  gives  the  compositional  dependence  of  magne¬ 
tization  for  amorphous  Tb^.Fei(),)_^  films.  The  results  agree 
reasonably  well  with  published  data.'^''**  The  different  sym¬ 
bols  indicate  the  effective  easy  direction  in  the  films  which 
varied  with  composition.  In  the  range  15<jr<40  the  strong 
perpendicular  anisotropy  and  low  magnetization  ensured  an 
easy  direction  of  magnetization  normal  to  the  film  plane.  As 
expected,  the  coercivity  peaks  at  the  room-temperature  com¬ 
pensation  composition  (RTCC).  The  compositional  depen¬ 
dence  of  magnetization  and  coercivity  in  Dy^Fci.,  follows 
the  same  pattern  with  generally  smaller  values  of  these  two 
parameters.'’’ 

The  magnetizations  of  the  amorphous  ternary 
(Tb;fDyi_^.)33FCf,7  and  (TbvDy,  .,v)4.iFe57  (i.e.,  =«REFe2  and 
RE3Fe4)  alloys  are  shown  in  Fig.  2  as  a  function  of  compo¬ 
sition  X.  The  easy  direction  of  magnetization  of  the  amor¬ 
phous  RE33Fe(,7  films  was  normal  to  the  film  plane;  its  value 
increa.ses  as  the  proportion  of  Tlr  increases.  The  RE43Fe57 
alloys  are  at  compositions  well  away  from  the  RTCC  and 
were  almost  magnetically  equiaxed;  their  magnetization  also 
varied  linearly  with  x  but  with  a  greater  rate  of  increase.  Also 
shown  is  the  compositional  dependence  of  M,.  for  polycrys¬ 
talline  films  which  contained  randomly  oriented  Laves 
REFe2  crystallites,  and  small  grains  of  Fe,  excess  RE,  and 
RE  oxides  at  concentrations  of  a  few  percent."'  In  the  case  of 
the  crystaliine  film  there  is  a  departure  from  linearity  with  an 
apparent  maximum  in  the  magnetization  for  25<x<35.  This 
is  a.ssociated  with  the  anisotropy  minimum  at  x-0.21  (Ref. 
0)  near  the  composition  of  bulk  Terfenol. 

The  magnetostrictions  of  the  films  were  calculated  from 
the  bending  of  the  film -(-substrate  cantilever  using  bending- 
beam  theory."*'"'  Measurements  of  the  magnetostrains  X  from 
fields  applied  aiong  X||  and  at  right  angies  X,,  to  the  cantilever 
length  can  be  related,  with  particular  assumptions,"*  to  the 
saturation  magnetostriction  X,.  as  X,.  =  2(X||-X,|)/3.  Figure  3 
shows  X||  for  the  amorphous  Tb,Fei,)ii . ,  binary  alloys.  Val¬ 
ues  in  the  range  15<.r<35  are  limited  by  the  difficulty  of 
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FIG.  1.  The  magnetization  (open  symbols)  ami  coercivity  (solid  symbols)  of 
amorphous  Tb,Fc,oi]-,  films  as  a  function  of  x  measured  with  the  field 
applied  normal  to,  in  the  film  plane,  and  in  either  direction. 
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magnetizing  the  fiirns  to  saturation  in  the  modest  fields  used 
(“350  kA  m~*).  For  jr>35,  Xy  increases  to  a  maximum  and 
then  decreases  towards  the  composition  (j:“50)  with  a  Curie 
point  below  room  temperature.  We  include  data  from  several 
other  investigations.'*"  The  general  trend  of  the  results  is 
the  same;  the  scatter  arises  from  many  factors,  such  as  dif¬ 
ferent  deposition  techniques,  film  thickness,  and  methods  of 
characterization.  Magnetostriction  values  for  the 
films  are  much  smaller  and  peak  at  a  value  of  60X  10~^  at 
a:“30.  They  agree  reasonably  well  with  published  data.' 

Magnetostrains  in  the  amorphous  ternary  RE33FeA7  al¬ 
loys  were  found  to  be  small  and  of  the  order  of  20-40X10“* 
with  no  obvious  compositional  trend.  This  was  possibly  ac¬ 
counted  for  by  the  inability  of  the  maximum  applied  field  to 
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FIG.  3.  In-planc  magncto.striction  values  fo.-  amorphous  Tb^Fcmo-,  films 
(at  350  kAm~').  Open  symbols  this  investigation,  (A)  and  (■)  Ref.  1  at 
320  and  1280  kAm“‘,  (•)  Ref.  10,  and  (♦)  Ref.  2. 
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FIG.  2.  The  composition.".!  dependence  of  magnetization  of  (a)  amorphous 
(Tb,Dy,^,)  43Fc57  films  and  (b)  and  (c)  amorphous  and  polycrystallinc 
(Tb.Dyi.JjjFe^  films. 


FIG.  4.  Compositional  dependence  of  (a)  parallel  An  and  normal  K„  magne¬ 
tostrictions  and  (b)  in-planc  magnetostrictions  for  polycrystalline 
H'b^.Dy, Fcs?  films- 
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saturate  in  plane  these  films  with  perpendicular  anisotropy. 
The  potential  of  the  amorphous  alloy  equivalent  in  composi¬ 
tion  to  crystalline  Terfenol  could,  therefore,  not  be  tested. 
The  RE43Fe57  alloys  could  be  magnetized  in  plane  although 
not  to  saturation.  Values  of  \||  show  an  increase  from  the  Dy 
binary  to  the  Tb  binary  composition  with  the  maximum 
value  of  =“350X10“*  obtained  for  Tb4,Fe57  (j:  =  1)  being 
very  close  to  the  peak  value  shown  in  Fig.  3. 

Parallel  and  normal  n.agnetostrictions,  \||  and  X„ ,  for 
polycrystalline  films  containing  (Tb^Dyi  __j.)Fe2  phases  are 
shown  in  Fig,  4(a).  The  fact  that  X||^-2\„  implies  a  stress' 
induced  alignment  of  domains  along  the  cantilever  length  on 
deposition.  This  departure  from  a  random  alignment  of  do¬ 
mains  results  in  a  relatively  large  X„  because  domains  are 
rotated  through  a  larger  angle  in  the  transverse  field.  The 
general  features  of  both  curves,  in  particular  the  rise  to  a 
maximum  or  negative  minimum  at  jc=0.3  and  the  plateaux  to 
x:  =  l,  are  reflected  in  Fig.  4(b)  which  gives  the  planar  mag¬ 
netostriction  |X||-X„|.  The  planar  magnetostriction  is,  in  prin¬ 
ciple,  equal  to  3\J2,  but  not  here  as  the  films  were  not  satu¬ 
rated.  The  maximum  and  minimum  occur  in  the  region  of 
anisotropy  compensation,  and  the  plateau,  rather  than  a  rise, 
in  magnetostriction  from  x=0.3  onward  is  possibly  due  to  a 
varying  value  of  Ef  (Young’s  modulus)  for  the  film.  Ef  is 
included  in  the  formula  for  calculating  X  and  a  positive  ^Ef 
near  j:=0.3  would  reduce  our  calculated  value  of  X.  The 
magnitude  of  (AE^aX^)  can  be  quite  large  and  a  value 


of  —140%  has  been  reported'^  for  bulk  Terfenol  over  the 
range  of  applied  field  used  in  this  investigation.  Notwith¬ 
standing  these  uncertainties,  the  results  presented  here  show 
that  the  planar  magnetostriction  of  polycrystalline  TbDyFe 
thin-film  alloys  reaches  considerable  values  in  fairly  small 
magnetizing  fields,  with  a  maximum  of  —1000X10“*  for 
'Tbi  ()Dy2.,Feft7  ( =Tb„,3Dy().7Fe2) . 
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Application  of  the  ratio  dix  to  the  investigation  of  magnetization  processes 
in  giant-magnetostrictive  materials 

A.  R.  Piercy,  S.  C.  Busbridge,  and  D.  Kendall®^ 

Department  of  Mathematical  Sciences,  University  of  Brighton,  Brighton,  East  Sussex  BN2  4GJ, 

United  Kingdom 

The  change  in  magnetostriction  A\  with  change  in  magnetization  AM  for  domain-wall  motion  is 
shown  to  depend  only  on  the  wall  type,  the  magnetostriction  constants,  and  the  saturation 
magnetization  and  not  on  the  field  required  to  effect  the  change.  The  quantity  n=A\/AM  (or  the 
dynamic  equivalent  dIx)  is  therefore  a  valuable  parameter  for  use  in  investigating  magnetization 
processes.  Theoretical  values  of  FI  are  given  for  different  wall  processes  in  (111)  and  (100)  easy 
materials  and  used  to  interpret  experimental  measurements  in  different  (Tb,  Dy,  Ho)Fe2  materials. 

It  is  shown  that  11  vs  M  curves  are  more  sensitive  to  the  detail  of  the  magnetization  process  than  \ 
vs  M  curves.  In  (111)  easy  compositions  the  processes  are  found  to  be  complex  with  the 
combination  of  wall  motion  processes  changing  continuously  with  increasing  magnetization  and  no 
region  where  a  single  process  dominates.  In  contrast,  for  (100)  easy  materials,  there  is  an  extended 
region  in  which  90°  wall  processes  dominate.  In  both  cases,  quasistatic  and  dynamic  processes  are 
shown  to  be  equivalent,  independent  of  temperature,  and  independent  of  the  frequency  and 
magnitude  of  the  drive  field. 


I.  INTRODUCTION 

The  magnetic  properties  of  giant-magnetostrictive  rare- 
earth-iron  alloys  have  been  extensively  investigated  for  ap¬ 
plications  as  transducer  materials.  The  early  work  was  sum¬ 
marized  by  Clark'  and  subsequent  developments  have  been 
reviewed  by  Jiles,^  However,  relatively  little  is  known  about 
the  magnetization  processes  in  these  materials  and  Jiles^  con¬ 
cludes  that  study  of  the  processes  is  a  requirement  for  their 
further  development.  This  article  aims  to  show  that  the  ratio 
Ak/AM,  of  the  change  in  magnetostriction  \  to  change  in 
magnetization  M,  is  a  valuable  parameter  for  use  in  investi¬ 
gating  magnetization  processes. 

It  is  widely  accepted  that  the  task  of  identifying  magne¬ 
tization  processes  from  curves  of  M  (or  \)  against  applied 
field  H  is  intractable  because  of  extrinsic  effects  which  limit 
rotation  and  domain-wall  motion.  These  effects  arc  generally 
not  only  unknown  but  also  vary  from  point  to  point  in  a  real 
polycrystalline  material  and  consequently  the  field  required 
to  effect  a  change  m  M  or  \  is  both  unknown  and  nonuni¬ 
form.  Such  extrinsic  effects  do,  however,  exert  a  similar  in¬ 
fluence  on  both  magnetization  and  magnetostriction  and 
curves  of  \  vs  M  have  sometimes  been  used  in  attempts  to 
infer  magnetization  processes.  We  show  that  the  application 
of  such  curves  is  limited  because  they  are  relatively  insensi¬ 
tive  to  different  model  processes  and,  in  addition,  their  mea¬ 
surement  is  iimited  to  quasistatic  or  very  low-frequency 
variations.  Conversely,  A\./AM  is  more  sensitive  and  its 
practical  determination  ir,  not  limited  to  low-  frequencies.  Wt 
have  previously  reported'^’’  use  of  A\/AM  for  the  investiga¬ 
tion  of  magnetization  processes  in  giant-magnetostrictive 
materials  and  this  article  aims  to  provide  more  detail  and  to 
expand  its  application  to  a  range  of  conditions  and  composi¬ 
tions. 


’'Pre,scnt  address;  DRA.  Holton  Heath,  Poole,  BH16  6JL),  UK. 


II.  THEORETICAL  VALUES  FOR  AX/AAf 

We  limit  consideration  to  domain-wall  motion  processes 
involving  walls  separating  domains  having  their  magnetiza¬ 
tions  in  directions  1  and  2  specified  by  the  direction  cosines 
and  /2.»i2>«2*  respectively,  with  the  magnetostric¬ 
tion  being  measured  in  the  direction  0  specified  by 
/(), /«(),«().  The  usual  situation  with  the  rare-earth-iron  alloys 
is  that  the  measurement  direction  is  the  axis  of  a  rod-shaped 
specimen  of  material  with  preferred  orientation  such  that 
(112)  is  parallel  to  this  axis.  We  are  concerned  with  the  ratio 
A\/AM  for  which  we  use  the  symbol  H,  and  note  that  under 
conditions  of  alternating  excitation  A\/AM  is  equivalent  to 
dix,  the  ratio  of  the  magnetomechanical  d  coefficient 
{d;}^  =  (J\ldH)  to  the  susceptibility  (x=()MI(IH). 

When  a  domain  wall  moves  through  a  small  fraction  f  „ 
of  the  .sample  in  response  to  a  small  change  in  field  AW,  the 
direction  of  the  magnetization  in  the  volume  swept  out 
changes  from  1  to  2  so  that  the  change  in  sample  magneti¬ 
zation  is 

AM  =  F„M,(cos  Oi-cos  0\), 

where  0,  is  the  angle  between  directions  1  and  0  so  that 
cos  ^i=(/,/,)  +  mirH()  +  niM,))  and  similarly  for  62.  The  cor¬ 
responding  change  in  magnetostriction  is 

where  X,  „  is  the  saturation  magnetostriction  measured  in  di¬ 
rection  0  when  the  magnetization  lies  in  direction  1  and  is 
given  by 

^  1  ,(i~  ( 3  ^100  /2)( /)/()  +  w  1^0 -P  «■[«()  —  j) 

■f  3X 1 1 1(/  +  »i  i«  « i/i«()/()), 

n  is  then  given  by 

AX/AM  =  (\2,|)"^i,())/M,.(cos  Oi-coa  0i), 
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TABLE  1.  Theoretical  values  of  FI  for  (111)  easy  material  with  mcasure- 
incnts  made  in  (112). 


Wall  type 

Equiv.  No.  Example 

180°  118.1°-.61,9° 

2 

[iiiHiii] 

(1 

o 

i 

1 

[iiiHiii] 

0 

71°  118.1°-.61.y° 

2 

liiiHiii] 

0 

90°-.  61, 9° 

2 

[iiiHiii] 

0.707 

9()°-.19..‘i° 

1 

[iiiMiiil 

1.414 

61.9°- 19, .S° 

2 

tiiil-[iii) 

2.12.1 

109°  90°— 61.9° 

2 

tiiiHiiii 

0.707 

118,1°- 19..')° 

2 

[iiiHiiij 

(1.707 

90°-19.S° 

1 

fiiiMiii] 

1.414 

which  is  independent  of  both 

and  AW  (and  therefore  of 

all  extrinsic  effects)  and  depends  only  on  the  saturation  mag¬ 
netization,  the  magnetostriction  constants,  and  the  wall  type 
(determined  by  the  directions  1  and  2).  The  resulting  values 
of  n,  normalized  to  are  given  for  different  wall 

types  for  (111)  easy  materials  in  Table  1  and  for  (100)  easy 
materials,  with  11  normalized  to  (\i,),/A/,.),  in  Table  11.  In 
both  cases  it  is  assumed  that  the  materials  have  (112)  orien¬ 
tation  and  only  those  wall  movements  that  give  rise  to  posi¬ 
tive  values  are  Included  (equivalent  negative  values  also 
occur). 

III.  COMPARISON  WITH  EXPERIMENT 

Tables  1  and  II  show  that  only  a  very  few  definite  values 
of  n  can  be  measured  if  domain  walls  of  only  one  type 
move.  In  genera)  it  is  to  be  expected  that  wall  motion  of 
several  different  types  will  occur  and  in  that  case  values  of  FI 
intermediate  between  those  of  Table  I  (or  II)  arc  expected.  In 
comparing  these  theoretical  values  of  FI  with  measured  val¬ 
ues,  we  refer  to  lljy,,  (for  d/x)  for  values  determined  under 
dynamic  (alternating)  conditions  and  to  11^,  (for  A\/AM)  for 
those  determined  under  quasistatic  conditions. 

Quasistatic  measurements  of  (differential)  permeability 
and  d  coefficient  yield  values  considerably  greater  than  those 
obtained  under  alternating  excitation  and  it  is  not  clear,  a 
priori,  whether  these  ari.se  from  the  same,  or  different,  mag¬ 
netization  processes.  Figure  1  gives  11^,  and  lljyn  as  a  func¬ 
tion  of  M  for  Th(,2(,HO(,,j,(,Fe2,  which  is  (1 1 1)  easy  at  20  “C, 
and  clearly  shows  that  the  static  and  dynamic  proccs,ses  are 
equivalent.  It  is  equally  clear  that  there  is  no  sustained  region 
where  walls  of  only  one  type  move  (i.e.,  where  FI  is  constant 


TABLE  It.  Thcorcliciil  valuc.s  of  II  for  (100)  oa.sy  miitorial  with  measure¬ 
ments  made  in  (112). 


Wall  type 

Equiv.  No. 

Example 

II/(X,„/A/,) 

180° 

114.1°  -.65.9° 

2 

|i(IOl-f  10(11 

0 

14.(.7° --,.35.3° 

1 

LOOiRdOl] 

(1 

90° 

114,1°— 6.5.9° 

2 

(oiol-lioo) 

0 

114.1°— .15,3° 

2 

li(10l-|(Hll] 

0.612 

65.9°-3.5..r 

2 

1  looi-looi  1 

1.8.17 
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M/Mj. 


ElO.  1.  Variation  of  11,,  and  lljj,,  with  magnetization  for  niii  .iiHoii.wil'e: ■ 
The  solid  line  corrcspomls  to  the  model  in  Fig.  2. 

at  one  of  ihc  valuc.s  in  Table  I)  and  moreover  that  the  com¬ 
bination  of  wall  processes  changes  continuously,  giving  a 
steadily  increasing  value  of  FI. 

The  corresponding  \  vs  M  curve  for  this  sample  is 
shown  in  Fig.  2  to  illustrate  the  greater  sensitivity  of  the  I  I  vs 
M  curve.  The  solid  line  in  Fig.  2  represents  a  possible  theo¬ 
retical  model  process  in  which  it  is  assumed  that,  initially,  all 
domain  directions  are  equally  populated  and  magnetization 
proceeds  first  by  180°  domain-wall  motion  for 
A/<().236A/j,  followed  by  109°  wall  motion  up  to 
().707A/j .  This  model  appears  to  provide  an  approximate  fit 
to  the  experimental  points  in  Fig.  2  for  M <0.101  (above 
this  it  is  necessary  to  invoke  rotation  to  obtain  a  fit);  how¬ 
ever,  the  variation  in  11  for  this  model  is  that  shown  by  the 
solid  line  in  Fig.  1  from  which  it  is  clear  that  the  model  gives 
a  completely  inadequate  description. 

Figure  3  compares  FI,.,  and  FIjy„  for  I’lrd.jyDyo  ^jFej  at  20 
and  70  °C  and  shows  that  the  static  and  dynamic  processes 
arc  similar  and  are  essentially  independent  of  temperature.  It 
is  found  that  the  variation  of  FI  with  M  is  qualitatively  simi¬ 
lar  for  different  (IT),  Dy,  Ho)Fe2  compositions,  with  zero 
stress  bias,  in  the  (1 1 1)  easy  regime,  as  shown  by  Figs.  1  and 
3.  In  contrast,  for  (100)  easy  compositions  the  variation  of  II 
with  M  is  very  different,  as  illustrated  for  HoFe2  in  Fig.  4, 
although  the  static  and  dynamic  processes  are  again  equiva¬ 
lent.  The  broken  line  in  Fig.  4  gives  the  value 


o.s 


M/M^ 


FIG.  2.  VariiUum  iif  magiictosiriction  X  with  magncliziition  M  fm- 
'I'hc  solid  line  rcprc.sents  a  possible  model  process. 
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FIG.  3.  Comparison  of  n„  and  rijy„  at  different  temperatures  for 
T^0.27Dyn.73l^<!2  ■ 

n=0.612Xi(x/A/y.  (where  X,(,o  has  been  taken  as  -X||i/3) 
appropriate  to  one  type  of  90°  wall  motion  and  indicates  that 
there  is,  in  this  case,  an  extended  region  where  one  domain 
process  dominates.  For  magnetizations  above  0.68Afj  it  is 
necessary  to  include  rotation  processor,  as  confirmed  by  do¬ 
main  studies,^  to  explain  the  observed  values  of  II. 

The  technique  is  also  useful  for  investigating  the  drive 
field  dependence  of  the  magnetization  processes  and  Fig.  5 
shows  that  and,  therefore,  the  magnetization  processes 
are  independent  of  both  drive  field  frequency  and  magnitude. 


0  0.2  <r,-,  0.6  O.g  I 


M/Mj 

FIG.  4,  Variation  of  nm  and  fljyn  with  magnetization  for  (100)  easy  H0FC2. 
The  broken  line  gives  the  value  of  fl  for  one  type  of  90°  wall  motion, 


FIG.  5.  Variation  of  11,,  and  11^^,,  with  drive  field  frequency  and  magnitude 
for  'n>„27Dy„.7.iFc,. 

This  frequency  independence  of  II,|y„  is  found  to  continue  to 
well  above  the  critical  frequency  at  which  eddy-current  ef¬ 
fects  become  significant  even  though,  at  these  higher  fre¬ 
quencies,  the  d  coefficient  and  permeability  are  diminished."* 

IV.  CONCLUislONS 

It  has  been  demonstrated  that  the  ratio  dix  is  a  valuable 
parameter  for  use  in  investigating  magnetization  processes. 
Comparison  of  theoretical  and  measured  values  of  dIx  for 
(111)  and  (100)  easy  giant-magnetostrictive  materials  has 
shown  that  the  magnetization  processes  are  generally  com¬ 
plex,  involving  more  than  one  domain-wall  process,  that 
quasistatic  and  dynamic  processes  are  equivalent,  indepen¬ 
dent  of  temperature  and  of  drive  field  frequency  and  magni¬ 
tude. 
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Magnetization,  Young’s  moduli,  and  magnetostriction  of  rare-earth-iron 
eutectic  alloys  with  R=Tbo.6Dyo.4 

A.  E.  Clark,  Wi.  Wun-Fogie,  J.  P.  Teter,  J,  B.  Restorff,  and  S.  F.  Cheng 

Naval  Surface  Warfare  Center,  Code  R34,  Silver  Spring,  Maryland  20903-5640 

Rare-eartli-iioii  alloys,  R/iyFeo  i,  RojjFeojg,  and  R0.42Fen.5K  (R=Tbo.f,Dyi,4),  containing  the  R/RFe2 
eutectic  composition  were  prepared  by  Bridgman  and  free-standing  zone-melting  techniques. 
Magnetization  measurements  were  made  in  fields  up  to  800  kA/m  between  55  and  300  K.  A  huge 
increase  in  magnetization  below  210  K  occurs  as  the  R  component  becomes  ordered.  At  low  applied 
magnetic  fields  there  is  clear  identification  of  both  the  ferromagnetic  ordering  temperature  T c  and 
the  Neel  spiral  ordering  temperature  T/j  of  R.  (For  Tb()ftDyo4,  7'(^-  =  165  K,  7'^  =  210  K.) 
Magnetization  and  magnetostriction  measurements  reveal  very  large  magnetocrystalline 
anisotropies  for  both  the  R  and  the  RFe2  components.  Unexpectedly,  at  77  K,  were  the  rare-earth 
component  of  the  eutectic  system  is  ordered  and  the  magnetostriction  is  large  (X'’^>0.6%),  the 
magi'stostriction  is  largest  in  the  samples  containing  the  largest  amount  of  the  RFe2  phase.  Young’s 
modulus  measurements  reveal  the  reduction  in  the  stiffness  with  the  addition  of  the  softer  rare  earth 
to  the  stiff  RFe2  compound. 


The  tare  earths  Tb  and  Dy  are  the  elemental  components 
of  many  giant  magnetostrictive  materials.  In  the  hexagonal 
binary  alloys,  Tb;(Dyi_^.(l«;x«l),  basal  plane  magnetostric¬ 
tions  reach  ~1%  at  0  K  and  0.6  %  at  77  K.‘  Although 
the  idividual  basal  plane  anisotropies  K  of  Tb  and  Dy  are 
very  large  (K>0  forTb;  /f<0  for  Dy),  K  can  be  minimized 
and  the  X^'^/Ai  ratio  maximized  in  the  binary  Tbj(Dy,_^ 
alloy.^  At  77  K  anisotropy  compen.sation  occurs  for  jcs().6, 
the  value  of  x  selected  for  this  study.  A  second  important 
class  of  materials  is  the  cubic  Tb.,Dy| .  jtFe2  (Terfenol)  com¬ 
pounds.  For  this  compound  Xm  is  very  large  over  a  wide 
temperature  range.^  In  the  Tb-Fe  and  Dy-Fe  alloy  systems,  a 
eutectic  composition  consisting  of  a  rare-earth  pha,sc  and  a 
rare-earth-Fe2  phase  occurs  near  28  at.  %  Fe."*  In  this  article 
we  report  magnetic,  elastic,  and  magnetorestrictive  proper¬ 
ties  of  the  eutectic-containing  alloys. 

For  this  study,  samples  of  R,  RoyFem,  Rn.72Feo,2a. 
Ro.47Fei,5g,  and  RFe2  (R=Tb(,(jDy,)  4)  were  prepared  into  rod 
shapes  by  both  Bridgman  and  free-standing  zone-melting 
(FSZ)  techniques.*’  Magnetization  measurements  were  made 
on  disk  samples  but  normal  to  the  growth  direction  in  fields 
up  to  800  kA/m  using  a  commercial  vibrating  sample  mag¬ 
netometer.  Young’s  moduli  were  measured  by  two  methods. 
In  the  first  method,  static  stress-strain  curves  were  taken  on 
rod  samples  (~3  cm  X  0.3  cm  diam.)  at  room  temperature  in 
the  absence  of  a  magnetic  field.  The  strain  was  measured  by 
multiple  strain  gauges  affixed  to  the  sample  and  the  stress 
was  measured  using  a  conventional  load  cell.  In  order  to 
determine  the  extent  of  the  magnetomechanical  hysteresis, 
measurements  were  taken  by  applying  both  increasing  and 
decreasing  stresses.  For  the  Ro,42Feo  5k  alloy  and  for  the  RFe2 
compound,  Young’s  moduli  were  also  measured  as  a  function 
of  magnetic  field  up  to  160  kA/m  at  fixed  compressive 
stresses  of  ~15  MPa  at  loum  temperature  and  77  K  using 
standard  strain-gauge  techniques.  These  moduli  were  mea¬ 
sured  under  the  two  limiting  magnetic  conditions  of  (1)  fixed 
magnetic  field  and  (2)  fixed  magnetic  induction.  Magneto¬ 
striction  measurements  were  made  in  fields  up  to  160  kA/m 
at  room  temperature  and  77  K  using  strain-gauge  and  LVDT 
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techniques.  Magnetization  mea.surements  were  made  concur¬ 
rently  by  integrating  the  voltage  of  a  pickup  coil  wound 
around  the  samples. 

In  all  samples,  the  magnetization  process  consists  of  two 
regions;  (1)  a  region  of  nonmagnetostrictive  180°  wall  mo¬ 
tion,  resulting  in  a  rapid  rise  in  magnetization  at  low  fields; 
and  (2)  a  magnetostrictive  noncollinear  wall  motion  and 
magnetization  rotation  region  resulting  in  a  smaller  magne¬ 
tization  change  and  approach  to  saturation.  The  magnetiza¬ 
tion  curves  of  Fig.  1  reflect  this  process.  At  room  tempera¬ 
ture,  only  the  RFe2  component  of  the  alloy  is  magnetic. 
Thus,  as  the  weakly  paramagnetic  Tbo  f,Dyo,4  alloy  is  added 
to  RFe2  to  form  the  eutectic  samples,  the  magnetization  de¬ 
creases.  The  coercive  force  is  largest  for  the  R(),;72Fe()2H 
sample.  At  77  K  the  rare-earth  component  R  has  the  larger 
magnetic  moment.  Therefore,  as  expected,  as  R  is  added  to 
RFe2,  the  magnetization  increases.  Again  a  maximum  in  the 


F'G.  1.  Magnetic  moment  in  emu/g  as  a  function  of  applied  field  at  77  K 
(upper  set  of  curves)  and  2U4  K  (lower  set  of  curves)  for  Bridgman-prepared 
samplc.s;  (1)  Tb||,,Dyii4  and  (2)  ffb,i,,Dy,i4)|,c|Fe|,  |  and  free-.staoding  zone- 
melt  samples;  (3)  (Tb||,,Dy„.4lin;fc,|  (4)  fn),, „Dyi,.4)ir4;fc-|i.5«,  and  t.S) 

fft>(i.hDy„4)„ 

7009 
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FIG.  2.  Magnetic  moment  in  timi/g  as  a  function  of  temperature  at  applied 
fields  of  800  and  80  kA'm  (see  inset)  for  Bridgman-prepared  samples;  (1) 
and  (2)  (Tb||  ,,Dyi)  4),|  i|Fe(i.i  and  free-standing  zone-melt  samples: 
(3)  (Tl’o.(iDy(i4)(i7;re||  w,  (4)  ( ilio.clOyiultuaFaa.ssi  and  (5) 

( ,,7. 

coercive  force  is  observed  for  the  eutectic  composition 
J^0.72P^().28' 

Because  of  the  very  large  uniaxial  anisotropy  in  the  hex¬ 
agonal  rare  earths  Tb  and  Dy,  the  polycrystalline  R  and  al¬ 
loys  containing  R  are  difficult  to  saturate  at  low  tempera¬ 
tures,  The  magnetization  versus  temperature  curves  for  these 
alloys  are  shown  in  Fig.  2.  The  full  magnetic  moment  of  the 
R  component  is  not  reached  at  800  kA/m.  As  expected,  a 
large  increase  in  magnetization  below  200  K  occurs  as  the  R 
component  becomes  ordered.  T  he  change  in  the  slope  of  the 
curves,  even  of  the  R(i  4;.Fe(|SH  sample,  which  contains  only 
14%  R,  is  clearly  detected,  A  striking  feature  of  the  magne¬ 
tization  versus  temperature  curve  is  the  appearance  of  a  peak 
in  the  magnetization  of  TsllO  K  for  small  applied  fields.  It 
is  well  known  that  a  basal  plane  .spiral  magnetization  struc¬ 
ture  exists  in  the  T'b,.Dyi__j  alloy  system.'’  We  observe  that 
the  coexistence  of  the  RFe2  component  in  the  eutectic  docs 
not  significantly  alter  Tf^.  Thus,  the  spiral  structure  of 
Tli„f,Dy„4  remains  essentially  unchanged  in  the  eutectic 
structure,  and  we  conclude  that  the  contributions  to  the  mag¬ 
netization  from  the  individual  R  and  RFe2  phases  within  the 
eutectic  arc  simply  additive. 

For  most  applications  utilizing  magnetostrictive  materi¬ 
als,  it  is  important  to  know  the  mechanical  stiffness.  We  re¬ 
port  measurements  of  Young’s  moduli  at  room  temperature 
and  at  77  K.  In  Fig.  3  we  illustrate  the  stress-strain  relation¬ 
ships  at  room  temperature  for  the  Bridgman-prepared 
samples  in  the  absence  of  an  applied  magnetic  field.  The 
addition  of  the  R  component  to  the  RFe2  compound  consists 
of  two  major  features:  (1)  a  reduction  of  the  stiffness  with 
the  addition  of  the  softer  rare-earth  binary  alloy;  and  (2)  a 
large  magnetically  induced  hysteresis  in  the  RFe2  and  the 
eutectic  containing  alloy  richest  in  RFe2.  In  these  two  cases, 
the  moduli  strongly  depend  upon  the  magnetic  history  of  the 
sample.  For  RFc,  and  R().42F‘i().5K.  Young’s  moduli  measure¬ 
ments  were  taken  with  the  samples  premagnetized  parallel  to 
the  rod  axis  to  achieve  the  maximum  magnetic  moment  ro¬ 
tation  in  an  applied  magnetic  field.  As  the  compressive  stress 
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FIG.  3.  RiMim-tcmpcralurc  stress-strain  relationships  in  tlie  absence  of  an 
applied  magnetic  held  for  Bridgman-prepared  samples:  ( ♦ ) 
( Il’n.ftlbydjIiigFco  i;  (A)  (Tlr,i(,Dy(|,|)i,72Fe|i;K;  (•)  (  n)||,,Dyii4)|i42l'e,i5B;  and 
(■)  (Tb„,,Dy„4)||  r,FC||.(,7.  (Note  lltat  the  zero  position  of  llirec  of  tire  data 
sets  has  been  shifted  for  display  purposes  only.) 

is  applie.T  to  these  samples,  the  magnetization  in  the  domains 
rotates  from  parallel  to  perpendicular  to  the  rod  axis,  yield¬ 
ing  a  softening  of  the  sample  and  the  well-known  effect, 
As  the  magnetic  moments  become  nearly  perpendicular  to 
the  rod  axis  (£r>60  MPa),  both  samples  become  significantly 
harder.  The  fraction  of  RFe2  is  small  in  the  samples  richer  in 
R  and  the  hy.stercsis  becomes  negligible.  The  pure  cuteetie 
Ro72Fe|),2H  alloy  and  those  richer  in  R  are  also  more  ductile 
and  defoiin  under  stresses  greater  than  ~1()0  MPa.  Young's 
moduli,  calculated  from  the  high-stress  slopes  of  Fig.  3,  are 
110,  83,  77,  and  72  GPa  for  RFc2,  R().42Fe(),,H,  R(),72Fe(),28.  and 
R().i)F«().i<  respectively. 

The  effect  of  magnetic  field  on  the  moduli  is  shown  in 
Fig.  4  for  RFe2  and  Ro.42Fe(i  5^  at  room  temperature  and  77  K 
(crsl5  MPa).  When  an  axial  magnetic  field  is  applied  to  a 
positive  magnetostriction  material  under  a  preexisting  com¬ 
pressive  stress,  the  magnetic  moments  again  rotate,  but  now 
from  perpendicular  to  parallel  to  the  rod  axis.  As  this  rotation 
process  takes  place  in  the  applied  magnetic  field,  the  clastic 
moduli  at  first  decreases  and  then  increases  as  the  rotation 
process  becomes  complete.  For  the  RFc2  compound,  the 


Applied  Field  (kA/m) 


Flo,  4.  Modulus  under  aiiisi.iiil-lield  coiidilions  and  under  eonslant 
induction  Y"  vs  applied  field  for  Bridgman-prepared  samples:  (A) 
(1'''i)i.Gyii4)i)oFC|H7  ill  l.S.S  MI’a  and  (B)  (Th,,,,l)yii4)|,44''einH  at  Ml’a 
|(U)  Y"  at  77  K,  (■)  Y"  at  77  K,  (O)  Y"  at  2d8  K,  and  !•)  Y"  at  A)K  K|. 
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FIG.  5.  Field  dependencies  of  the  magnetization  and  magnetostrictions  for  Bridgman-prepared  samples;  (A)  (Tb|,^Dyi,4)o,42Fe(i,5s;  (B)  (Tb||,,Dyii4)|)  ,2Fe|i2»; 
and  (C)  (Tb(|4,DyQ  4)i,,Fe|,  I  at  two  compressive  stresses. 


easiest  rotation  takes  place  near  85  kA/m  at  77  K  (55  kA/m 
for  room  temperature).  For  the  sample  containing  the  small¬ 
est  amount  of  eutectic,  Rri.r2Feo  5g,  the  easiest  rotation  pro¬ 
cess  occurs  at  a  field  higher  than  160  kA/m.  To  evaluate  the 
effect  of  180°  domain-wall  motion  in  creating  the  nonmag- 
netostrictivc  magnetization  process,  measurements  were 
taken  under  both  constant  magnetic  field  H  and  constant 
magnetic  induction  B.  In  these  samples,  both  and 
decrease  with  applied  field.  Thus,  even  when  the  total  induc¬ 
tion  is  kept  fixed,  the  domains  redistribute  themselves  in 
such  a  way  that  yields  some  magnetization  rotation  and  mag¬ 
netostriction.  Thus,  the  accepted  conventional  relationship 


between  the  coupling  factor  and  Yoi'n^  moduli, 
k^  =  \-Y^IY\  is  not  valid  here. 

At  room  temperature  the  magnetL,*'  ,neto- 

striction  decrease  rapidly  with  the  .luuition  .  K  >  e  RFcz 
compound.  In  this  section  we  rep  ru.  .’on  and 
magnetostriction  at  77  K  in  magnet.  ?  j  up  - '  kA/m. 


Figure  5  illustrates  the  field  dependerir  es  for  th'  'o.azFeo,  .58. 
R(,28Fe,|,72.  uud  Ro.sFco  i  alloys  at  comprc.s..ive  stresses  cr  of 
"  6  and  ~17  MPa  for  the  Bridgman-prepared  samples.  Simi¬ 
lar  results  are  observed  for  the  FSZ  samples,  but  not  reported 
here.  The  expected  o-  dependencies  of  the  magnetization  and 
magnetostriction,  characteristic  of  both  R  and  the  RFe2  com¬ 
pound,  are  not  seen.  Here,  little  or  no  stress  dependence  was 
observed.  Also  striking  is  the  large  reduction  in  the  magne¬ 
tostriction  with  the  addition  of  a  small  amount  of  the  R  com¬ 
ponent  to  the  RFe2  compound.  In  the  RFe2  compound  (not 
shown),  the  magnetostriction  reaches  2200x10'*  at  160 
kA/m.  As  observed  in  Fig.  5(a),  the  magneto.striction  of 
R()42Fe()58  is  only  ~800X  10”*.  Wiih  samples  richer  in  R,  the 
magnetostriction  decreases  still  further,  even  though  the 
magnetostriction  of  the  R  is  much  higher  than  that  of  RFe2. 
These  uaexpc.ctodly  low  magnetostriction  values  are  shown 
in  Figs.  5(b)  and  5(c)  along  with  their  correspot.ding  magne¬ 
tizations.  Note  the  hysteresis  is  largest  for  the  pure  eutectic. 


Ro.72Feo.2R.  The  conclusion  reached  is  that  the  high  c-axis 
texture  of  the  rod  samples,  with  the  large  uniaxial  anisotropy, 
inhibits  the  large  magnetization  rotations  required  for  giant 
magnetostrictions.  In  the  R-rich  samples,  the  magnetostric¬ 
tions  reach  only  —400X10''*,  compared  with  the  huge 
—6000X10'*  previously  reported  for  the  basal  plane  ori¬ 
ented  Tb().fiDy()4  single  crystals.* 

The  Nee!  and  Curie  temperatures  of  R  (=Tb().6Dy(),4) 
were  clearly  observed  in  all  of  the  eutectic  containing  alloys. 
Thus,  the  presence  of  RFea  component  in  the  eutectic  does 
not  noticeably  affect  the  magnetic  properties  of  the  R  com¬ 
ponent,  even  its  magnetic  structure.  On  the  other  hand,  the 
giant  magnetostriction  of  the  R  component  of  the  eutectic 
was  not  realized.  Because  of  the  highly  textured  nature  of  the 
Bridgman  and  FSZ  samples  and  a  strong  R  uniaxial  anisot¬ 
ropy,  the  magnetostriction  (for  H<  160  kA/m)  is  found  to 
decrease  as  the  portion  of  the  highly  magnetostrictive  R 
component  of  the  alloy  is  increased.  Finally,  Young’s  modu¬ 
lus  decrea.ses  as  the  R/RFe2  ratio  in  R^Fe,_^.  ((}.33<a:=s1) 
increases.  The  modulus  in  the  Ro.^zFco.sr  alloy  is  highly  hys- 
teretic  and  does  not  exhibit  the  large  AE  effect  of  the  single¬ 
phase  RFe2  compound. 
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A  mechanism  for  magnetostriction  in  the  highly  magnetostrictive  material  Terfenol-D  is  explained 
in  detail.  This  mechanism  is  based  on  a  theory  of  magnetostriction  [R.  D.  James  and  D. 
Kinderlehrer,  Philos.  Mag.  B  68,  237  (1993)]  that  is  particularly  suited  to  predictions  of  the 
macroscopic  behavior  of  materials  that  exhibit  large  magnetostriction.  Some  experiments  that  test 
these  predictions  are  proposed. 


1.  INTRODUCTION 

A  theory  of  magnetostriction  that  is  adapted  to  the  de¬ 
scription  of  large  magnetostriction  is  given  by  the  authors  in 
Ref.  1.  The  theory  is  a  micromagnetic  in  nature  and  follows 
the  pattern  established  by  Brown.^  The  focus  is  on  an  exact 
specification  of  the  potential  wells  of  the  anisotropy  energy. 

For  large  specimens  such  as  those  encountered  in  usual 
actuator  applications,  the  presence  of  complicated  domain 
structures  has  hindered  the  usefulness  of  micromagnetic 
theories  that  seek  to  incorporate  magnetostriction.  In  recent 
years  new  methods  of  calculating  energy  minimizers  for  this 
situation  have  emerged,  partly  as  a  result  of  advances  in  the 
analysis  of  the  microstructure  of  martensite  and  partly  as  a 
result  of  related  developments  on  the  design  of  optimal  com¬ 
posites.  Using  these  ideas,  the  authors*  found  compatible  en¬ 
ergy  minimizing  domain  structures  for  the  theory  specialized 
to  a  growth-twinned  specimen  of  Tb^.Dyi_jjFe2,  x«0.3 
(Terfenol-D). 

The  patterns  found  in  Ref.  1  consist  of  laminates  which 
meet  at  the  growth  twin  boundary;  sec,  e.g..  Fig.  1.  Each 
layer  of  the  laminate  has  a  constant  deformation  gradient  and 
a  substructure  of  magnetic  domains.  The  motivation  for 
looking  at  laminates  as  energy  minimizers  arose  from  the 
observations  of  Lord  et  al?  Analyzing  all  possible  compat¬ 
ible  energy-minimizing  laminates  that  meet  at  the  growth 
twin  boundary,  we  found  five  distinct  energy  minimizing  mi¬ 
crostructures,  pictured  in  Fig.  1,  one  of  which  agreed  with 
the  photomicrograph  of  Lord  et  al.  Subsequently,  all  of  the 
other  four  patterns  were  observed  (Lord**),  with  good  agree¬ 
ment  of  the  geometry  and  even  (in  the  cases  available)  of  the 
magnetic  substructure. 

Each  of  these  structures  is  kinematically  compatible  and 
energy  minimizing  for  all  values  of  the  volume  fraction  y.  As 
y  changes  from  0  to  1  the  sample  experiences  a  macroscopic 
strain  in  the  direction  [-211],  the  typical  axial  direction  of  a 
Terfenol-D  rod;  however,  the  amount  of  strain  differs  for  the 
different  laminates.  It  might  then  be  inferred  that,  after  a  few 
cycles,  the  rod  would  be  likely  to  choose  the  domain  struc¬ 
ture  that  yields  the  maximum  magnetostrictive  strain,  be¬ 
cause  there  is  certainly  an  energy  barrier  to  changing  the 
whole  pattern. 

A  more  refined  prediction  suggests  that  something  dif¬ 
ferent  might  occur.  There  are  actually  two  kinds  of  laminated 
niicrostructures  predicted  by  the  theory.  In  the  first  kind, 
analogous  to  “semicoherent”  interfaces  in  the  literature  on 


martensite,  the  laminates  are  separated  by  a  transition  layer, 
which  of  course  contains  some  energy.  The  value  of  this 
energy  is  proportional  to  the  twin  spacing,  so  it  can  be  re¬ 
duced  as  close  to  zero  as  desired  by  refining  the  twins.  The 
second  kind  of  laminate  has  no  transition  layer;  it  is  “exactly 
compatible.”  The  property  of  being  exactly  compatible  ver¬ 
sus  approximately  compatible  is  predicted  by  the  theory;  it  is 
not  just  based  on  microscopic  examination.  With  exchange 
energy  present,  it  is  clear  that  exactly  compatible  laminates 
are  energetically  preferred  over  those  which  have  a  transition 
layer. 

Exactly  compatible  laminates  have  another  interesting 
feature;  The  volume  fraction  y  can  change  with  position 
along  the  growth  twin  boundary,  giving  them  some  addi¬ 
tional  freedom  to  meet  remote  conditions. 

When  we  went  back  and  checked  the  different  laminates, 
we  found  that  the  laminate  which  achieves  maximum  mag¬ 
netostrictive  strain  is  not  exactly  compatible.  This  suggests 
that  there  may  possibly  be  a  drastic  change  in  the  domain 
pattern,  and  as  explained  herein,  this  would  be  favored  by 
compressive  stress.  These  predictions  are  explained  in  more 
detail  below.  They  suggest  some  interesting  experiments, 
now  in  progress  (Tickle^). 

These  considerations  apply  to  a  specimen  with  parallel 
growth  twins,  such  as  one  that  is  obtained  by  float-zone  pro¬ 
cessing.  Bridgman-grown  specimens  contain  a  significant 
number  of  grain  boundaries  and  sometimes  several  different 
growth  twin  systems,  which  surely  would  rule  o  n  simple 
laminated  energy  minimizers. 

II.  THEORY  OF  TERFENOL-D 

We  give  a  brief  description  of  the  theory  specialized  to 
Terfenol-D.  The  basic  unknown  functions  of  the  theory  are 
the  deformation  y(x)  and  magnr  'zation  m(y).  These  are 
minimizers  or  relative  minimizers  of  the  total  free  energy 

£'(y,m)=  f  (p{Vy(x),m[y(x)]}c/x+ ]  f  lVu(z)p  </z. 

JU 

(1) 

Here  11  is  the  reference  configuration  of  the  specimen,  ip  is 
the  anisotropy  energy,  and  the  magnetostatic  potential  u  is 
determined  from  m  by  solving  the  magnetostatic  equation 

div(- VH-bm)  =  0  on  (2) 

In  solving  this  equation  it  is  understood  that  m=0  outside  of 
y(ll),  the  deformed  configuration.  The  theory  is  gcometri- 
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cally  exact,  to  allow  it  to  apply  for  arbitrarily  large  deforma¬ 
tions.  In  fact,  the  elasticity  could  be  linearized,  and  then  the 
theory  would  be  similar  to  that  of  Clark,*’  but  it  is  no  more 
difficult  to  calculate  the  energy  minimizers  for  the  geometri¬ 
cally  exact  theory.  The  energy  (1)  is  appropriate  to  a  single¬ 
crystal  specimen.  Supposing  that  fl  is  divided  in  two  by  a 
growth  twin  on  the  plane  X'in.=0,  so  that  n=n|Un2  with 
fli=ftn(x-mi>0)  and  fl2=fin(x  iiii<0),  then  the  appro¬ 
priate  expression  for  the  energy  is 

£s,(y,m)-=  <p{Vy(x),ni[y(x)]}dx 

+  f  flr[Vy(x)R(|,m[y(x)]}dx 
Jll2 

+  ^  (.-t) 

where  R,,  is  a  180°  rotation  about  mj.  Here  m,  is  propor¬ 
tional  to  (111)  and  expression  (3)  takes  into  account  the  ob¬ 
served  crystallography  of  the  type-I  growth  twins  of 
Terfenol-D,  When  minimizing  Eq.  (3),  compatibility  at  the 
growth  twin  boundary  is  automatically  taken  into  account  by 
the  assumption  that  y(x)  is  continuous  on  il.  Finally,  exprc.s- 
sions  (2)  and  (3)  are  appropriate  for  no  applied  field  or  loads. 

The  key  feature  about  the  anisotropy  energy  is  its 
potential-well  structure.  For  Terfenol-D  it  is  assumed  to  have 
minima  on  the  set 

{RUi,±Rtni}U{RU2.±Rm2} 

{RU,,±Rni2}U(RU4,±Rni4},  (4) 

where  tni=:tt[lll],  m2=a[-lll],  in3=atl-ll], 

/  =  !,.. .,4,  and  R  is  an  arbitrary  proper  3X3  rotation  matrix. 
The  scalar  constant  of  proportionality  a  is  l/v3  of  the  satu¬ 
ration  magnetization,  th-i-  is  the  saturation  strain  along 
[111],  and  7;i-l  is  the  saturation  strain  along  [1-10].  The 
notation  a®b  denotes  the  matrix  with  components  a  jby  and  1 
is  the  identity  matrix.  Thus,  the  linear  transformation  Ui 
transforms  a  cube  (aligned  with  the  cubic  axes  in  11)  by 
stretching  its  [111]  diagonal  with  a  strain  772- 1  while  con¬ 
tracting  every  direction  pcrpendiculai  to  [111]  with  a  strain 
171  — 1.  This  can  be  seen  by  applying  U]  to  unit  vectors  in  the 
various  directions.  We  shall  say  that  the  specimen  is  in  vari¬ 
ant  i  at  a  point  xtll,  if  [Vy(x),  iii(x)]  has  the  form  {QU,, 
±Qra,}  for  some  rotation  matrix  Q.  A  different  notation  is 
appropriate  for  the  region  112!  because  of  the  pres¬ 

ence  of  R<)  in  Eq.  (3),  the  potential  wells  are  modified  there. 
Hence,  we  say  that  the  specimen  is  in  variant  i'  at  a  point 
xefl2  if  [Vy(x),  m(x)]  has  the  form  {QR(,U,R(|,  ±QR,|m,( 
for  some  rotation  matrix  Q. 

III.  ENERGY-MINIMIZING  COMPATIBLE  DOMAIN 
STRUCTURES 

The  energy  minimizers  computed  in  Ref.  1  consist  of 
laminates  above  and  below  tite  growth  twin  boundary.  All 
possible  compatible  laminates  were  considered;  that  is,  it 
was  assumed  that  Vy  oscillated  between  two  values  011  ll, 
and  two  diffcrent  values  on  IIt,  with  possibly  a  transition 
layer  in  between.  To  be  energy  minimizing,  these  values  nec- 


m 


[•211] 

f/ 

f 

^10111 

(IP.  (iP, 

^  (1  4 

),  (IP,  (IP, 

(P),  (iP, 

(IP,  (IP, 

|a| 

(P),  (^P, 

FIG.  1.  Appearance  of  the  predicted  laminates  on  the  (0-11)  plane  with  light 
and  dark  denoting  the  individual  layers  within  a  laminate.  Hie  magnetic 
suKstructurc  i.s  not  simwn. 


essarily  have  to  come  from  the  potential  wells  (4),  the  energy 
in  the  transition  layer  has  to  be  reducible  to  zero  by  refining 
the  layers,  and  the  substructure  of  magnetic  domains  has  to 
be  arranged  to  make  the  field  energy  arbitrarily  small  (sec 
Ref.  1  for  the  details  of  how  this  was  done). 

To  summarize  the  results  of  these  calculations,  we  use 
the  notation 

(z^) 

‘  'sulrscrlpl 

to  denote  a  minimizer  which  uses  variants  i  and  j  on  and 
k'  and  /'  on  il,2-  The  subscript  can  take  the  value  t  (“twin”) 
or  r  (“reciprocal  twin”)  which  refers  to  which  of  the  two 
kinematically  compatible  interfaces  ({100}  or  {110},  respec¬ 
tively)  is  used  in  making  the  laminate;  this  choice  also  af¬ 
fects  the  rotations  involved.  Using  this  notation,  all  compat¬ 
ible  variants  are  shown  in  Fig.  1 ,  This  figure  shows  only  the 
domains  of  distortion  [as  would  be  revealed  by  differential 
interference  contrast  (DlC)  microscopy,  for  example],  not  the 
magnetic  substructure.  Energy  minimization  gives  one  addi¬ 
tional  restriction:  The  volume  fraction  above  and  below  the 
growth  twin  boundary  is  necessarily  the  same. 

As  mentioned  in  Sec.  1,  some  of  these  laminates  are 
exactly  compatible.  Exact  compatibility  is  most  easily  ex¬ 
plained  by  Fig,  2.  An  approximately  compatible  laminate  has 
the  property  that  the  energy  in  the  transition  layer  can  be 
reduced  to  zero  by  refining  the  layers.  Exchange  energy  im¬ 
poses  a  limit  to  how  much  the  laminates  can  be  refined,  and 
the  ultimate  fineness  is  determined  by  a  compromise  be¬ 
tween  the  energy  in  the  transition  layer  and  the  total  interfa¬ 
cial  energy.  Exactly  compatible  laminates  have  no  transition 
layer  and,  therefore,  can  be  coarse  or  fine,  and  the  tendency 
would  be  toward  coarseness  since  the  only  energy  present  is 
exchange. 
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FIG,  2.  Exactly  compatible  configuration  (left-hand  side)  and  approximately 
compatible  configuralioii  (right-hand  .side)  laminates. 

The  exactly  compatible  laminates  are' 

23  34  24 

3^3^  3^4^  2^4^' 

IV,  MECHANISM  OF  MAGNETOSTRICTION 

If  we  imagine  a  unit  line  segment  drawn  on  the  specimen 
in  the  [-211]  direction  above  the  Curie  point  (i.e.,  in  the 
reference  configuration),  this  line  will  become  a  zig-zag  line 
when  evaluated  for  any  of  these  laminates.  It  will  never 
“break,”  as  we  have  assumed  kinematic  compatibility  [i.e., 
the  continuity  of  y(x)].  For  such  a  line  that  is  long  compared 
to  the  layer  width,  the  length  of  the  line  depends  only  on  the 
volume  fraction  y  and  the  choice  of  the  laminate.  A  line  in 
the  [-211]  direction  will  have  the  same  length  whether  it  is 
placed  above  or  below  the  growth  twin  boundary,  by  com¬ 
patibility.  It  is  easy  to  calculate  the  maximum  and  mininiuni 
lengths  of  such  lines,  as  y  goes  from  0  to  1,  for  all  the 
laminates,  and  the  result  is  given  in  Table  1.  (The  right-hand- 
side  column  is  an  evaluation  of  these  lengths  for  material 
constants  r/i  and  P2  appropriate  for  Terfenol-D,  obtained  by 
using  surface  relief  measurement:;  of  Al-Jiboory  and  Lord.’) 
It  is  seen  from  Table  I  that  the  maximum  strain  A///  is  ob¬ 
tained  using  the  variants  I  2;  however,  from  Eq.  (6)  the.se 
variants  do  not  achieve  exact  compatibility.  Another  look  at 
Table  1  shows  that  the  reason  that  the  variants  1  2  give  the 


TABLE  I.  Thu  mininniin  luul  inuximuni  nuiuroscuplu  luiigilu,  »!'  »  line  oti- 
uiitud  uloiig  [-211]  which  in  the  rcl'crcncu  conliguration  liud  unil  iungth. 


Viiriniits 

Ixiiglli 

I.englli  with  7|=0.9‘W2, 
r/.=  l,()0ki 

t  2 

min  r/i  „  , 

tl.9992 

maxlr/]+5(»E-r/l)J''’ 

1.(11)  1  .33 

1  3 

^1-,  2  T 

(I.9W2 

0.999  73 

1  4 

min  7jy  ^ 

i).9992 

maxi  r/]  t- 

0,999  73 

2  3 

0.9997 

max|)7)  l-,7(r,s  - ;?()]''’ 

1.00 1  .33 

3  4 

0,999  47 

nrux[r7;  i-li(r/^- 

0,999  73 

(3  4), 

min^  nia.\=l ;/;+  fitr/]-  r/;)|''- 

0.999  73 

24 

mini 7/;+  7()/i-- 

0.999  73 

maxlr/i+'j(r/-;-r;i)r''’ 

1.0(11  .13 

maximum  magnetostrictive  strain  is  that  they  give  both  the 
shortest  (0.9992)  and  the  longest  (1.001  33)  length;  but,  in 
fact,  the  variant  pairs  2  3  and  2  4,  both  of  which  are  exactly 
compatible,  have  the  same  maximal  length  (1.001  33)  as  1  2 
but  their  minimum  length  is  longer. 

Computations  with  applied  field  and  load  using  the 
present  theory  are  in  progress,"  but  are  not  yet  available; 
however,  as  far  as  the  effect  of  small  or  moderate  loads  and 
fields  is  concerned,  it  is  likely  that  they  will  reveal  that  com¬ 
pressive  stress  will  favor  variants  yielding  the  shortest 
length,  while  applied  fields  in  the  direction  [-21 1]  will  favor 
variants  yielding  the  longest  length  (This  comes  from  a 
eUxser  examination  of  the  magnetic  subdomain  structure.) 

Putting  these  assumptions  together  with  the  idea  that  ex¬ 
actly  compatible  variants  are  preferred,  we  can  arrive  at  a 
proposal  for  what  might  happen.  With  no  compressive  stress 
or  applied  field,  variants  2  3,  2  4,  or  perhaps  3  4  would  be 
preferred.  Still  in  the  absence  of  stress  but  with  a  [-211] 
field  applied,  2  3  and  2  4  are  then  preferred,  even  up  to  large 
fields,  because  they  give  maximum  extension  and  they  are 
exactly  compatible;  however,  upon  application  of  compres¬ 
sive  stress,  there  is  clearly  a  preference  for  1  2  (or  1  3  or  1  4, 
which,  however,  would  not  seem  to  survive  cycling  the 
stress,  because  they  achieve  only  modest  maximal  lengths). 

V,  PROPOSED  EXPERIMENTS 

This  proposal  suggests  some  relatively  simple  experi¬ 
ments.  Since  the  domains  of  distortion  discussed  above  are 
observed  by  making  use  of  surface  relief,  it  is  important  to 
polish  the  .specimen  in  the  single-domain  state.  Failure  to  do 
this  will  result  in  the  possibility  of  seeing  false  domain 
boundaries  at  places  where  leveled  domain  boundaries  ex¬ 
isted  during  polishing.  Since  it  is  difficult  to  polish  above  the 
Curie  temperature,  it  is  reasonable  to  u.se  stress  to  do  this, 
According  to  the  results  of  the  theory,  a  compressive  .stress 
favors  the  single-domain  state  consisting  of  variant  1,  and  a 
reasonably  large  compressive  stress  is  advised,  to  overcome 
barriers  associated  with  the  inevitable  defects.  A  fixture  has 
been  built  to  do  this. 

With  domains  of  distortion  revealed,  the  experiment  con¬ 
sists  of  observing  the  effects  of  appiicd  field  and  compres¬ 
sive  stre.ss  on  the  domain  pattern  and  macroscopic  magneto¬ 
striction,  as  indicated  in  the  last  paragraph  of  Sec,  IV.  The 
switch  from  variants  2  3  to  1  2  should  be  accompanied  by  a 
significant  change  of  both  the  geometry  and  the  fineness. 
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Recent  developments  in  modeling  of  the  stress  derivative  of  magnetization 
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The  effect  of  changing  stress  on  the  magnetization  of  ferromagnetic  materials  leads  to  behavior  in 
which  the  magnetization  may  increase,  or  decrease,  when  exposed  to  the  same  stress  under  the  same 
external  conditions.  A  simple  empirical  law  seems  to  govern  the  behavior  when  the  magnetization 
begins  from  a  major  hysteresis  loop.  The  application  of  the  law  of  approach,  in  which  the  derivative 
of  the  magnetization  with  respect  to  the  elastic  energy  supplied  dMIdW  is  proportional  to  the 
magnetization  displacement  is  di.scussed. 


Previous  work  on  the  development  of  model  theories  of 
the  magnetization  processes  in  ferromagnetic  materials  have 
concentrated  on  the  description  of  hysteresis''^  and  the 
changes  in  hysteresis  curves  which  result  from  constant  ap¬ 
plied  stress.^"^  The  magnetomechaiiical  effect,  which  is  de¬ 
fined  as  the  change  in  magnetization  of  a  magnetic  material 
resulting  from  a  changing  applied  stress  under  a  constant 
applied  field,  has  been  reported  occasionally, but  the  ef¬ 
fects  have  appeared  to  be  very  complex.  For  example,  in  the 
closely  related  works  of  Craik  and  Wood"  and  of  Birss, 
Faunce,  and  Isaac, ^  the  experimental  results  were  obtained 
by  applying  different  stresses  to  various  polycrystalline  mag¬ 
netic  materials  in  the  presence  of  a  small  constant  magnetic 
field.  As  noted  by  Cnrik  and  Wood,  there  were  many  features 
in  the  results  which  cannot  be  reconciled  with  the  previous 
theory  of  Brown,'" 

Birss,"  Schneider  and  Charlcsworth,'^  and  Finbow'-’ 
have  mentioned  the  prediction  of  Brown’s  theory  that  the 
changes  in  magnetization  should  be  independent  of  the  sign 
of  the  stress  (i.e.,  symmetric  with  stress),  which  is  contrary  to 
the  experimental  rc.sults  presented  in  these  articles.  The 
“wall  pressure”  theory  developed  by  Brown,  and  later  by 
Brugel  and  Rimet,'’'  predicts  that  the  magnetization  remains 
constant  as  the  stress  is  reduced  from  its  maximum  ampli¬ 
tude.  This  was  termed  the  “horizontal  Hy-back”  by  Birss  and 
co-workers,"  which  is  known  to  be  at  variance  with  experi¬ 
mental  observations,  as  shown  by  Schneider  and 
Richardson’*  and  Schneider  and  Semcken,'"  as  well  as  in  the 
results  of  Craik  and  Wood."  Birss  and  co-workers,"  and  Jiles 
and  Atherton.’^ 

Following  the  observation  by  Bozorth  and  Williams'’  that 
the  magnetization  curve  of  Permalloy  68,  obtained  after  ap¬ 
plication  of  a  magnetic  field  followed  by  stress  of  .19  MPa  (4 
kg  mm“^),  was  “as  closely  as  it  was  po.ssible  to  tell,  identical 
to  the  anhysteretic  magnetization  curve,”  it  was  suggested"' 
that  the  main  effect  of  stress  cycling  on  the  magnetization 
causes  it  to  approach  the  anhysteretic. 

The  concept  of  the  taw  of  approach  was  tested  by 
Pitman'"  and  later  by  Maylin  and  Squire.'"  The  results,  ac¬ 
cording  to  Pitman,  seemed  to  confirm  the  law  of  approach, 
with  the  results  from  positive  and  negative  remanence  being 
mirror  images  of  each  other,  while  the  amplitude  of  the 
change  in  magnetization  was  found  to  be  much  reduced 
when  the  point  on  the  initial  magnetization  curve  was  close 
to  the  demagnetized  state. 

The  results  Maylin  and  .Squire  substantiated  these  results 


for  locations  beginning  from  the  major  loop;  however,  for 
locations  beginning  on  a  minor  (i.e.,  asymmetric)  loop,  the 
law  of  approach,  if  it  was  operative,  did  not  .seem  to  pertain 
to  the  principal  anhysteretic  magnetization. 

There  are  probably  three  factors  which  determine  the 
magnitude  and  sign  of  the  magnetomechanical  effect:  (i)  how 
far  the  prevailing  magnetization  is  above  or  below  the  anhys¬ 
teretic  (the  displacement);  (ii)  how  sensitive  this  displace¬ 
ment  is  to  stress  (the  rate  of  decay);  and  (iii)  how  the  anhys¬ 
teretic  changes  with  stress. 

As  described  in  previous  work,"  an  applied  uniaxial 
stress  acts  on  a  multidomain  polycrystalline  material  like  an 
applied  magnetic  field  operating  through  the  magnetostric¬ 
tion,  and  this  additional  “effective  field”  can  be  described  by 


3  /_^\ 

^""2  n,  Ir/A/j 


(1) 


Therefore,  if  the  magnetostriction  \  can  be  described  as 
a  function  of  magnetization  and  stress,  the  anhysteretic  mag¬ 
netization  at  field  H  and  .stress  cr  becomes  identical  to  the 
anhysteretic  at  field  HAH „  and  zero  stress. 


iV/.„(.W,  a)  •--=  Af  „„(  H  H-  H,, ,  0 )  =  Af  „„ 


3  w 
H+-  — 

2  fj.() 


,0  , 

(2) 


where  the  effects  of  stress  have  been  incorporated  into  the 
effective  field.  A  reasonable  first  approximation  to  the  mag¬ 
netostriction  of  iron  can  be  obtained  by  using  the  series  ex¬ 
pansion 


x  =  X  (3) 

1 


which  enables  the  derivative  dK!dM  to  be  calculated. 

The  .stress  dependence  of  the  magnetostriction  curve 
can  be  de.scribed  from  the  stress  dependence  of  the 
coefficients  y, .  Using  a  Taylor  series  expansion, 

’■  H 

y,(rr)-r,.(())+2  -ItT'i'K)).  (4) 


where  >^'(())  is  the  nth  derivative  of  y,  with  respect  to  stress 
at  17=0. 

The  stress  dependence  of  the  anhysteretic  magnetization 
curve  can  be  determined  from 
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(a)  H  (kA/m) 


no.  1.  (a)  Measured  variation  of  the  aniiysteretic  magnetization  with  stress, 
as  reported  by  Jiles  and  Atherton  (Ref.  17);  (b)  modeled  variation  of  the 
anhystcrctiu  magnetization  curve  fur  various  levels  of  stress  together  with 
the  following  values  of  the  coefticients;  Af,  =  1,7X10*'  A/m,  a  =  100  A/nl, 
*  =  1000  A/m,  a=0.001,  c=0.1,  r,=4xur '"-OxiO'^lo-  A'^m^  and 
yj=2X  10"®-(5X  10'’'')o'  A"*  m*. 


DlltlH/Ml 


FIG.  2.  Variation  of  magnetization  with  applied  stress  at  u  held  strength  of 
80  Am'*  close  to  the  anhysteretic  magnetization  curve  and  slightly  below 
it.  The  right-hund-sidc  half  of  the  diagram  shows  the  behavior  in  tension  and 
the  left-hand-side  haif  shows  the  behavior  in  compression.  The  values  of  the 
quantities  used  were:  e^lOOXlO**  Pa,  y|=4X10“"*-(3XUr“)(r  A“^  m^ 
and  yj=2X10  ■'"-(5X10'”')ir  A'^  m^ 


dM  1 

(6) 

where  now  ^  is  a  decay  coefficient  which  has  units  of  J 
The  change  in  elastic  energy  supplied  to  the  material  when 
the  stress  is  changed  from  o-q  to  a  is 

W=^(o-oo)',  (7) 

where  E  is  the  elastic  modulus.  'I'herefore,  substituting 
2 

dW=  —  ((T-(r„)dir  (8) 

b 

into  Eq.  (6)  gives 


H  +  H„  +  aM 


a 

(5) 


The  predictions  of  the  present  mode  equation  for  the 
stress  dependent  anhysteretic  are  shown  in  Fig.  1  for  selected 
values  of  the  model  parameters.  It  is  clear  from  these  results 
that  there  is  good  agreement  with  the  experimental  results  of 
Jiles  and  Atherton. 

The  magnetization  may  increase  or  decrease  when  ex¬ 
posed  to  the  same  stress  under  the  same  external  conditions. 
This  indicates  that  the  phenomenon  is  dependent  on  more 
than  simply  the  external  effects  of  stress  and  field.  In  fact  the 
behavior  depends  on  the  magnetization  history  of  the  speci¬ 
men. 

We  have  now  two  factors  to  consider:  the  displacement 
from  the  anhysteretic  and  the  change  in  elastic  energy.  The 
proposition  which  v  c  wish  to  test  is  that  the  derivative  of  the 
magnetization  with  the  change  in  elastic  energy  supplied  IV 
obeys  a  law  of  approach, 


OilfctM/Mi 


FIG.  3.  Variation  of  magnetization  with  stress  at  80  A  m  '  along  the  lower 
loop  of  the  magnetization  curve  after  reducing  from  a  field  amplitude  of 
-5(K)(I  Am  '.  The  values  of  the  quantities  used  were;  e=100xl(l'’  Pa, 
y,=4X10"'-(3xlir2'’)<r  A  ’m\  and 

A  •  4  4 

A  m  . 
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FIO,  4.  Variation  of  magnetization  with  stress  at  80  A  along  the  upper 
loop  of  the  magnetization  curve  after  reducing  from  a  field  umptltudc  of 
5000  Am"'.  The  v.tlucs  of  the  quanlltic.'i  used  were:  «=  100X1 0"  I'a. 
y,  =4X10' '“-Ox  10 '“Itr  A"^m^  and  y2=2X10"'"-(5X10-’V 
A-*  m“. 


2 

dM-  (cr-o-())(A/jn-Af )</(/, 

where  and  c  has  units  of  Pa. 

Rearranging  Eq.  (9)  and  integrating, 

C  dM  2  f 


and  consequently 

A/,„-  A/(  tr)  =  [  M,„  -  M  ( (To)  ]cxp 


(9) 


(10) 


(11) 


which,  on  subtraction  from  M^„-M  («■„),  give.s  the  change  in 
magnetization  AM, 


AM -M(o-)-M{(Tq) 


=  [A/.„--A/(at,)] 


r 

“CXpl 


(12) 


where  A(T=(r-(To.  This  gives  the  symmetric  dependence  of 
magnetization  on  stress. 

However,  if  A/,„  is  stress  dependent,  as  is  generally  the 
case,  then  this  stress  dependence  needs  to  he  incorporated,  as 
shown  in  Eq.  (2),  which  leads  to  a  more  complicated  inte¬ 
gration.  in  practice,  it  has  been  found  best  under  all  condi¬ 
tions  to  simply  evaluate  Eq.  i9)  numerically  using  computer 
techniques. 

Experimental  results  of  Pitman'**  exhibit  the  principal 
feature  of  interest,  which  is  the  AM  vs  Aa-  locus  under  com¬ 
pression  (Erst  an  increas:,  and  at  higher  compressive  stress  a 
decrease  in  M,  under  conditions  close  to,  but  slightly  below, 
the  anhysteretic).  Then  positive,  or  negative,  changes  in  M 
with  the  same  compressive  stress,  and  under  the  same  ap¬ 
plied  field,  depending  on  whether  the  magnetization  began 
well  below,  or  well  above,  the  anhysteretic. 


The  results  of  Craik  and  Wood"  were  more  diverse  than 
those  of  Pitman,  and  in  particular  their  results  showed  the 
essential  asymmetry  of  the  magnetization  versus  stress 
curves  at  higher  stress  levels.  At  small  stress  amplitudes  of 
up  to  about  ±0.5  kgmm"^  (=4.9X10*’  Pa),  the  change  in 
magnetization  with  stress  was  almost  symmetric.  Even  up  to 
±2  kgmm"^  (19.6X10*’  Pa),  the  sign  of  the  change  was 
positive  under  both  tension  and  compression;  but,  beyond 
±3  kgmm'^  (29,4X10*’  Pa),  the  change  of  magnetization 
with  stress  was  negative  under  compression  but  positive  un¬ 
der  tension.  A  wide  range  of  different  behaviors  of  magneti¬ 
zation  under  stress  was  reported  by  Craik  and  Wood,  show¬ 
ing  asymmetry  under  tension  or  compression,  and  in  which 
the  amplitude  of  the  changes  was  dependent  on  the  strength 
of  the  constant  applied  magnetic  field;  however,  because 
Craik  and  Wood  did  nut  measure  the  anhysteretic  magneti¬ 
zation,  the  physical  significance  of  the  observed  changes  was 
not  clear  from  their  work. 

In  the  work  of  Birss"  it  was  found  that  for  small 
changes  in  magnetization  the  magnetization  versus  stress 
curves  were  symmetric  with  respect  to  stress.  For  larger 
changes  in  magnetization,  Birss  reported  similar  findings  to 
Craik  and  Wood;  namely,  a  change  in  sign  of  the  stress  de¬ 
rivative  under  compression,  leading  to  an  asymmetric  behav¬ 
ior. 

The  results  of  model  calculations  are  shown  in  Figs. 
2-4.  It  can  be  seen  from  the  results  of  Fig.  2  at  a  field 
strength  of  80  A/m  that  the  slope  of  the  curve  of  AM  vs  Air 
changes  sign  in  the  compressive  region  at  about  - 100  MPa. 
This  result  is  similar  in  behavior  to  the  data  of  Craik  and 
Wood,"  Birss  and  co-workers,'*  and  Pitman."*  The  results  in 
Figs.  3  and  4  show  that  the  change  in  magnetization  is  posi¬ 
tive  or  negative,  depending  on  whether  the  initial  mugnetizu- 
tion  stale  is  below  or  above  the  anhysteretic,  respectively. 
The  rc.sultant  curves  here  arc  in  excellent  agreement  with  the 
reported  results  of  Pitman."* 

This  work  was  supported  by  the  U.S.  Department  of  En¬ 
ergy,  Office  of  Basic  Energy  Sciences  under  Contract  No. 
W-7405-Eng-82. 
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Magnetization  and  magnetostriction  curves  from  micromagnetics 
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The  macroscopic  behavior  of  magnetostrictive  materials  results  from  domain  evolutions,  often 
occurring  at  a  microscopic  scale.  It  is  shown  how  to  compute  magnetization  and  magnetostriction 
curves  by  appraising  the  behavior  of  the  underlying  microstructures.  The  method  hinges  on  an 
averaging  device  (Young  measures),  which  allows  one  to  pass  from  the  microscopic  to  the 
macroscopic  scale,  The  kinematical  constraints  on  the  accommodation  of  clastic  effects  are  taken 
into  account,  and  the  role  of  material  symmetry  in  the  selection  of  energetically  optimal 
microstructures  is  highlighted.  Moreover,  the  effect  of  magnetoclastic  coupling  on  the  computation 
of  magnetization  curves  is  discussed. 


I.  INTRODUCTION 

Specimens  of  magnetostrictive  materials  exhibit  mag¬ 
netic  and  elastic  domains,  which  evolve  under  the  action  of 
applied  magnetic  fields  and  loads.  Analyzing  the  mecha¬ 
nisms  that  govern  these  donirnn  evolutions  is  a  key  step  to 
understand  the  macroscopic  response  of  magnetostrictive 
materials:  The  macroscopic  deformations  induced  on  these 
materials  by  applied  magnetic  iiclds  result  precisely  from 
domain  rearrangements,  often  occurring  at  a  microscopic 
scale.  In  fact,  the  size  of  magnetic  and  elastic  domains  is 
typically  rather  small  as  compared  to  the  size  of  the  body  in 
which  they  appeav.  As  a  consequence,  domain  patterns  may 
result  in  complex  geometries.  Micromagnetics  provides  us 
with  a  rationale  for  the  ocvrurrcncc  of  fine  domain  patterns, 
based  on  energy  minimization.  Moreover,  at  least  in  prin¬ 
ciple,  it  could  be  used  to  predict  the  most  energetically  fa¬ 
vored  configurations  under  given  applied  fields  and  loads 
and,  hence,  for  quantitative  predictions  of  the  macroscopic 
rc.sponse  of  magnetostrictive  materials.  In  practice,  this  pro¬ 
gram  fails  due  to  the  complexity  of  the  configurations  to  be 
computed. 

In  this  article  we  report  on  recent  progress  in  applying 
micromagnetics  to  predict  virgin  magnetization  and  magne¬ 
tostriction  curves.  Our  method,  inspired  by  the  work  of 
James  and  Kinderlehrer,’  is  based  on  a  simple  idea;  Only  a 
few  average  properties  of  domain  patterns  are  needed  to 
compute  magnetization  and  magnetostriction  curves,  and  not 
all  of  the  geometric  detr.ils  of  domain  patterns  arc  needed  to 
exactly  quantify  their  energetics.  We  focus  precisely  on  those 
features  of  domain  patterns  which  are  needed  to  select  the 
energetically  optimal  ones,  and  to  describe  them  in  enough 
detail  so  that  the  macroscopic  response  can  be  characterized. 
Our  analysis  bears  close  similarities  with  those  based  on  the 
classical  article  of  Nec!,^  but  there  arc  also  some  significant 
differences.  In  particular,  we  do  take  into  account  the  effect 
of  magnetoclastic  coupling  on  the  prediction  of  magnetiza¬ 
tion  curves. 

II.  MICROMAGNETICS 

We  adopt  the  large-body  limit  formulation  of 
micromagnetics,'  in  which  exchange  energy  is  omitted.  Fol- 

'"On  leuvc  I'nim  Dip.  Iiig,  t  ivilc,  Univcrsitii  Ji  Uomii  "  Ibr  Vergalii,"  (Kll.t.t 
Rome,  Italy. 


lowing  Clark,'*  we  use  the  framework  of  linear  elasticity,  and 
we  measure  deformations  through  the  linear  strain  E(a) 
==(5)[Vu(a-)  +  V^u(a-)],  where  u(a')  denotes  the  displacement 
of  the  point  x  of  a  body  fl.  Moreover,  we  restrict  our  atten¬ 
tion  to  an  unloaded  specimen  (the  case  of  applied  surface 
tractions  has  been  considered  in  Ref.  5).  The  .state  of  il  is 
described  by  a  magnetization-deformation  pair  (iii,E),  and 
we  look  for  minimizers  of  the  energy  functional 

Gh(m,E)=  (if)|ui{m(A-),E(,v)l~h-m{A')}rJA- 
Jii 

+  j  Ji^jVa„,(A-)|'r/.v.  (1) 

Here  h  is  a  constant  external  magnetic  field,  while  -V«,„  is 
the  magnetic  field  generated  by  ni,  defined  as  the  solution  of 
Maxwell  equation  div(-V«,„+m)-(),  where  ih  is  the  exten¬ 
sion  of  m  to  U'  which  vanishes  outside  11.  Moreover,  we 
write 

(PTOT('«>K)  =  :f>(m)-l-  jI'E- E(i(m)]'‘i;[E-E(|(m)],  (2) 

where  9  is  the  anisotropy  energy  density,  (1  is  the  fourth- 
order  tensor  of  elastic  moduli,  and  E„(m)  is  the  stress-free 
strain  corresponding  to  in,  i.e.,  the  second-order  tensor 
which,  for  given  m,  is  such  that  (f>|()i[ni,E||(in)]=s<p,o](m,E) 
for  every  E. 

Crucial  to  our  analysis  are  some  properties  of  ip  and 
E(,(m)  dictated  by  material  symmetry.  Denoting  by  .Z’ 
the  group  of  material  symmetries  of  the  material  at  hand, 
i.e.,  the  set  of  orthogonal  matrices  Q  such  that 
<ProT(Qt^'Q®'Q^ )  =  (^ki.„-,(m,E)  for  every  m  and  E,  we  have 

(p(Qm)=  (f)(m),  and  E|,(Qm)  =  QE,i(m)Q',  VQe./’. 

(-^) 

We  also  remark  that,  in  view  of  liq.  (2),  G’l,  is  the  sum  of  a 
non-negative  term  (the  energy  due  to  magnetoelastic  cou¬ 
pling),  and  of  the  energy 

Wh(m)-  I  {iplni(.v)J-h'm(.v)}r/.v 
Jii 

which  would  be  associated  with  the  magnetized  body,  were  it 
to  he  considered  rigid. 
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FIG.  1.  llic  ^th  element  of  an  energy-minirnizing  sequence  for  an  uitloaded 
specimen  of  uniaxial  material  under  zero  applied  Held. 


III.  MICROSTRUCTURES 

The  starting  point  of  our  analysis  is  the  observation  that 
the  inlimum  of  Gh  may  be  unattainable  in  the  space  of  ad¬ 
missible  magnetization-deformation  pairs.  We  illustrate  this 
with  an  argument  due  to  James  and  Kindcrlehrcr.  We  set 
h=0,  and  we  consider  a  uniaxial  material  with  easy  axis  e. 
Figure  1  shows  the  kih  element  of  an  energy  minimizing 
sequence  of  magnetization-deformation  pairs  (note  that  the 
sequence  is  parametrized  by  the  width  of  the  layers,  that  the 
magnetization  is  always  directed  along  the  easy  direction, 
and  that  the  deformation  is  constant  and  it  corresponds  to  a 
stress-free  strain  everywhere  in  fl).  By  refining  the  width  of 
the  layers,  we  can  drive  the  energy  to  its  infimum  /,  which  is 
^(e)  times  the  volume  of  fl.  However,  since  there  is  no 
divergence-free  magnetization  field  which  takes  only  the  val¬ 
ues  ±e,  there  is  no  configuration  whose  energy  is  exactly  /. 
Thus,  strictly  speaking,  the  proposed  minimization  problem 
has  no  solution.  In  spite  of  this,  the  example  gives  a  clear 
indication  of  how  to  proceed:  a  minimizer  of  Gq  should  be 
described  by  the  asymptotic  behavior  of  an  infinitely  refining 
minimizing  sequence,  i,e„  in  a  descriptive  language,  by  a 
microstructuie, 

The  notion  of  Young  measure  allows  us  to  give  a  precise 
description  of  some  of  the  asymptotic  features  of  an  infi¬ 
nitely  refining  sequence.  Essentially,  Young  measures  pro¬ 
vide  the  precise  mathematical  description  of  the  mixtures  of 
magnetic  phases  introduced  by  Neel  in  Ref.  2.  Indeed,  the 
Young  measure  14  generated  by  a  sequence  of  magnetiza¬ 
tions  (m*),  k=l,2,...,  gives,  at  each  point  x  of  the  body,  the 
limiting  distribution  of  the  values  of  in  a  vanishingly 
small  neighborhood  of  x.  For  example,  the  Young  measure 
generated  by  the  sequence  (m*)  of  Fig,  1  is  in  fact  indepen¬ 
dent  of  X  and  it  can  be  written  as 

(5) 

where  <5+,  is  a  Dirac  mass  centered  at  ±e.  The  physical 
meaning  of  Eq.  (5)  is  the  following;  In  the  limit  *00,  m* 
represents  a  microscopic  arrangement  of  domains  with  the 
property  that  at  every  point  of  the  body  only  domains  with 
magnetization  ±e  are  pres.ent,  and  with  equal  volume  frac¬ 
tions,  The  first  moment  of  a  Young  measure  generated  by  a 
sequence  of  magnetizations  gives  the  average  magnetization 
in  a  neighborhood  of  x,  and  its  average  over  fl  gives  the 


average  magnetization  of  the  whole  specimen.  For  Eq.  (5) 
we  obtain  zero,  i.e.,  v  describes  a  demagnetized  state.  Simi¬ 
lar  arguments  can  be  applied  to  sequences  of  deformations 
E*  and,  in  essence,  our  approach  to  the  computation  of  mag¬ 
netization  and  magnetostriction  curves  consists  of  a  system¬ 
atic  application  of  the  line  of  reasoning  described  above  to 
cases  in  which  an  applied  magnetic  field  is  present.  In  par¬ 
ticular,  we  note  that  if  we  are  given  a  minimizing  sequence 

,Eii)  of  G|,  for  each  value  of  the  applied  field  h,  then  the 
knowledge  of  the  Young  measures  generated  by  the  se¬ 
quences  suffices  to  compute  the  corresponding  magneti¬ 
zation  curve. 

Two  remarks  are  in  order.  To  clarify  the  physical  mean¬ 
ing  of  infinitely  refining  sequences,  we  recall  that  the  theory 
presented  here  is  a  limit  theory  for  large  specimens.  Typi¬ 
cally  the  ratio  between  the  size  of  the  domains  and  the  size  of 
the  body  in  which  they  appear  tends  to  zero  as  the  latter 
increases.  Since  in  the  present  theory  this  limiting  process  is 
represented  on  a  reference  body  of  fixed  size,  infinite  refine¬ 
ment  ensues.  Our  second  remark  concerns  the  problem  of 
computing  the  energy  of  a  microstructure.  Put  simply,  the 
knowledge  of  the  magnetic  phases  present  in  a  microstruc¬ 
ture,  and  of  the  corresponding  volume  fractions,  does  not 
provide  enough  information  to  compute  its  energy  (in  the 
example  above,  we  carefully  chose  the  orientation  of  the 
domain  interfaces,  and  we  also  checked  that  no  extra  energy 
contributions  arose  from  the  magnetoelastic  coupling).  Thus, 
a  model  for  magnetostrictive  materials  in  which  microstruc- 
tures  are  described  only  through  these  quantities  may  lead  to 
inaccurate  predictions  (see  following  section).  It  is  indeed 
possible  to  characterize  the  energetics  of  microstructures 
without  resolving  them  in  their  finest  details.  For  this  pur¬ 
pose,  one  needs  not  only  Young  measures,  but  also  the  H 
measures  of  Tartar.'’  The  selection  of  optimal  microstructures 
can  thus  be  reduced  to  a  minimization  problem  over  Young 
measures  and  H  measures.  Here  we  follow  the  technically 
simpler  alternative  of  computing  minimizing  sequences  di¬ 
rectly,  and  we  use  Young  measures  only  to  describe  those  of 
their  features  which  are  relevant  for  the  computation  of  mag¬ 
netization  and  magnetostriction  curves.  In  this  process,  we 
do  not  neglect  any  energy  contribution:  In  particular,  we  take 
into  account  both  the  magnetostatic  and  the  magnetoelastic 
energy  that  may  arise  from  jumps  of  the  magnetization 
across  adjacent  domains. 

IV.  APPLICATIONS  AND  DISCUSSION 

We  illustrate  our  approach  on  a  sample  application.  We 
consider  a  spherical  specimen  of  uniaxial  material,  with  an¬ 
isotropy  energy  (p(m)  =  /<[l-(m-e)^]  (we  assume  |in|  =  l  and 
K>0),  under  an  applied  field  at  45“  from  the  easy  axis  e.  We 
rely  on  the  results  of  Ref.  3,  where  the  corresponding  mini¬ 
mization  problem  for  R^^  has  been  solved.  The  interesting 
regime  is  that  of  low  field  strengths,  where  minimizers  of 
are  microstructures.  Examples  of  the  relevant  minimizing  se¬ 
quences  are  shown  in  Fig.  2.  They  consists  of  layers,  in  each 
of  which  the  magnetization  takes  one  of  two  possible  values 
(which  depend  on  the  applied  field),  say,  m,  and  m2.  We 
obtain  the  minimizing  sequences  for  G|,  by  setting  every- 
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FIO,  2,  Minimizing  sequences  for  s  spherical  specimen  of  uniaxial  material 
with  applied  field  at  45°  from  the  (horizontal)  easy  axis.  A,B,C  correspond 
to  increasing  field  strengths. 


where  in  the  specimen  K(^)=E„[m(jt:)].  This  leads  to  a  dis¬ 
continuous  deformation  held,  which  is,  however,  kinemati¬ 
cally  compatible  if 

Eo(ini)-Eo(in2)-5(a(giex  +  ex®a),  (6) 

for  some  vector  a  (here  denotes  the  normal  to  the  layer 
interfaces,  while  a®b  denotes  the  matrix  with  components 
afbj).  This  is  indeed  the  case,  and  it  is  not  hard  to  check.  The 
"structural”  reason  behind  this  result  is  that  mj^Rm,, 
where  R  is  a  180°  rottition  about  ,  and  hence  it  is  an 
element  off^.  Thus,  by  Eq.  (3),  Eo(ro2)=REo(m,)R^. 

We  can  conclude  that,  in  the  example  considered,  the 
minimizers  of  Gh  correspond  to  stress-free  states.  Thus,  if 
(ni,E)  is  a  “minimizer”  (possibly  a  microstructurc)  of  Gj,, 
then  tn  is  a  “minimizer”  of  R^^  (in  fact,  the  unique  mini¬ 
mizer  of  as  shown  in  Ref.  3).  These  observations  give 
rise  to  a  strategy  for  computing  magnetization  and  magneto¬ 
striction  curves:  The  computation  of  the  magnetization  curve 
is  reduced  to  the  computation  of  the  minimizers  of  Rf,,  and 
the  magnetostriction  cur«'e  is  obtained  by  considering  the 
stress-free  strains  associated  with  the  minimizers  of  R|, .  This 


is  a  standard  procedure,  and  we  have  thus  shown  that,  in  the 
example  considered,  it  is  justified  as  an  exact  consequence  of 
micromagnctics. 

In  spite  of  the  fact  that  similar  results  can  be  proved  for 
a  surprisingly  large  class  of  materials,^  the  validity  of  the 
procedure  outlined  above  is  not  universal,  A  simple  example 
is  that  of  iron,  when  an  external  field  applied  in  the  [111] 
direction.  It  is  interesting  to  note  that,  close  to  saturation,  the 
magnetization  curve  computed  from  the  minimization  of  f?|, 
differs  substantially  from  the  experimental  measurements.  In 
this  regime  the  minimizers  of  R^  consist  of  mixtures  of  four 
magnetic  “phases”  which  are  not  symmetry  related,  and 
whose  associated  stress-free  strains  cannot  give  rise  to  kine¬ 
matically  compatible  deformations  (a  proof  will  appear  in 
Ref.  7).  We  conjecture  that,  by  taking  into  account  the  energy 
contribution  due  to  the  magnetoelastic  coupling,  a  more  re¬ 
alistic  prediction  of  the  magnetization  curve  can  be  obtained: 
Indeed,  in  order  to  compensate  for  the  elastic  energy  stored 
in  a  stressed  configuration,  higher  field  strengths  should  be 
necessary  to  sustain  a  given  average  magnetization. 
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The  magnetostriction  of  melt-spun  ribbons  of  Dyj(Fei  -vBy)i-A  (jt  =  0.2,  0,25, 0.3;  0=s>>s;0.2)  alloys 
is  systematically  investigated  as  a  function  of  the  wheel  speed  during  melt  quenching.  As  the  wheel 
speed  increases  from  10  to  50  m/s,  the  magnetic  softness  improves  with  the  wheel  speed  rather 
continuously  for  the  alloys  with  the  Dy  content  jf=0.2  and  0.25  but  it  exhibits  a  maximum  at  the 
wheel  speed  of  30  or  40  m/s  for  the  alloys  with  the  highest  B  content  {a‘=0.3).  The  softness  also 
improves  with  the  B  content  for  a  fixed  wheel  speed.  Homogeneous  and  ultrafinc  grain  structure  is 
observed  for  the  first  time  even  in  the  as-spun  state  when  the  ribbons  of  the  alloy  Dyi,  •,(Feii  sB|,  2)|i  7 
are  fabricated  at  the  wheel  speed  of  30  m/s.  The  ribbon  having  the  ultrafinc  grain  structure  exhibits 


good  magnetic  softness  together  with  a  high  strain. 

I.  INTRODUCTION 

Giant  magnetostrictive  rare-earth  (R)  -transition-metal 
(TM)  -based  alloys  .such  as  TbFe2  were  developed  more  than 
2  decades  ago.''“  The  saturation  magnetostriction  X,,  of 
TbFe2  compound  at  room  temperature  is  as  large  as 
nSSXlO”®  (or  1753  ppm);'^  however,  since  the  magneto¬ 
crystalline  anisotropy  of  the  alloys  is  also  very  large,  a  large 
magnetic  field  is  usually  required  to  obtain  a  large  .strain.  In 
the  practical  point  of  view  it  is  important  to  have  a  large 
magnetostriction  at  a  low  magnetic  field.  In  an  early  effort  in 
this  direction,  many  workers  attempted  to  reduce  the  magne- 
tocrystalline  ani.sotropy  through  alloy  design,  one  notable  ex¬ 
ample  being  the  investigation  of  pseudobinary  (R|,R2)-TM 
compounds.  One  main  outcome  from  the  investigation  was 
the  development  of  Tbo  ^Dyo  7FC2  compound  commercially 
known  as  Terfenol-D."* 

Recently,  attempts  have  been  made  to  improve  the  .soft- 
ne.ss  of  R-TM  compounds  bv  suitably  controlling  the  micro¬ 
structure  of  the  compounds.^"'"  The  main  route  to  micro- 
structural  modification  is  rapid  quenching  from  the  melt.  It 
has  been  reported  by  many  workers  that  the  grain  refinement 
or  arnorphization  by  this  method  improves  the  softness  of  the 
alloys  although,  in  some  cases,  this  improvement  has  been 
done  at  the  expense  of  reduced  X, .  Very  recently,  R-TM 
alloys  of  thick-film  type  were  also  fabricated  by  sputtering 
and  were  reported  to  show  good  magnetic  softness.'^’*"  It  is 
clear  from  these  later  studies  that  the  .softness  of  R-TM  al¬ 
loys  is  sensitively  affected  by  the  microstruclure,  although  it 
is  feit  that  not  much  systematic  work  has  been  done  so  far. 

In  order  to  see  how  the  microstructure  and  hence  the 
softness  of  R-TM  alloys  is  affected  by  fabrication  conditions, 
we  systematically  investigate  the  magnetostriction  of  melt- 
spun  ribbons  of  R-Fe-B  alloys,  In  the  present  work,  the  al¬ 
loys  selected  were  Dy^fFe,  ..^.B^.),  (x=().2,  0.25,  0.3; 

0^y!S0,2).  Similar  work  on  Tl>  and  Sm-based  alloys  is  in 
progress.  The  element  B  was  added  to  the  R-TM  alloys, 
since  it  is  known  to  affect  the  microstructure  of  as-spun 
ribbons. 

II.  EXPERIMENTAL  DETAILS 

The  Dy-Fe-B  alloys  were  arc  melted  in  an  Ar  atmo¬ 
sphere.  Subsequent  melt  spinning  vs  as  carried  out  also  in  an 


Ar  atmosphere.  In  the  present  experiments  we  fixed  all  the 
fabrication  parameters  except  for  the  wheel  speed  which  was 
varied  over  a  wide  range  from  10  to  50  m/s.  Tlie  melt  tem¬ 
perature  was  luiiintained  at  just  above  the  melting  point  of 
the  respective  alloys.  The  orifice  diameter  was  about  0.5  mm 
and  the  chamber  tind  ejecting  Ar  pressures  were  2.1x10  ’ 
and  1.85X10''  MPa,  respectively.  The  magnetostriction  was 
measured  by  a  thrce-tcrmintil  capacitance  method  at  room 
temperature  and  at  magnetic  fields  II  up  to  8  kOe.  The  mi- 
cro.structure  was  mainly  examined  by  x-ray  diffraction  and, 
in  .some  cases,  by  iransmi.ssioii  electron  micro.scopy  (TBM). 

Hi.  RESULTS  AND  DISCUSSION 

For  the  Dy()2(I''0i  vBy),)),  alloy  system,  it  is  observed 
from  the  results  for  X  vs  //  plots,  not  shown  here  due  to 
space  limitation,  that  X  incretises  very  slowly  with  /-/  at  low 
field.s,  when  ribbons  of  low-B  alloys  are  fabricalctl  at  low 
wheel  speeds  (usually  30  m/s  or  less);  however,  the  ntagnetie 
softne.ss  improves  .suhstantially  with  the  increasing  wheel 
speed  and/or  B  content.  These  K-tl  results  tire  well  explained 
by  the  x-ray-diffraction  result:-:.  In  low-B  alloys,  sharp  dif¬ 
fraction  peaks  arc  seen  at  low  wheel  speeris  indicating  ihat 
cry.stulline  phases  with  coarse  grains  exist,  but,  at  high  wheel 
.specd.s,  the  peaks  are  broadened  indicative  of  the  lornuilion 
of  finer  grains.  In  high-B  alloys,  an  animphouslike  broarl 
pattern  is  observed  even  at  low  wheel  speeds  imlieating  that 
the  glass-forming  ability  is  increased  by  I’  addition.  'lire 
value  of  X  in  this  alloy  system  is  low,  rangm);  from  .50  to  oo 
ppm  at  8  kOe,  The  crystalline  pha,se  is  identified  to  be  mainlv 
Dy,,Fe2.i  compound  with  a  small  amount  of  DvFc, 

For  the  alloy  series  DyoislFe,  the  magnetic 

softnc.s.s  is  observed  to  improve  with  the  wheel  speetl,  a.s  is 
clearly  demonstrated  by  the  \-H  plots  obtained  at  diflen  ni 
wheel  speeds  for  the  >'=().  1  alloy,  as  an  example,  shown  in 
Fig.  1(a).  The  diffraction  patterns  for  the  same  allov  are 
given  in  Fig.  1(b).  Although  the  results  arc  not  shown  heic. 
the  alloys  with  the  other  B  content,  except  for  the  '  =(),; 
alloy,  exhibit  a  similar  \-H  behavior.  This  progressive  im- 
prvrvement  in  the  softne.ss  with  the  wheel  speed  is  completely 
matched  by  the  x-ray-diffraction  patterns  as  shown  in  Fig. 
Kb)  from  which  it  is  observed  that  the  peak  intensity  de¬ 
creases  and  the  peak  width  broadens  continuously  with  the 
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I'ICi.  1.  (II)  'I'lii:  X-W  plots  Cor  tlic  alloy  C)yu,25(P®o.vBo.i)o.75'  The  x-ray- 
(liffraotion  patterns  I'or  tliu  same  alloy  as  in  (a).  The  DyFcj  and  DyFC) 
pliusea  are  indtcutcci  by  the  solid  aad  open  triangles,  respectively.  The  num> 
bets  on  tlie  curves  denote  the  wheel  speed  in  m/s. 


wheel  speed.  In  the  case  rtf  ine  )'==0.2  alloy,  the  value  of  X, 
Ibf  the  ribbons  fabricated  at  the  wheel  speeds  of  10  and  20 
ni/s  is  higher  titan  that  fot  the  ribbons  produced  at  the  higher 
wheel  speeds.  T  he  icuion  for  this  was  originally  thought  to 
be  due.  to  the  tact  that,  even  at  low  wheel  speed  of  10  or  20 
m/s,  crystalline  grains  fine  enough  to  result  in  good  magnetic 
softness  are  foiineil  at  the  large  B  content.  The  observed 
x-iay-ciiffractioii  patterns,  however,  do  not  seem  to  clearly 
support  the  assumption,  since  the  peak  intensity  and  the  de¬ 
gree  of  line  broadening  do  not  vary  greatly  with  the  B  con¬ 
tent  at  the  fixed  wheel  speed  of  10  or  20  m/s.  Further  experi¬ 
ments  arc  Inquired  to  properly  explain  the  high-X  values  at 
tlie  low  wheel  speeds  in  this  high-B  alloy. 

The  crystal  structure  of  tn,-;  Dyo25(Fci_yBy)o,75  series, 
which  is  netermined  by  ti  e  x-ray-diffraction  patterns,  is  ob¬ 
served  to  vary  with  the  B  content.  Mostly  the  DyFe^  phase 
exists  in  the  B-free  alloy  and  the  DyFe2  phase  exists  in  the 
highest-B  (>>=0.2)  alloy,  and,  in  the  alloys  with  the  interme¬ 
diate  B  content,  the  DyFe^  and  DyFe2  phases  coexist. 

For  the  alloy  system  with  the  highest  Dy  content 
Dyo3(Fei_^Bj,)o.7,  X  increases  with  the  wheel  speed,  shows  a 
maximum  at  the  wheel  speed  of  40  m/s  (30  m/s  for  the 
y  =0.2  alloy),  and  then  decreases  with  the  further  increase  in 
the  wheel  speed.  Some  of  the  k-H  results  are  shown  in  Fig. 
2(3)  (for  the  alloy  y=0.1)  and  Fig.  2(b)  (for  the  alloy 
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FIG,  2.  The  X-W  plots  for  the  alloys  (a)  Dyo..i(Feo,9Bo,i)o.7  and  (b) 
Dyo.}(Fe(), 080,2)0  7.  tMso  shown  are  the  X-W  results  for  a  bulk  crystalline 
DyFe2  fur  comparison  (Ref.  3)  (broken  line).  The  numbers  on  the  curves 
denote  the  wheel  speed  in  m/s. 


,>1=0.2).  /Although  x-ray  results  are  not  shown  here,  the  way 
in  which  the  intensity  and  width  of  the  x-ray  peaks  vary  with 
the  wheel  speed  is  similar  to  that  observed  for  the 
Dyo.25(Fc.  .-yBy)o.75  alloy  system.  The  crystalline  phase  is  de¬ 
termined  to  be  mainly  DyFe2,  a  small  amount  of  DyF'e3  be¬ 
ing  also  observed  for  the  alloys  y  =0  and  0.05.  Also  shown  in 
Figs.  2(a)  and  2(b)  arc  the  k-H  results  for  a  bulk  crystalline 
DyFe2  for  comparison.^  No  appreciable  increase  in  X  of  the 
bulk  DyFe2  is  observed  until  W  =  1  kOe,  after  which  X  in¬ 
creases  with  H  almost  linearly. 

The  decrease  in  k  at  the  high  wheel  speed  of  40  or  50 
m/s  may  be  related  to  the  presence  of  an  amorphous  phase.  It 
is  reported  that  the  X^  value  of  amorphous  DyFe2  is  very  low 
(38  ppm),^  which  is  much  lower  than  the  value  of  433  ppm  at 
25  kOe  for  the  crystalline  counterpart^  as  well  as  that  of  the 
present  melt-spun  ribbons  fabricated  at  the  optimum  condi¬ 
tion.  It  is  therefore  quite  likely  that  X  decreases  significantly 
by  the  formation  of  an  amorphous  phase.  /Xn  amorphous 
phase  can  also  be  formed  at  the  high  wheel  speed  for  the 
Dyo.25(Fei_j,B^)o.75  alloy  system;  however,  since  the  main 
crystalline  phase  in  Dy(,  25(Fe,  ..j,Bj,)o  75  is  mainly  DyFe3  or  a 
mixture  of  DyFe3  and  DyFe2  (except  for  the  high-B  alloy 
where  mainly  DyFe2  phase  exists),  as  was  already  discussed, 
and  the  X,  value  of  amorphous  DyFe3  is  reported  to  be  high 
(130  ppm),^  which  is  similar  to  that  for  the  ribbons  fabricated 

L.tin  et  at. 


FiG.  3.  Transmission  electron  micrrigraphs  (the  bright-ficid  images)  and 
sclccted-aiea  diffraction  patterns  for  the  alloy  Dy,,  ,(FC||«B||  2)ii,7  at  the  wheel 
speeds  of  (it)  10  in/s,  (b)  30  m/s,  and  (c)  SO  m/s. 


at  the  optimum  wheel  speed,  the  pre.sence  of  an  amorphous 
phase  will  not  greatly  affect  the  X  value.  The  assumption  that 
the  decrease  in  X  at  the  high  wheel  speed  is  related  to  the 
amorphous  phase  is  supported  by  the  present  x-ray  results, 
since  amorphousliko  patterns  appear  to  be  seen  together  with 
crystalline  peaks  at  the  high  wheel  speed,  Amorphouslike 
patterns  become  clearer  as  the  B  content  inc.rea,ses. 

In  Ol  der  to  examine  the  microstrueturc  further,  TEM  ex¬ 
periments  wecc  conducted  and  some  of  the  results  are  shown 
in  Fig.  3  .for  the  L')y()3(Fe()gB(|.2)i),7  alloy.  From  the  TEM  re¬ 
sults,  two  important  points  can  be  noted:  First,  an  amorphous 
phase  is  observed  by  TEM,  as  is  evidenced  by  the  halo  pat¬ 
tern  at  the  wheel  speed  of  50  ni/s;  second,  the  more  impor¬ 
tant  point  is  that,  at  the  wheel  speed  of  30  m/s,  homogeneous 
and  ultrafine  crystalline  grains  arc  formed.  The  grain  size  is 
estimated  to  be  10-21)  nrn.  This  is  the  first  ob.servation  of 
homogeneous  and  ultrafine  grains,  to  our  knowledge,  in  the 
as-spun  state,  although  similar  ultrafine  grains  were  previ¬ 
ously  observed  for  the  Tb-Fe-B  alloy  system  by  annealing 
piecursor  amorphous  alloy  ribbons.*’ 

In  order  to  see  how  the  magnetic  .softness  and  the  vaiuc 
of  X  vary  with  the  B  content,  the  results  for  X|/Xk  (where  X; 
and  Xg  are  the  values  of  X  ai  1  and  8  kOe,  respectively)  and 
Xj  as  a  function  of  tiie  B  content  are  shown  in  Fig,  4  for  the 
Dyi)3(Fei_,,B,.!,|7  alloy  system.  The  ratio  Xi/X^  is  used  to 
measure  the  degree  of  magnetic  softness.  For  each  B  content, 
we  plot  data  for  that  wheel  speed  which  yielded  the  highest 
strain  at  1  kOe  (ia.rgest  Xj),  which  was  obtained  at  the  wheel 
speed  of  40  rn/s  for  the  alloys  with  the  composition  y^0,15 
and  the  wheel  speed  of  30  m/s  for  the  >  =0,2  alloy.  In  the 
V  =  0.2  alloy,  the  results  at  the  wheel  speed  of  40  m/s  are  also 
shown  in  the  figure  in  order  to  compare  the  results  for  the 
ribbons  fabricated  at  the  same  wheel  speed.  The  reason  for 
the  highest  X|/Xx  ratio  .it  v  =  ().15  is  relalcd  to  the  presence  of 


FIG.  4.  The  values  of  \|/\x  and  (where  \|  and  are  the  values  of  \  at 
1  and  8  kOe,  le.spei'tively)  as  a  function  of  the  B  content  y  in  the  alloy 
■system  Dyn  ilFci  _,.D,.)||  7.  I  he  data  with  the  open  circles  arc  for  the  wheel 
speeds  which  yielded  the  largest  X|  (4(1  m/s  for  the  alloys  vsO.LS  and  30 
m/s  for  the  alloy  y  =0.2),  In  the  y  =0.2  alloy,  the  results  at  the  wheel  speed 
of  40  m/s  arc  also  shown  and  are  indicated  by  the  solid  circles, 

a  magnetically  soft  amorphous  phase.  The  high  ratio,  how¬ 
ever,  is  achieved  at  the  cost  of  very  low  Xjj  value.  With  the 
same  reasoning,  the  Xj/Xjj  ratio  of  the  >=0.2  alloy  at  the 
wheel  speed  of  40  m/s  is  expected  to  be  large  but  it  is  ob¬ 
served  to  be  small.  This  is  because  the  value  of  X  itself  is  so 
low  that  the  contribution  from  the  volume  magnetostriction 
after  saturation  becomes  appreciable,  even  though  the  value 
of  volume  magnetostriction  (which  is  usually  indicated  by 
the  slope  dK/dH  after  the  saturation)  is  similar  to  each  other. 
The  ribbon  having  the  ultrafine  grain  structure  (>=0,2)  ex¬ 
hibits  good  magnetostrictive  properties;  good  magnetic  soft¬ 
ness  (X,/X)(=0.66)  and  a  high  strain  (X(j  =  260  ppm). 

IV.  CONCLUSION 

In  conclusion,  \-H  behavior  of  tlie  melt-spun  ribbons  of 
Dy-Fe-B  alloys  is  investigated  as  a  function  of  the  wheel 
speed  and  alloy  composition.  The  homogeneous  and  ultrafine 
grain  structure  is  observed  for  the  first  time  even  in  the  as- 
spun  state  when  the  ribbons  of  the  alloy  Dy()  3(Feo,8B,)  2)0.7 
are  fabricated  at  the  wheel  speed  of  30  m/s.  The  ribbons 
having  the  ultrafine  grain  structure  are  observed  to  exhibit 
good  magnetostrictive  properties. 

'N.  C.  Koon,  A.  Schindler,  and  F.  Carter,  I’hys.  Lett.  A  37,  413  (1971). 
‘A.  F.  Clark  and  H.  Belsitn,  Pitys,  Rev,  B  S,  3642  (1972). 

’a.  It.  Clark,  in  l‘'crrimai’nulic  Materials,  edited  by  E.  P.  Wobifarih  (North- 
Hirlland,  Amsterdam,  1980),  Voi.  I.  p.  .S.Sl. 

■‘a.  E,  Clark,  hr  /’rotccr/rVig.v  Df  the  l‘Mh  Cimfereitre  on  Muffietism  and 
Maynclic  Materials,  AlP  Conf.  Proc.  No.  18  (American  in.stitule  of  Phys¬ 
ics,  New  York,  1974),  p.  1III5. 

-  S,  Ishio  and  S.  Kadowaki,  J.  Magii.  Magn.  Mater.  79,  3.S8  (1989). 

'Tt.  D.  Greenotigh.  T.  J.  Gregorv,  S.  J.  Clegg,  and  J,  U.  Purdy,  J,  Appl. 
Phys.  70,  6534  (1991). 

’S.  Kikuchi,  T.  'I'anaka.  S.  Sugimoto,  M.  Okada,  M.  Honima,  and  K.  Aral, 
J.  Magn.  Soc,  Jpn.  17,  267  ( 1993). 

r,  Ooike,  S,  Ishio,  and  T,  Miyazaki,  J,  Magn.  Soe.  Jpn,  (7,  271  (1993). 
'Tl.  Eujiniori,  J.  Y.  Kim,  S.  Suzuki,  H.  Morila,  and  N.  Kataoka,  J.  Magn. 

Magn.  Mater.  124,  11.5  (1993). 

'"J,  Y.  Kim.  J.  Appl.  Phys.  74,  2701  (19»3), 


J.  Appl  Phys..  Vol.  76,  No.  fO,  15  November  1994 


Urn  ef  a/.  702.3 


Magnetic  properties  and  magnetostriction  in  grain-oriented 
(Tb^Dyi  _x)(Fei  -yMny)i.95  compounds 

Kobayashi,  1.  Sasaki,  T,  Funayama,  and  M.  Sahashi 

R&D  Cenlcr,  Toshiba  Corporation,  I  Komukai,  Toshiha-cho,  Saiwai-ku,  Kawasaki-210,  Japan 

The  magnetic  properties  and  magnetostriction  in  grain-oriented  (Tb,Dyi_  j.)(Fe| 
compounds  with  (),3=Sa;s;().5,  0^y^().2  prepared  by  the  Bridgman  method  have  been  investigated, 
It  is  confirmed  that  the  Mn  substitution  not  only  lowers  the  spin  reorientation  temperature  but  also 
enhances  \(10()).  This  large  \(1()())  is  contradictory  to  the  single-ion  model.  For  Tbo^Dyds 
(Fe,)yMn.|  i)i  1)5  compound,  no  spin  reorientation,  which  induces  the  sharp  drop  in  the 
magnetostriction  is  seen  in  the  temperature  range  from  77  to  400  K.  In  addition,  by  choosing  the 
appropriate  compressive  stress,  the  quite  excellent  thermal  stability  and  the  large  magnetostriction 
of  2000  ppm  in  the  hw  applied  field  can  be  realized  in  the  Tbo  jDyo,  (Fe„gMn(,  i)m,  compound. 
These  features  make  Tb„  ,Dy^| ,  (Fe,),,Mn,)  i)i  ,,5  a  promising  material  applicable  to  the  various  giant 
magnctostrictive  actna'ors. 


plane,  which  contains  all  of  the  principal  crystallographic 
axis,  was  chosen  for  the  torque  measurements,  'I'he  magne¬ 
tostriction  along  the  (111)  and  (100)  cry.stallographic  direc¬ 
tion  was  mca.sured  by  a  standard  strain  gauge  technique,  us¬ 
ing  mm  (disk)  and  (//iXlO  mm  (cylindrical  rod). 

The  cylindrical  samples  were  provided  for  the  magneto.stric- 
tion  measurements  under  static  compressive  stress  from  0.8 
to  20.2  MPa  with  the  applied  field  up  to  0,4  T.  Magnetostric¬ 
tion  along  the  (111)  and  (100)  without  the  compressive  stress 
were  measured  with  the  applied  field  up  to  1.7  T,  using  the 
disk  samples. 

III.  RESULTS  AND  DISCUSSIONS 


I.  INTRODUCTION 

The  Laves  phase  compounds,  rare  earth  with  iron 
(RFe2),  are  well  known  for  their  giant  magnetostriction.  In 
the  pseudobinary  compounds,  Tl\Dyi  iFe2,  the  spin  reori¬ 
entation  takes  place  at  a  specific  temperature.  For 
Tbo  jvDyo  viFci,  the  spin  reorientation  takes  place  near  room 
temperature.  In  the  compounds  with  cubic  symmetry,  the 
easy  magnetization  direction  lies  along  the  crystallographic 
axis  (111)  at  higher  tempeiature,  while  (100)  is  the  easy 
magnetization  direction  at  lower  temperature.’’^  Because  the 
magnetostrh  m  constant  along  (111),  \{  111),  is  much  larger 
than  that  along  (100),  X(U)()),  a  large  change  in  magneto¬ 
striction  occurs  around  the  spin-reorientation  temperature. 

On  the  other  hand,  the  Mn  substitution  fur  Fe  in 
(TbDy)Fe2  enhances  its  magnetostriction  at  room  tempera¬ 
ture  and  also  lowers  its  spin-reorientation  temperature  by 
changing  the  magnetocrystalline  anisotropy,'  Furthermore, 
the  Mn-containing  compound  htis  die  larger  magncto.striction 
constant  \(100)  than  the  Mn  free  compounds;'*  however,  the 
detailed  behavior  01  the  magnetostriction  and  the  related 
phenomena  is  still  ambiguous  due  to  the  lack  of  data  ob¬ 
tained  from  the  single  crystals.  The  purpose  of  this  article  is 
to  investigate  the  magnetocrystallinc  anisotropy  and  magne- 
tost'iction  based  on  the  data  obtained  from  the 
(TbDy)(FeMn)2  single-crystal  samples  and  to  discuss  the 
spin-reorientation  phenomena  and  the  related  magnetostric¬ 
tion  behaviors. 

II.  EXPERIMENT 

Tb,.Dyi  „,(Fe|  ,,Mn,,)i  .,5  samples  with  ().3^jr=s0,5, 
()^y^().2  were  prepared  by  the  tSridgman  method.  In  pre¬ 
paring  samples,  a  ^i-BN  crucible  was  used.  The  solidification 
rate  was  29  mm/h.  The  samples  were  heat  treated  in  vacuum 
at  950  °C  for  5  h.  I'he  crystallographical  direction  of  the 
samples  was  delci mined  by  the  Lauc  method.  The  metallo- 
graphic  observation  were  carried  out  by  the  scanning  elec¬ 
tron  microscope  (SF,M). 

The  torque  mea.surcments  were  carried  out  in  the  tem¬ 
perature  range  from  1~  to  400  K,  using  a  torque  magnetome¬ 
ter.  The  magnetic  field  was  applied  up  to  1.7  T.  The  (110) 
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The  metallographic  observation  by  SEM  shows  that  the 
samples  prepared  by  the  Bridgman  method  have  regular 
platelet  microstructures.  Their  crystallographic  (111)  axis  tilt 
about  1()°-2U°  from  their  rod  axis.  The  prepared  samples 
have  enough  qualities  for  the  torque  measurements  with  one 
exception.  In  the  Mn-free  and  high-Tlvcontent  case  of 
Tb„2;Dy„5Fe2,  a  planar  dendrite  microstructure  is  partially 
observed  and  the  crystallographic  direction  deviates  part  by 
part  in  the  prepared  sample,  while  Tbn  ^Dynj;  (FcoyMn,,  ,)n,<; 
dose  not  show  such  a  disorder.  This  suggests  that  the  Mn 
substitution  modifies  the  phase  diagram  and  leads  to  the 
change  in  the  solidification  process  and  the  microstructure  of 
the  sample,  particularly  in  the  high-Tb-content  region.  Figure 
1  shows  the  temperature  dependencies  of  the  magnetostric¬ 
tions  at  0. 1  T  for  the  Mn-containing  and  Mn-free  polycrystal 
materials.'’  In  the  figure  the  magnetostrictions  are  normalized 
by  their  room-temperature  values.  For  Tb,i  2Dy,)  7Fe|  and 
Tli,|jDyi,7  (Fe|)  nMn||  2)|,i;,u  sharp  magnetostriction  drops  can 
be  seen  around  the  spin-reorientation  temperature,  where  the 
easy  magnetization  direction  changes  from  (111)  to  (100); 
but,  it  starts  at  300  K  for  Tb,,  ^DyiuFe,  .,2  while  it  starts  at 
220  K  for  Tb|i2Dyi,7(Fe()nMn(i2)|,<),r'  So,  the  Mn  substitution 
for  Fe  lowers  the  spin-reorientation  temperature.  It  is  also 
noted  that  the  magnetostriction  of 'rb,i2Dy,i7(Fei,xMn|i2)i,iJ2 
in  the  lower-temperature  region  is  larger  than 
that  of  Tb„  ^Dy,! jFci  ,,v  For  the  high  .'b-content 
Tb„5Dyi,  5(Fe||  ,,Mnin)i  such  a  magnetostrietii  ;  drop  is 
never  .seen  in  the  temperature  range  from  77  to  400  K. 
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FIG.  1.  Temperature  dependenees  of  the.  magnetostriction  at  0.1  T  for  the 
Mn-containiiig  and  Mn-free  polycrystal  materials. 


Figure  2  shows  the  temperature  dependence  of  the  free- 
energy  difference  between  the  magnetization  along  the  (111) 
axis  and  that  along  {100)  axis  for  ..^CFeo^Miio  1)195 

with  j:=0.3,  0.4  and  0.5.  With  decreasing  temperature  the 
energy  difference  increases  at  first  and  then  it  decreases.  Its 
minimum  corresponds  to  the  spin-reorientation  temperature. 
From  this  result  wc  can  confirm  that  the  increase  of  the  Tb 
content  decreases  the  spin-reorientation  temperature  and  that 
the  spin  reorientation  does  not  take  place  in  the  temperature 
range  from  77  to  400  K  for  Tb|i  5Dyo  5(Fe(),9Mn()  1)1 95.  Figure 
3  shows  the  temperature  dependence  of  the  magnetostriction 
X(ni)  and  X{100)  for  Tb,).4Dy„,fiFei,95  and 
Tb„,4Dy„,(j(Fe(|,|)Mno,2)i.<}.v  The  temperature  is  normalized  by 
the  Curie  temperature  .  In  Fig.  3(a)  the  magnetostriction 
\{111)  of  both  Tb(i  4Dyi)(iFei  95  and  Tb(i,4Dy(i  6(Fe(i,(iivln(|,2)i,95 
behaves  in  almost  the  same  manner.  The  drop  of  magneto¬ 
striction  of  both  samples  takes  place  around  TIT^=02  under 
the  applied  magnetic  field  of  0.2  T;  however,  the  behavior  of 
the  \(100)  is  quite  different.  As  can  be  seen  in  Fig.  3(b), 
X(IOO)  of  Tbo.<;l^yo,()Pci,95  shows  little  temperature  depen¬ 
dence  although  a  little  jump  of  the  \{100)  is  seen  around 
TIT^=0.2  due  to  the  change  in  ihe  easy  magnetization  direc¬ 
tion  from  (111)  to  (lOr'.,  This  indicates  that  the  intrinsic 
magnetostriction  along  (100)  axis  is  small  for 
Tbo4Dyo,f,Fei  95.  To  the  contrary  the  jump  of  the  X(IOO)  is 


FIG.  2.  Temperiiture  dependence  of  (lie  free-energy  difference  between  the 
magnetization  along  (111)  axis  and  that  along  (100)  axi.s  for 
Tb^Dy,  _j(FC|,.,Mn,, v  ,  e=0.3,  0.4  and  0.5. 


FIG.  3.  ly  npcruturc  dependence  of  Ihe  magnetostriction  \(111)  and  X(IOO) 
for  Tb()4Dyiif,Fci95  and  Tb|)4Dy()(,(FC(idMnQ 2)1.951  (a)  Mill)  and  (b)  X(IOO). 

very  ’u.t;-.  for  Tbo,4Dy(,6(Feo,8Mno.2)i.95.  Its  X(IOO)  reaches 
SOO  or  60G  ppm  in  the  low-temperature  region.  This  result 
suggests  that  the  intrinsic  magnetostriction  along  (100)  axis 
is  very  large  for  Tbo,4Dy,)f,(Fe|)ijMn(),2)i,95  and  that  the  en¬ 
hancement  of  X(IOO)  results  from  the  Mn  substitution.  The 
single-ion  model  proposed  by  Cullen  and  Clark^’  predicts  the 
small  X(IOO)  by  neglecting  the  transition-metal  contribu¬ 
tions.  This  is  confirmed  to  be  true  for  the  Mn-free  samples  in 
our  experiments,  but  the  Mn-containing  case  is  contradictory. 
This  result  suggests  the  importance  of  constructing  a  model 
to  include  the  transition-metal  contributions  for  explaining 
the  behavior  of  the  giant  magnetostrictive  materials  properly. 

Figure  4  shows  the  temperature  dependence  of  X(lll)  at 
1360  kA/m  (17  kO)  for  Tb()3Dy()7Fei  95  and 
Tb()5Dy,)5{Fe,)9Mnm),  95.  As  the  easy  magnetization  direc¬ 
tion  changes  from  (111)  to  (100),  X(iri)  of  Tby ^Dy^ 7Fei  95 
decrea.ses  with  decreasing  temperature.  On  the  other  hand, 
X(lll)  of  Tb()5Dy()5(FC()9Mn()  ])i 95  monotonically  increases 
with  decreasing  temperature  owing  to  the  spin-reorientation- 
free  characteristics.  Its  X(lll)  is  1500  ppm  at  the  room  tem- 
peratuiC  and  reaches  as  high  as  3250  ppm  at  77  K.  The  high 
X(lll)  value  and  the  spin-reorientation-free  characteristics 
leading  to  the  high  thermal  stability  are  very  desirable  for  the 
applications  of  this  giant  magnetostrictive  material. 

Figure  5  shows  the  magnetostriction  under  the  compres¬ 
sive  stress  of  0.8,  8.3,  and  20.2  MPa  as  a  function  of  the 
applied  field  for  Tb(i5Dy()5(FC|)9Mn()  1)1 95.  Under  the  com¬ 
pressive  stress  of  0.8  MPa,  A///(U1)  is  1200  ppm  at  the 
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FIG.  4.  Temperature  dependence  of  X.{111>  at  1.7  T  for  Tb|,  jDyo  ,Fe|  ,5  and 
'rbo.5l^yo.5(F‘^o.9Mno.i)i.g5- 

room  temperature  [Fig.  5(a)].  When  the  compressive  stress  is 
increased  to  8.3  MPa,  A///(lll)  reaches  to  2000  ppm  even  in 
the  low-magnetic-fieid  region.  At  77  K  [Fig.  5(b)],  X(lll) 
becomes  as  1  rge  as  1700  ppm  under  the  compressive  stre.ss 
of  0.8  MPa;  however,  the  A//Z(lll)  versus  the  applied  field 
curve  changes  little  under  the  compressive  stress  of  8.3  MPa 
compared  to  that  at  the  room  temperature.  Therefore,  by 
choosing  the  appropriate  compressive  stress  the  very  good 
thermal  stability  of  the  magnetostriction  can  be  obtained  in 
Tb(,5Dyo5(Feo9MnQ  i)i,<,5.  The  thermal  stability  as  well  as  the 
large  magnetostriction  in  the  low  applied  field  region  makes 
TbQ  sDyo,5(Feo.9Mno,i)i.y5  a  promising  candidate  applicable  to 
the  various  giant  magnetostrictive  actuators. 

In  this  connection,  the  hysteresis  in  the  magnetostriction 
curve  of  Tb(,5Dyo5(Feo.9Mno,i)i.9s  is  a  little  larger  than  that 
of  Tbo,3Dyo,7Fe2.’ This  is  probably  due  to  its  higher  Tb  con¬ 
tent  which  increases  the  magnetocrystalline  anisotropy.  So, 
this  feature  should  be  taken  into  consideration  when  design¬ 
ing  the  actuators. 


-300  -200  -100  0  100  200  300  (kAlm) 


FIO.  5.  Magnetostriction  under  the  compressive  stress  of  0.8,  8.3,  and  20.2 
MPa  as  a  function  of  the  applied  Held  for  Tb|,5Dyi),s(Feo,gMnii, 1)1,95  at  (a) 
room  temperature  and  (b)  at  77  K. 

magnetostriction  of  2000  ppm  in  the  low  applied  field  can  be 
realized  in  the  Tb(),5Dyo,5(Fe()9Mno,i)i,95  compound.  These 
features  make  Tbo  5Dy9  5(Feo,9Mno  1)1.95  a  promising  material 
applicable  to  the  various  giant  magnetostrictive  actuators. 


IV.  CONCLUSION 

Based  on  the  data  obtained  from  the  single-crystal  mea¬ 
surements,  it  is  confirmed  that  the  Mn  substitution  does  not 
only  lowers  the  spin-reorierrtt  don  temperature  but  also  en¬ 
hances  X(IOO).  This  large  X^lOO)  is  contradictory  to  the 
single-ion  model. 

Tbo5DyQ5(Feo9Mno,i)i95  compound  has  no  spin- 
reorientalion  temperature  in  the  temperature  range  from  77 
to  400  K.  In  addition,  by  choosing  the  appropi  le  comprer.- 
sive  stress,  the  quite  excellent  thermal  stability  and  the  large 
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Stress  effect  on  the  magnetization  of  Dy  in  the  Dy/DyFe2  eutectic 

J,  P.  Teter,  S.  F.  Cheng,  and  J.  R.  Cullen 

NSWC-While  Oak,  Silver  Sring,  Maryland  20903-5640 

The  magnetization  of  the  alloy  DyFe, ,  was  studied  as  a  function  of  temperature  from  50  to  300  K 
in  a  range  of  magnetic  field  up  to  10  kOe.  Metallographic  studies  showed  the  existence  of  a  eutectic 
phase  containing  both  DyFc2  and  elemental  Dy  embedded  in  the  DyFe2  matrix.  The  presence  of 
elemental  Dy  was  observed  in  the  magnetization  data  through  a  cusp  in  the  temperature  dependence 
of  the  magnetization  at  178  K  and  an  increase  of  the  magnetization  starting  at  130  K  and  continuing 
to  80  K.  While  the  first  feature  occurs  at  precisely  the  Neel  temperature  of  bulk  Dy,  the  second 
contrasts  with  the  jump  at  the  Curie  temperature  of  89  K  observed  in  low  fields  in  bulk  single-crystal 
Dy.  The  more  gradual  increase  in  magnetization  observed  in  the  DyFe,  ,  alloy  is  attributed  to 
variations  in  stress  to  which  the  Dy  is  subjected.  The  temperature  dependence  of  the  magnetic 
moment  from  80  to  130  K  is  modeled  as  arising  from  a  collection  of  Dy  particles  of  varying  Curie 
temperatures.  This  variation  is  in  turn  caused  by  the  stress  distribution.  Curie  temperature 
distributions  are  found  for  a  range  of  magnetic  fields  and  then  are  extrapolated  to  zero  field  in  order 


to  eliminate  the  effect  of  field.  The  calculations  indicate 
in  the  helimagnetic  phase  down  to  zero  temperature. 


I.  BACKGROUND 

Dy  metal,  which  forms  in  the  hexagonal  close-packed 
structure,  undergoes  a  transition  from  a  paramagnetic  to  a 
helical  phase  at  a  temperature  7/„  =  179  K.  Below  T^,  the 
magnetic  moment  spirals  in  the  basal  plane,  with  the  propa¬ 
gation  vector  parallel  to  the  c  axis.  The  pitch  angle  of  the 
spiral  varies  from  43.2°  just  below  to  26.5“  at  the  transi¬ 
tion  temperature  to  ferromagnetism  T(-  .  is  magnetic-field 
{H)  dependent;  ii  is  equal  to  89  K  in  zero  field  and  ri.ses  to 

at  10  kOe,  completely  erasing  the  helical  phase  at  that 
field.  At  Tf,  the  magnetic  moment  is  observed  to  abruptly 
increase.  The  jump  in  moment  depends  on  the  value  of  Tc\  it 
uecreascs  from  a  maximum  of  300  emu/g  at  89  K  to  zero  at 
Tf^}  Tc  has  also  been  observed  to  be  stress  dependent.  Com¬ 
pressive  stress  applied  in  the  basal  plane  of  a  single  crystal  of 
Dy  increased  Tc  at  a  rate  of  10  K/kbar.^  In  recent  experi¬ 
ments  on  epitaxially  grown  Dy,’’  increased  with  basal- 
plane  compression  at  the  same  rate  as  was  observed  in  the 
earlier  .stress  measurements.  On  the  other  hand,  decreased 
more  rapidly  for  Dy  grown  on  increasingly  expanded 
substrates,"'  so  that  the  ferromagnetic  state  disappeared  com¬ 
pletely  when  the  lattice-mismatch  strain  exceeded  10“', 
equivalent  to  a  tensile  stress  of  the  order  of  0.1  kbar."*  This 
sensitivity  to  stress  should  manifest  itself  in  materials  in 
which  elemental  Dy  is  present  in  a  disordered  manner  such 
as  polycrystalline  samples  or  as  part  of  a  multiphase  mate¬ 
rial.  Here  we  report  our  resuits  of  magnetic  .studies  of 
DyFci  5,  an  alloy  consisting  of  Laves-phase  DyFe2  and  a 
eutectic  phase  containing  both  DyFe2  and  elemental  Dy.  An 
optic.al  picture  of  the  grain-boundary  area  of  a  polished 
sample  is  shown  in  Fig.  1.  The  central  region  shows  the 
admixture  of  Dy  and  DyFe2  surrounded  by  large  crystals  of 
primary  DyFe2  with  random  orientations.  We  interpret  the 
temperature  dependence  of  our  magnetic  moment  measure¬ 
ments  in  terms  of  a  model  in  which  the  Dy  is  assumed  to 
exist  in  the  eutectic  as  a  randomly  oriented  set  of  particles  of 
varying  shapes,  thereby  subjected  to  stress  of  random 
strength,  orientation,  and  sign.  Guided  by  the  results  of  Ref. 
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that  a  significant  amount  of  the  Dy  remains 


2-4,  we  expect  that  those  particles  which  find  themselves 
under  a  net  basal-plane  compression  (or  a  c-axis  tension) 
will  display  an  enhanced  Tc  and  visa  versa;  however,  other 
types  of  stresses  are  present  in  DyFe|  _,  and  some  of  those 
will  also  change  7'c .  The  magnetic  moment  data  of  them¬ 
selves  are  not  capable  of  distinguishing  between  the  .stress 
components;  we  extract  only  a  probability  per  unit  tempera¬ 
ture  that  a  particle  will  undergo  a  transition  from  the  heli¬ 
magnetic  to  the  ferromagnetic  phase  at  a  given  temperature. 
In  the  following,  we  briefly  describe  the  experimental  de¬ 
tails.  We  then  discuss  the  model  and  apply  it  to  determine  the 
probability  distributions  at  zero  field.  In  order  to  accomplish 
this,  we  extrapolate  the  distributions  obtained  at  fields  of  3, 
2,  1,  and  0.5  kOe  to  zero  field. 

II.  MAGNETIZATION  MEASUREMENTS 

The  magnetic  moment  of  several  disk-shaped  samples 
with  0.5  cm  diameter  and  0.03  cm  thickness  cut  from  a  rod 


FIG.  1.  Optical  photograph  of  DyFc, ,,  .Surface  was  polished  to  j  /:im.  The 
dark  central  region  consists  of  elemental  Dy  intermixed  with  lighter  colored 
DyFc;  crystals.  The  outei  region  eonsist.s  of  the  primary  Dyl^j  pha.se  with 
random  crystallographic  orietitatiotis. 
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Temperature  (K) 

FIO.  2,  Magnetic  momciii  per  gram  of  DyFci  5  vs  Icmpcrulurc  from  51)  to 
140  K  or  to  200  K.  Fact)  cur/e  was  taken  at  a  constant  apfilieJ  magnetic 
Held  in  the  pianc  of  the  sampic.  Magnetic-iield  strengths  were  10,  5,  2,  I, 
and  0.5  kOe  (top  to  bottom).  1116  arrows  n'ark  the  onset  of  tire  licliinagnetic 
phase  at  10  and  1  kOc.  The  1  kOe  hclimagnetic  transition  is  at  178,5(±  1)  K. 


of  DyFci  j  was  determined  as  a  function  of  temperature  T. 
The  measurements  were  made  us  the  satnplcs  were  heated 
from  50  to  300  K.  The  moment  was  also  measured  as  the 
temperature  was  held  fixed  at  50,  77,  256,  and  30(1  K  and  H 
was  swept  between  ±10  kOc,  All  measuremetus  were  made 
with  the  field  in  the  plane  of  the  disk.  Plots  of  magnetic 
moment  per  gram  versus  T  for  f/=().5,  1,  2,  3,  and  10  kOc 
are  shown  in  Fig.  2.  The  onset  of  the  Dy  hclimagnetic  phase 
at  7=  Tfj  is  evident  in  all  the  data  sets  collected;  shown  arc 
the  1  and  10  kOe  plots  in  which  it  appears  as  u  cusp  at  178  K 
for  H- 1  kOe,  the  Neel  temperature  of  bulk  Dy.  We  interpret 
the  rise  in  moment  at  lower  7',  progressively  sharper  us  H 
decreases,  as  the  onset  of  ferromagnetic  order  in  Dy  in  the 
eutectic.  The  decrease  m  moment  at  0.5  kOe  results  from  the 
increase  in  the  anisotropy  of  DyFe2,  which  prevents  its  mo¬ 
ment  from  saturating  at  low  fields.  We  have  observed  an 
orientation  dependence  of  the  magnciizaiion  of  our  samples 
with  respect  to  the  direction  of  H,  indicating  the  presence  of 
texture.  The  maximum  difference  in  moment  is  roughly  10% 
of  the  average  moment.  We  therefore  regard  this  as  a  small 
deviation  from  isotropy,  and  neglect  texture  in  what  follows. 

III.  DISCUSSION 

Taking  the  DyFcj  5  alloy  as  corr.posed  of  elemental  Dy 
and  DyFe2,  we  estimate  that  the  Dy  phase  comprises  16.5% 
of  the  sample  weight.  The  7=0  K  saturation  moment,  using 
350  and  140  emu/g  as  ttic  moment,  respectively,  of  Dy  and 
DyFe2,^  is  calculated  to  be  175  emu/g.  To  determine  the 
theoretical  remanent  moment,  we  have  assumed  that  the  Dy 
moments  all  lie  in  the  ba.sai  plane,  while  tho.se  of  DyFe2  all 
lie  in  {100)  directions  at  remanence  (see  Table  1).  The  value 
is  then  estimated  to  be  142.6  emu/g  in  comparison  to  145 
emu/g  experimentally  determined  by  extrapolating  the  10 
kOe  curve  of  Fig.  2  to  0  K.  The  close  agreement  between 
these  two  values  makes  plausible  the  model  of  magnetically 
independent  randomly  oriented  particles  or  crystallites  of  Dy 


TABLE  I.  Remanent  moments  of  polycrystals  as  a  fraction  of  saturation 
moment. 


Easy  axLs 

Remanence 

Cry.slal  structure 

[100? 

0,831 

cubic 

[till 

0.860 

cubic 

«(/)) 

0.750 

hexagonal 

c 

0,500 

hexagonal 

{a,b)  plane" 

0.785 

hexagonal 

The  cases  assumed  fur  calculating  the  remanent  moments. 


and  DyFe2.  We  now  attempt  to  understand  the  temperature 
dependence  of  the  moment  for  temperatures  below  the  Neel 
point  as  follows.  The  random  orientation  and  position  of  the 
Dy  crystals  in  the  eutectic  places  them  under  a  distribution  of 
stress  which  raises  7'^  for  some,  while  reducing  that  of  oth¬ 
ers.  The  probability  that  a  given  crystallite  will  undergo  a 
spiral  to  ferromagnetic  transition  can  be  simply  related  to  the 
temperature  derivative  of  the  moment.  To  do  this,  we  imag¬ 
ine  that,  at  a  certain  /'  and  H  a  cry.stallitc  whose  7^  is  greater 
than  7  will  have  achieved  the  bulk  moment  consistent  with 
that  T  and  77.  Thus,  the  moment  per  gram  is 

tr(7)a^Afr  dTcS(T-Tc)fiTc)  + cr„,  (1) 

Jo 

where  S(7-7V)  =  1,  7-7V^0;  S(T-Tc)M),  7“7V>0; 
and  f(Tc)dTc  is  the  probability  of  finding  a  Dy  particle  with 
that  I'c  in  the  range  dTc  A(r  is  the  jump  in  the  single- 
crystal  moment,  Then, 


FlCi.  3,  (.'oinposite  griipli  of  llie  temperature  derivative  of  the  magnetic 
moment  per  gram  of  DyFe, ,  at  applied  magnetic  fields  of  3,  2,  1,  and  0.5 
kOe  (top  to  bottom).  Tlie  vertical  scale  is  sliifted  for  eacli  set  of  data.  Tile 
(1.5  kOc  curve  was  integrated  from  7  =0  to  7  =  125  K,  The  /.cto-dcrivative 
line  in  tills  ease  lies  above  the  curve  at  low  T,  but  decretises  witli  increasing 
T,  meeting  the  data  at  7  =  125  K.  Each  carve  starts  at  near  zero  slope  and 
minimizes  at  -0.7  mugnetic  momeiit/g/K.  The  inset  is  a  plot  of  the  esti¬ 
mated  temperature  minimum  tor  each  case,  vs  applied  field. 
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IV.  SUMMARY 


where  we  drop  possible  contributions  to  the  derivative  from 
the  temperature  dependence  of  Ao-  or  tr/, ,  the  background 
moment,  the  latter  coming  mainly  from  that  of  DyFe2. 

Plots  of  da-lclT  taken  from  the  moment  measured  on  the 
disk  at  //=0.5.  1,  2,  and  3  kOe  are  shown  in  Fig.  3,  Accord¬ 
ing  to  Eq.  (2),  they  are  proportional  to  /(T),  at  the  stated  H. 
Ideally,  to  uncover  the  effects  of  stress  alone  on  the  Dy  par¬ 
ticles  we  need  to  eliminate  the  held  effect  entirely,  and  have 
d<T/dT  at  // =0.  Since  the  shapes  of  the  curves  in  Fig.  3  do 
not  change  once  H  is  <1  kOe,  we  take  the  0.5  kOe  curve  as 
representative,  except  for  an  overall  downward  shift  of  2  K., 
of  /(7').  Using  the  .single-crystal  value  of  Acr  times  the 
weight  percent  of  Dy  in  DyFei  5  (47.1  emu/g),  and  integrat¬ 
ing  the  0.5  kOe  curve  of  Fig,  3  from  80  to  125  K,  we  obtain 
0.25  as  the  probability  of  finding  a  particle  with  its  Tc  in  that 
range  of  T.  Since  it  is  unlikely  to  find  particles  with  higher 
Tc  (rt,  =  130  K  would  require  a  compressive  stress  of  4 
kbar)  we  conclude  that  75%  of  the  Dy  particles  have  rt  <80 
K.  An  estimate  of  the  area  under  the  same  curve  from  0  to  80 
K  gives  another  25%  of  the  particles  in  this  range  of  7'.  Thus 
the  remaining  50%  of  the  Dy  particles  are  in  the  helimag- 
netic  phase,  at  all  T<T/j. 


We  have  discussed  the  temperature  dependence  of  the 
magnetic  moment  of  DyFe;  5  below  the  Neel  point  as  mainly 
due  to  a  collection  of  Dy  particles  in  the  eutectic  '■".bjected  to 
stresses  which  vary  from  particle  to  particle.  The  effect  of  the 
distribution  of  the  stress  is  to  spread  the  ferro-  to  helimag- 
netic  transition  over  a  range  of  temperatures.  Our  analysis  of 
the  data  in  terms  of  the  model  described  above  leads  us  to 
conclude  that  a  significant  number  of  the  particL:.  remain 
helimagnetic  down  to  zero  temperature.  This  accords  with 
the  result  of  measurements  on  epitaxial  Dy,  that  basal-plane 
extensions  of  the  order  of  10~‘^  are  sufficient  to  suppress  the 
ferromagnetic  phase.  Such  strains  translate  into  stresses  of 
0.1  kbar,  which  are  likely  to  be  present  in  the  DyFe,  5  eutec¬ 
tic. 
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Direct  measurements  of  magnetostrictive  process  in  amorphous  wires 
using  a  scanning  tunneiing  microscope  (abstract) 

J.  L.  Costa,  J.  Nogues,  and  K.  V.  Rao 

Department  of  Condensed  Matter  Physics,  The  Royal  Institute  of  Technology,  S-I()0  44  Stockholm.  Swcticn 

We  demonstrate  a  new  and  versatile  method  to  measure,  on  a  nanometrie  scale  directly,  the 
magnetostrictive  properties  during  the  magnetization  process  to  saturation,  using  a  modified 
scanning  tunneling  microscope  (STM).  Both  positive  and  negative  magnetostrictive  amorphous 
as-quenched  wires  have  been  studied.  The  studied  .samples  arc  single  pieces  of  amirrphous  wires 
typically  125  /U.m  in  diameter  and  10-15  mm  long.  The  niagneto.striction  data  are  then  correlated 
with  the  longitudinal  magnetization  process,  measured  by  a  conventional  induction  technique  and  by 
SQUID  magnetometry.  The  longitudinal  magnetization  process  measurements  have  been  performed 
in  the  same  wires  used  in  the  STM  studies.  The  field  dependence  of  the  magnetostriction  helps  to 
discern  the  operative  magnetization  process  in  the  wires.  In  a  12-mm-long  Co-based  amorphous 
wire  we  observe  a  continuous  rotation  of  the  magnetization  from  zero  field  to  saturation.  The  field 
dependence  of  the  magnetization  is  a  linear  process  reaching  a  value  of  about  5100  G  at  H  Oc 
applied  field.  The  niagnetostrictive  process  for  the  same  wire  measured  with  a  STM  shows  a 
continuous  shrinking  of  the  samples  as  a  function  of  the  applied  field,  reaching  a  value  of  -280  A 
for  8  Oe  applied  field.  The  obtained  <5///ls„|,  — 2.3X10 agrees  well  with  reported  values  of  the 
saturation  rriagnetostriction  constant  for  this  wire.  In  a  15-mm-long  Fe-based  amorphous  wire  we 
observe  a  more  complicated  field  dependence  of  both  the  magnetization  and  the  magnetostriction 
processes  from  zero-field  to  saturation.  The  longitudinal  magnetization  saturates  at  about  14000  G 
for  60  Oe  applied  field.  The  magnetostrictive  process  for  the  same  wire  measured  wilh  STM  shows 
an  elongation  onset  at  about  1  Oe,  pointing  unambiguously  to  a  180“  domain  wall  movement  as  the 
operative  magnetization  process  below  this  field  value.  The  field  dependence  of  the  magnetostriction 
saturates  at  about  +5000  A  for  60  Oe  applied  field.  The  obtained  about  +.3. .3X10  is 

again  consistent  with  reported  values  of  the  saturation  magnetostriction  constant.  Thus  the  STM 
approach  to  determine  X,  on  an  A  length  scale,  gives  us  a  distinct  great  advantage  in  studying  the 
magnetization  process  towards  saturation. 
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Tunable  bistability  from  magnetostriction  (abstract) 

A.  S.  Arrott  and  J.-G.  Lee 

Simon  Fraser  University,  Burnaby,  British  Columbia  V5A  1S6,  Canada 

When  a  current  passes  along  the  axis  of  a  [100]  iron  whisker  in  the  pesence  of  a  field  along  the 
same  axis,  the  magnetization  in  a  central  domain  points  along  ti  e  field  direction  while  the 
mangetization  in  four  domains  surrounding  the  central  domain  circul  <tcs  about  the  axis,  see  Fig.  1 . 
The  size  of  the  central  domain  grows  with  applied  field,  which  overcom’s  the  effect  of  the  field  from 
the  current  and  the  magnetostriction  that  favor  the  collapse  of  the  central  domain  to  an  irreducible 
core.  Depending  on  the  current,  the  growth  of  the  central  domain  can  be  a  continuous  or 
discontinuous  process.  At  certain  fields  the  energy  is  a  double-well  function  of  the  size  of  the  central 
domain,  which  determines  the  magnetization.  The  size  of  the  energy  barrier  can  be  made  arbitrarily 
small  by  suitable  choice  of  the  current.  It  is  the  ability  to  adjust  the  size  of  the  barrier  in  such  a 
clearly  defined  system  that  makes  this  an  attractive  experimental  approach  to  understanding  the  role 
of  fluctuations  in  magnetization  processes.  This  structure  has  been  verified  using  measurements  of 
ac  susceptibility. 


FIG.  1.  Domain  structure  fur  an  iron  whisker  with  current  leads  (shaded). 
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Influence  of  StoneMype  excitations  on  the  formation  of  magnetization 
and  magnetic  order  in  disordered  metal-metalloid  alloys 

A.  K.  Arzhnikov,  L.  V.  Dobysheva,  and  E.  P.  Yelsukov 

Physics-Technical  Institute,  Kirov  sir,  132,  lzhev.s'k  426001,  Russia 

The  Rhodes- Wolfarth  parameter  and  the  ratio  Tl'^{x)lm{x)  have  been  analyzed  on  the  basis  of 
experimental  data  for  disordered  alloys  Fe-Al,  Fc-Si,  Fe-P  (T^  is  the  Curie  temperature,  m  is  the 
average  magnetic  moment,  x  is  the  concentration  of  non-magnetic  impurity).  The  concentration 
dependences  of  these  parameters  show  the  possibility  of  considerable  contribution  of  the  Stoner 
excitations  to  the  magnetic  order  formation.  The  analysis  of  the  two-band  Hubbard  model  shows 
that  the  Stoner  excitations  result  in  the  turnover  of  the  local  magnetic  moment  at  a  certain 
temperature  in  the  range  of  high  concentration  of  nonmagnetic  atoms. 


For  a  long  time  the  disordered  alloys  of  metal-metalloid 
type  (Fc-Al,  Fe-Si,  and  Fe-P)  have  been  attracting  the  at¬ 
tention  of  scientists.  This  interest  is  mainly  due  to  the  fact 
that  these  alloys  are  a  good  model  object  for  studying  the 
fundamental  regularities  of  magnetic  properties  formation  in 
disordered  systems.  The  method  of  mechanical  alloying 
makes  it  possible  to  widen  the  concentration  range  of  a  dis¬ 
ordered  state  in  these  alloys.'"^  Regularities  of  behavior  of 
hypertine  field  H,  isomeric  shift  S,  average  magnetic  mo¬ 
ment  m,  temperature  of  magnetic  ordering  obtained  in 
these  papers,*”^  combined  with  the  data  of  other  authors*’"* 
and  see  references  in  Ref.  5.  give  the  complete  picture  cf  the 
above  characteristics  behavior  in  the  whole  concentration 
range  of  magnetic  ordci  existence.  Be.sides,  the  possibility  of 
comparing  the  experiments  on  specimens  obtained  by  differ¬ 
ent  techniques,  in  particular,  in  amorphous  and  crystalline 
di.sordered  states,  has  appeared.  One  can  draw  the  .following 
conclusions  for  the  data  available.  The  concentration  depen¬ 
dences  of  H,  S,  ih,  and  have  the  same  qualitative  pecu¬ 
liarities  for  all  the  above-mentioned  alloys,  that  is,  weak  de¬ 
pendence  on  concentration  x  in  the  low  concentration  range 
(for  A1 — x<30%,  Si — x<\S%,  P— a:<12%)  changes  into  a 
sharper  dependence  in  the  range  of  high  concentration  of 
metalloid,  and  the  local  magnetic  moments  decrease  with 
increasing  the  number  of  nonmagnetic  atoms  in  the  nearest 
environment.'""'  This  indicates  that  the  main  principles  of 
magnetic  moment  formation  in  these  alloys  are  similar.  It  is 
our  opinion  that  the  quantitative  differences  of  concentration 
dependences  of  the  alloys  are  dictated  by  different  numbers 
of  p  electrons  of  a  metalloid  atom  (A1 — «;,  =  !,  Si — n,,=2, 
P — ri^  =  3).  While  comparing  the  data  for  the  amorphous  and 
crystalline  specimens,  the  conclusion  can  be  made  that  the 
influence  of  topological  disordering  on  the  magnetic  proper¬ 
ties  is  weak,  as  compared  to  that  of  the  compositional  one.'*  A 
variety  of  models,  for  instance,'’"*  based  on  the  Jaccarino- 
Walker  model,  where  the  average  magnetic  moment  is  de¬ 
fined  by  were  proposed  for  the  phenomeno¬ 

logical  description  of  concentration  dependences  of  H,  S, 


and  m  of  these  alloys.  The  modification  of  the  Jaccarino- 
Walker  model  put  forward  by  one  of  the  authors*'"'  provides 
a  must  successful  description.  This  modification  includes  the 
interpolation  of  the  dependence  of  the  Fe  magnetic  moment 
on  the  number  of  nonmagnetic  atoms  in  the  nearest  environ¬ 
ment  using  the  data  available  for  ordered  alloys,  and  the 
assumption  that  the  probability  of  a  configuration  in  the 
middle-concentration  region  Xi<Jf<A:2  looks  like 
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wherear„|=(a:-a;i)/(A:2--'fi).-'fi  =25,  15,  7  at.  %,X2=55,  33, 
20  at.  %  for  Fe-Al,  Fe-Si,  and  Fe-P,  respectively. 

The  justification  of  the  modified  Jaccarino-Walker 
model  can  be  found  in  detail  in  Ref.  5.  It  should  be  men¬ 
tioned  that  the  Jaccarino-Walker  models  are  conceptually 
closer  to  the  localized  models,  whereas  magnetism  in  Fe  is 
the  itinerant  one.''  This  contradiction  between  the  localized 
character  of  Jaccarino-Walker  models  and  the  itinerant  mag¬ 
netism  of  Fe  has  been  removed  after  we  had  analyzed  the 
disordered  Hubbard  model."’  In  addition,  this  model  for  the 
disordered  alloys  on  the  basis  of  the  two-band  Hubbard 
Hamiltonian  proposed  in  Ref.  10  allowed  us  to  explain  the 
main  qualitative  regularities  of  the  formation  of  the  magnetic 
moment  and  isomeric  shift  of  the  magnetic  atom  under  dif¬ 
ferent  impurities  configurations  in  the  ground  state. 

When  analyzing  the  theoretical  results,  we  have  noted 
that  the  magnetic  moment  of  magnetic  atoms  with  many 
nonmagnetic  atoms  in  the  environment  decreased  drastically 
in  magnitude,  and  the  energy  distribution  of  the  electrons 
became  flat,  due  to  a  strong  s-d  hybridization.  This  shows 
the  possibility  of  the  great  importance  of  Stoner  excitations, 
even  at  low  temperatures.  In  addition,  we  analyzed  the  ex¬ 
perimental  data  for  Fe-Si""  for  the  Rhodes- Wolfarth  (RW) 
relation  where  A/,  is  the  saturation  magnetic  mo- 
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ment  per  magnetic  atom  and  is  the  effective  moment  per 
magnetic  atom  defined  from  the  Curie  constant,  with  the  as¬ 
sumption  of  the  existence  of  local  moments  (see  Ref.  12, 
Chap.  7.1),  and  found  that  this  parameter  changes  from  1.4 
to  1.8  on  changing  the  nonmagnetic  component  concentra¬ 
tion  from  0%  to  28%.  The  large  RW  parameter  testifies  that 
the  nature  of  the  alloy  magnetism  becomes  closer  to  “weak 
ferromagnetism”  at  high  Si  concentration  (hereinafter  this 
term  means  the  magnetics  with  Stoner  excitations'^).  Unfor¬ 
tunately,  it  is,  in  many  cases,  impossible  to  obtain  the  con¬ 
centration  dependence  of  the  RW  parameter  because  of  tech¬ 
nical  difficulties  of  measuring  the  high-temperature  Curie 
constant.  In  a  wider  concentration  region,  the  experimental 
data  available  allow  us  to  analyze  the  parameter 
T]!\x)I m{x)  [7',,  is  the  Curie  temperature,  ih{x)  is  the  mag¬ 
netization  at  r=0].  As  follows  from  our  theoretical  investi¬ 
gations  of  the  Heisenberg  model  with  nonmagnetic 
impurities,'’^  such  a  parameter  must  decrease  as  the  concen¬ 
tration  tends  to  the  percolation  threshold.  Contrastingly,  this 
parameter  in  Fe-Al,  Fe-Si,  and  Fe-P  increases  when  the 
concentration  of  nonmagnetic  impurities  increases.  As  evi¬ 
denced  by  all  the  above  experimental  estimations,  the  Stoner 
excitations  may  play  a  significant  role  in  the  formation  of 
magnetization  in  these  alloys  at  high  metalloid  concentra¬ 
tion. 

Finally,  on  the  basis  of  the  two-band  Hubbard  model 
proposed  in  Ref.  10,  we  carried  out  a  theoretical  investiga¬ 
tion  of  the  behavior  of  local  magnetic  moments  under  given 
configurations  of  the  nearest  environment,  depending  on  the 
temperature.  These  calculations  have  been  conducted  in  the 
middle-field  approximation  for  the  electron-electron  interac¬ 
tion.  A  cluster  of  the  predetermined  configuration  was  placed 
in  the  effective  medium  calculated  in  the  coherent  potential 
approximation.  The  excitations  of  Stoner  type  were  taken 
into  account  through  the  Fermi  distribution,  the  self¬ 
consistence  of  the  local  magnetic  moment  being  achieved  at 
every  temperature.  As  a  result,  we  obtained  the  following.  At 
low  concentrations  the  influence  of  Stoner  excitations  be¬ 
comes  noticeable  only  at  temperatuies  of  A7’/VF=0.2-().25 
(ty  is  the  width  of  the  d  band),  which  corresponds  to  the 
usual  results  for  “strong”  ferromagnets  of  the  Fe  type  (see 
Ref.  9).  At  concentrations  near  the  critical  one,  the  situation 
radically  alters,  an.,!  the  Stoner  excitations  result  in  essential 
changes  of  magnetization,  even  at  AT/W— 0.015.  For  in¬ 
stance,  at  concentrations  of  the  order  of  0.6,  there  exists  only 
one  solution  in  the  ground  state  for  the  configuration  with 
four  nonmagnetic  atoms  in  the  nearest  environment,  with  a 
magnetic  moment  being  opposed  to  the  total  magnetization 


(see  Ref.  10).  Along  with  this  .solution,  the  second  one  with  a 
positively  directed  magnetic  moment  appears  at  kTIW 
=0.01,  the  energy  of  it  being  higher  than  that  of  the  first 
solution.  At  temperature  A7’/iy=0.02  the  energies  of  these 
two  states  become  equal,  and  further,  when  temperature  in¬ 
creases  the  second  state  becomes  preferable  in  energy.  So  at 
these  temperatures,  the  local  magnetic  moment  has  to  change 
from  negative  to  positive.  That  is,  the  Stoner  excitations 
cause  the  increase  of  the  average  magnetic  moment  with  an 
elevation  of  temperature.  Such  changes  of  the  magnetic  mo¬ 
ment  due  to  the  Stoner  excitations  can  be  an  alternative  to 
the  explanation  of  the  magnetization  behavior  by  the  excita¬ 
tions  of  a  spin  glass  state.  It  is  worth  noting  that  although 
there  is  a  latent  antiferromagnetic  ordering  of  the  magnetic 
moments  in  our  model,  it  is  similar  to  Mattis’  glasses  order¬ 
ing,  and  not  to  the  spin  glasses  one. 

So,  as  experimental  and  theoretical  works  show,  in  the 
range  of  high  concentrations  of  nonmagnetic  impurities  in 
the  Fe-Si,  Fe-Al,  and  Fe-P  alloys,  the  band  character  of  the 
magnetism  must  fully  manifest  itself  in  the  temperature  de¬ 
pendences,  and  description  of  these  alloys  on  the  basis  of  the 
localized  models  of  Heisenberg  and  Ising  seems  to  be  unjus¬ 
tified. 
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Magnetic  susceptibility  studies  in  Gd2Cu04  below  300  K 
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Measurements  of  the  real  ix')  part  of  the  ac  magnetic  susceptibility  have  been  performed  on  two 
polycrystalline  Gd2Cu04  samples  sintered  at  different  temperatures,  850  "C  and  1080  °C  in  the 
temperature  range  10<7(K)<300.  Two  well-defined  maxima  have  been  observed  in  the 
temperature  dependence  of  x' ■  Otte,  located  at  about  20  K,  that  is  frequency  independent.  The 
second  is  at  about  280  K  for  the  sample  annealed  at  1080  “C,  and  it  is  frequency  independent, 
Instead,  for  the  sample  annealed  at  850  °C  the  maximum  appears  at  about  210  K,  and  it  is  frequency 
dependent,  These  results  suggest  the  existence  of  magnetic  domains,  with  their  coherence  lengths 
being  a  function  of  the  thermal  treatment. 


1.  INTRODUCTION 

Rare  earth  cuprates  R2CUO4  are  characterized  by  the 
presence  of  long-range-order  antiferromagnetism  (AF)  asso¬ 
ciated  with  the  ordering  of  the  magnetic  moments  of  the 
Cu^^  ions,  This  ,AF  ordering  presents  a  three-dimensional/ 
two-dimensional  (3D/2D)  transition  at  a  temperature  (T/^) 
between  250-280  K.  The  study  of  the  magnetic  properties  of 
these  compounds  has  initially  led  to  their  classification  into 
two  groups:'  the  first  one  with  R=Pr,  Nd,  Sm,  Eu,  and  the 
second  with  R=G(1  and  heavier  rare  earths.  Both  groups 
crystallize  in  the  ‘etragonal  T'  structure,  but,  in  the  second 
group,  a  distortion  of  the  oxygen  in  the  CUO2  planes  in  a 
direction  perpendicular  to  the  Cu-O-Cu  bond^'^  leads  to  an 
antisymmetric  supercxchange  interaction  that  generates  a 
weak  ferromagnetic  behavior. Whereas  for  the  former 
group  superconductivity  (3C)  is  achieved  with  Th  or  Cc 
doping,*’  for  the  latter  superconductivity  has  not  been 
observed.^  The  exclusion  of  weak  ferromagnetism  (WF)  and 
SC  has  been  recognized  by  several  authors.' 

A  subdivision  in  the  second  group,  revealing  differences 
between  Gd2Cu04  and  the  R2CUO4  (R=Tb,  Dy,  Ho,  Er,  and 
Tm)  obtained  at  high  pressure"  (PO)  has  been  suggested.*'  A 
difference  is  encountered  in  the  temperature  dependence  of 
the  ac  magnetic  susceptibility,*'  where  Gd2Cu04  presents  a 
double  peak  structure  in  the  real  part  of  the  susceptibility  at 
low  temperatures,  from  7-=“  1-20  K;  while  for  the  PO  com¬ 
pounds  only  one  peak,  associated  to  the  ordering  of  the  R 
ions,  appears  in  that  range.  The  explanation  of  this  difference 
has  been  sought  in  comparison  between  the  R-R  and  R-Cu 
sublattice  interactions.  Differences  have  also  been  reported 
in  the  dynamic  behavior  of  these  compounds."’  The  mecha¬ 
nism  leading  to  the  observed  dynamical  behavior  remains 
unclear,  although  spin-glass-like  effects  have  been  claimed."’ 


The  aim  of  the  present  work  is  to  perform  a  detailed 
study  of  the  ac  magnetic  susceptibility  of  polycrystallinc 
Gd2Cu04  in  the  temperature  range  10<T(K)<3()0.  A  com¬ 
parison  with  ac  magnetic  susceptibility  measurements  of 
other  weak  ferromngnets  of  the  R2CUO4  series  is  also  pre¬ 
sented. 

II.  EXPERIMENTAL  TECHNIQUES 

Gd203  and  CuO  oxides  were  used  as  starting  materials 
for  the  ceramic  synthesis  of  Gd2Cu04.  Two  methods  were 
used  to  obtain  the  samples;  (a)  Stoichiometric  amounts  of  the 
starting  materials  were  milled  for  several  hours  and  thermal 
treatments  at  850  °C,  with  frequent  intermediate  millings 
were  subsequently  carried  out.  Around  400  h  were  required 
in  order  to  obtain  the  pure  Gd2Cu04  phase.  We  call  this 
sample,  sample  I.  (b)  In  the  second  method,  the  starling  ma¬ 
terials  were  sintered  at  950  °C  for  12  h.  The  product  was 
milled  again  and  resintcred  at  1000  “C  for  20  h.  Finally,  it 
was  sintered  at  1080  °C  for  24  h  and  slow  cooled.  The 
sample  thus  obtained  is  called  sample  II. 

The  structural  characterization  of  the  samples  was  per¬ 
formed  by  means  of  x-ray  diffraction  using  a  Philips  PW- 
1710  diffractometer  with  Cu  anode  {Cu/^„|  radiation, 
X=  1.540  60  A).  The  x-ray  patterns  showed  a  single  pha.se 
with  the  same  tetragonal  structure  for  both  samples.  The  ana¬ 
lytic  characterization  was  derived  using  inductively  coupled 
plasma  atomic  emission  spectroscopy  (ICP-AES)  with  Ar 
plasma  ICP  {Perkin  Elmer  5000).  The  dc  magnetic  measure¬ 
ments  were  performed  using  a  SQUID  magnetometer  (Quan¬ 
tum  Design)  in  the  4<7’(K)<3()0  temperature  range.  The 
real  and  imaginary  parts  x'  and  y',  of  the  external  complex 
ac  susceptibility  were  measured  during  warming  from 
7=13-300  K  using  a  system  with  a  concentric  assembly 
consisting  of  a  primary  solenoid  and  two  oppositely  wound 
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FIG.  1.  FC  und  ZFC  dc  niiignctizatlon  of  the  Gd2CuO^  sample  I  v.s  tem¬ 
perature,  measured  with  an  applied  field  of  H,p|,i=4(K)  A/m,  The  inset  shows 
the  dc  magnetization  for  sample  II. 


FIG,  2.  The  real  part  of  the  ac  susceptibility,  x’  of  sample  I,  measured  at 
frequencies  of  10  and  1000  Hz  in  an  ac  magnetic  field  of  W„.-300  A/ni.  The 
inset  .shows  the  curve  for  sample  II  in  the  high  temperature  range. 


sensing  coils  connected  in  sciics.  A  phiusc-sensitive  detector 
is  used  to  measure  the  output  voltage  that  is  pruportionui  to 
the  sample  susceptibility.  High  sen.sitivity  is  obtained  by 
moving  the  sample  between  the  two  sensing  coils  with  high 
precision.  The  calibration  was  performed  using  a  Gd2(S04)3. 
8H2O  standard  with  the  sacnc  shape  and  size  as  the  investi¬ 
gated  samples.  Demagnetizing  effects  have  been  taken  into 
account  in  the  cuiculaiion  of  the  internal  susceptibility.  For 
each  run  of  measurements,  the  ac  field  was  applied  with  a 
fixed  amplitude  of  //,n.=»300  /Vm  and  fixed  frequencies  /, 
ranging  from  5  to  1000  Hz,  A  dc  field,  from  0  to  800 
/Vm,  was  generated  by  applying  a  dc  current  to  the  primary 
coil.  The  temperature  of  the  samples  was  controlled  with  an 
accuracy  of  about  0. 1  K. 

III.  EXPERIMENTAL  RESULTS 

In  Fig,  1 ,  we  display  dc  magnetization  measurements  for 
both  Gd2Cu04  samples  when  they  were  (a)  zero  field  cooled 
(ZFC)  from  300  to  4  K  cdO  /Vm),  and  subsequently 
measured  at  increasing  temperatures  with  an  applied  field, 
Wappi=400 /Vm;  and  (b)  field  cook'd  (FC),  i.c.,  measured  at 
an  applied  field  while  cooling  down  from  300  K  at 
//tooI=//jppI=400  /Vm.  The  difference  between  the  ZFC  and 
FC  curves  indicates  the  onset  of  irreversibility  for  this  field 
at  a  temperature  7’|„’'“210  K  for  sample  I  and  Tjfj^ZSO  K.  for 
sample  II. 

In  Fig.  2,  wf;  show  the  temperature  dependence  of  x'  at 
two  different  frequencies.  We  observe  for  both  samples,  two 
well-defined  peaks.  For  sample  I,  one  peak  is  centered  at 
""210  K  and  the  other  at  «»2()  K  iTn,2).  The  high 

temperature  peak  is  frequency  dependent  (it  shifts  to  a  higher 
temperature  with  an  increasing  frequency,  as  shown  in  Fig. 
3).  Instead,  the  low  temperature  peak  is  frequency  indepen¬ 
dent.  For  sample  11,  the  position  and  behavior  of  7’^2  's 
.similar  to  sample  1.  .Hut  is  round  at  ="280  K,  and  it  is 
frequency  independent. 

Figure  4  shows  Ihe  temperature  dependence  of  x'  for 
sample  I  measured  at  the  same  ae  field  (H^^)  for  different 


superposed  dc  fields  (//j^)-  We  observe  that  the  amplitude  of 
the  210  K  maximum  decreases  with  increasing  field  and  dis¬ 
appears  for  a  dc  field  of  about  //(|(.=800  /Vm.  The  maximum 
onset  temperature  (~280  K)  and  the  position  of  the  maxi¬ 
mum  remains  constant.  For  the  20  K  peak,  the  dependence 
on  the  dc  field  is  much  weaker.  It  shifts  slightly  toward  lower 
temperatures  and  decreases  in  amplitude  with  increasing 
field. 

IV.  DISCUSSION 

The  existence  of  WF  in  the  R2CUO4  series  is  accompa¬ 
nied  by  the  presence  of  irreversibility  effect,?."’’"  Differences 
are  observed  in  the  irreversible  behavior  of  Gd2Cu04,  de¬ 
pending  on  the  thermal  treatment.  For  the  sample  annealed  at 
high  temperature,  sample  11,  the  irreversibility  appears  at  u 
temperature  of  the  order  of  the  AF  3D/2D  ordering  of  the 
Cu '  ^  ions,  Tn'*'27[)  K.  Instead,  for  the  sample  annealed  at  a 
low  temperature,  sampl  1.  ^Irt  and  the  temperature  of  the 
maxima  of  the  real  and  imaginary  parts  of  the  susceptibility 
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FIG.  3,  Frequency  depenilencc  of  Ihe  high  temperature  peak  ,  for 
sample  I. 
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FIG.  4.  Temperature  dependenee  of  x'  of  sample  1  measured  at  the  same  ac 
magnetic  field  (//,c=300  A/m)  for  different  superposed  dc  fields  {H^). 


are  located  at  r“210  K,  which  is  much  lower  than  Tf^. 
Another  difference  is  that  for  sample  1  the  position  of  the 
high  temperature  x'  maximum  is  frequency  dependent.  This 
dependence  is  not  observed  for  sample  II,  as  in  the  case  of 
other  weak  ferromagnetic  compounds  treated  at  high 
temperature.’ 

The  low  temperature  peak  observed  for  both  samples 
may  be  interpreted  as  due  to  a  phase  transition.  Below  this 
temperature,  both  the  WF  and  the  dynamic  effects  disappear, 
as  seen  in  Fig.  .1.  Tliis  figure  shows  several  isotherms  of  x' 
versus  the  frequency.  As  we  decrease  the  temperature  below 
20  K,  the  isotherms  become  frequency  independent.  The  ori- 
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gin  of  this  transition  has  been  associated  to  the  competition 
between  the  Gd-Gd  and  Gd-Cu  interactions.'^ 

To  analyze  the  frequency  dependence  of  the  high  tem¬ 
perature  maximum,  we  have  plotted  the  data  in  an  Arrhenius 
law  form  (Fig.  3).  In  the  examined  temperature  range  the 
relationship  is  linear.  We  have  found  that  the  Arrhenius  law, 
predicted  for  independent  fine  particles  or  isolated  clusters 
does  not  describe  the  observed  dynamic  properties,  as  a  non¬ 
physical  value  was  obtained  for  the  pre-exponential  factor  r,, 
s).  The  observed  frequency  dependence  could  be 
associated  to  the  existence  of  different  magnetic  domains  (or 
large  clusters).  The  domain  size  should  be  related  to  the  co¬ 
herence  length  of  the  oxygen  distortion.  This  coherence 
length  seems  to  be  strongly  dependent  on  the  thermal  treat¬ 
ment. 

Finally,  we  discuss  the  effect  of  the  .superposition  of  a  dc 
field  on  the  ac  measurements.  The  broadening  of  the  210  K 
maximum,  and  the  decrease  of  its  amplitude  with  increasing 
shows  the  effect  of  the  field  on  the  resulting  WF  and  on 
the  dynamical  behavior  of  the  magnetic  domains.  The  small 
shift  of  the  20  K  maximum  to  lower  temperatures  with  the 
superposition  of  a  dc  field  is  consistent  with  the  H-T  phase 
diagram  for  Gd2Cu04  presented  in  Ref.  3. 


ACKNOWLEDGMENTS 

We  wish  to  acknowledge  financial  support  from  the 
DGICYT,  PB92-1()86;  Fundacion  Ramon  Areces;  NSF- 
DMR-01172122,  and  NATO,  CRG920255.  J.  M.  and  C.  V. 
also  thank  the  Fundacion  Segundo  Gil  Davila  and  Xunta  de 
Galicia  for  its  financial  support. 

'S.  U.  Oscroff,  D.  Rao,  F.  Wright,  D.  C.  Vicr,  S.  Schultz,  J.  D.  Thompson, 
Z.  Fisk,  S,-W.  Chcong,  M.  F.  Hundley,  and  M  Tovar,  Phys.  Rev.  B  41, 
1934  (1990). 

^T.  Adclmann,  R.  Ahrens.  0.  Czjzck,  G.  Roth,  H.  Schmidt,  and  C. 
Stcinicitncr,  Phys.  Rev.  11  46,  3619  (1992). 

■'a.  a.  Stepanov.  P.  Wyder,  T.  Chatlopadhyay,  P.  J.  Brown,  O.  Filion,  I.  M. 
Vitcb.sky,  A.  Deville,  C.  Gaillard,  S.  N.  Barilo,  and  D.  I.  Zhigunov,  Phys. 
Rev.  B  48,  12  979  (199.3). 

■•l.  DyzaIo,shinskii,  J.  Phys.  Ghcm.  Phys.  Solids  4,  241  (1958). 

•' r.  Moriya,  Phys.  Rev.  120,  91  (1960), 

'’Y.Tokura,  M.  Takagi,  and  S.  Uehida,  Nature  337,  345  (1989);  J.  T.  Mark- 
ert,  E.  A.  Early,  T,  Djornholin,  S.  Ghamaty,  B.  W.  Luo,  J.  J.  Nucmcier,  R. 
D.  Price,  C.  L.  Seaman,  and  M.  B.  Maple,  Physica  C  158,  178  (1989), 
^E.  Moran,  A.  I.  Nazzal,  T.  C’.  Huang,  and  J.  B.  Torrance,  Physica  C  160, 
.3(1  (1989). 

"P.  Bordet,  J.  J.  Capponi,  C.  Chailloul,  13.  Chatcigner,  J.  Chenavas,  T. 
Fournier,  J.  L.  Hodeau,  M.  Marezio,  M.  Perroux,  G,  Thomas,  and  A. 
Varela,  Physica  C  185,  .539  (1991). 

“X.  Obriidors,  P.  Visani,  M,  A,  De  la  Torre,  M.  B.  Maple,  M.  Tovar,  F. 
Perez.  P.  Bordet.  J.  Chenavas,  and  D.  Chatcigner,  Physica  C  213,  81 
( 199.3), 

“’M.  Tovar,  X.  Obradors,  F.  Prez,  S.  B.  Oseroff,  R.  J.  Duro,  J.  Rivas,  D, 
Chaleigiier,  P.  Bordet,  and  J.  Chenevas,  Phys,  Rev.  B  45,  4729  (1992). 
"J.  Mira,  J.  Castro,  J.  Mahla,  C.  Vazquez-Vazquez,  M.  A.  Lopcz-Ouintcla, 
J.  Rivas,  and  S,  B.  Oscroff.  J.  Non-Crysl.  Solids  (in  press). 


/03t)  J.  Appl.  Phys  ,  Vol.  78,  No.  10,  15  Noveir.ber  1951^ 


Mira  et  al. 


cluster  model  studies  on  the  electronic  and  magnetic  properties  of  LaCo^s 
and  La(FexAi^_  ,f)i3  alloys 

G.  W.  Zhang,  X.  G.  Gong,^’  and  Q.  Q.  Zheng, 
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We  present  studies  on  both  tiie  electronic  and  magnetic  properties  of  LaCoi^  and  La(Fe,.Al|  , 
intermctallic  compounds  by  cluster  model  calculations  within  the  scheme  of  density-functional 
theory.  The  equilibrium  structures  of  the  isolated  and  emhedded  clusters,  obtained  by  minimizing 
the  total  binding  energy,  are  in  good  agreement  with  available  experimental  data  and  other 
tiieoretical  results.  The  redative  stability  and  formation  of  UiCoi,  and  La(Fe,Al|  phases  have 
been  successfully  explained.  Interesting  changes  of  magnetic  properties  in  an  A1  doped  Fei’,  cluster 
have  been  obtained.  The  possible  effect  of  A1  on  the  magnetic  phase  diagram  of  La(Fe,.Al| ..  j.),,  is 
discu.'-Sed. 


The  cubic  NaZiij  ,  rype  alloys  have  long  been  the  subject 
;)f  much  research.  Recently,  the  successful  fabrication  of 
I.aCoi . ,  La(Fe_,.Ali  _..)|3  alloys  have  enriched  this  family  and 
attracted  much  experimental  and  theoretical  interest.'  Their 
structarei  are  based  on  a  faced-centcrcd  cubic  lattice  v,iith  the 
.space  group  and  eight  molecular  formulas  in  the 

unit  cell.  La  atoms  (e.g,,  for  LaCo,^)  are  at  the  body  centered 
positions.  There  are  two  nonequivaient  positions  for  Co  at¬ 
oms.  One  of  the  important  feature.')  of  this  structure  is  that 
CO]  is  surrounded  by  12  Co([  at  the  vertices  of  a  regular 
icosahedron,  and  the  I.,a  atom  i.s ; '  the  center  of  a  snub  cube, 
with  Coij  atoms  at  its  24  vertexes.  It  is  well  known  that  the 
icosahed  -.li  structures  are  very  stable  for  many  kinds  of  13- 
U)  'i.i  clusters.  The  relative  stability  and  electronic  structure 
of  the  local  icosahedra!  cluster  may  contribute  to  the  forma¬ 
tion  of  the  characteristic  NaZni,-type  structure.  In  experi- 
irsnts,  n  has  been  found  that  LaCO|3  alloy  i.s  stable,  while 
the  allovs  is  not  stable,  but  it  can  be  stabilized  by 

suitable  doping  with  /  '  atoms.  Many  experiments  show  that 
I.a(FeyAl|  alloys  are  only  stable  with  '.lie  x  range  be¬ 
tween  (,‘.40  and  Neutron  diffraction  experiments  .sug¬ 

gest  tl.c.;  t'e  and  AI  3tom..s  not  be  .vaiidomty  distributed  in  tlic 
atioys,  llie  CO|  sites  be  completely  occupied  by  Fe,  .41  atoms 
subsSiuite  Fc  atoms  in  the  Coj:  sites. ^  The  doping  ot  Al  in  the 
icosahcdral  Fcj^  cluster  changes  both  relative  'tability  and 
electronic  structures  ol  the  local  unit  structure,  whicli  conse¬ 
quently  favt'TS  the  forma'ion  of  NaZn,3-typc  alloys.  The  dop¬ 
ing  of  .41  also  changes  the  magnetic  properties  of  La-Fc 
alloys.  The  measurement  of  susceptibility  reveals  that 
-  Ji.r  alloys  exhibit  a  unique  niugnetic  diagram 

varying  from  the  micromagnetic  slate  to  the  ferromagnetic 
stale  anu  the  anrifsr  omagnetic  stale,  wi'h  t-  e  increase  of  the 
Fe  concentrations.  Tne  measurement  of  electrical  resistivity 
and  magneiiz.'ition  also  suggest  that  local  electronic  and 
magiiefic  properties  have  played  an  important  lole  in  the 
propcrtie.s  of  those  alleys.^  It  is  natural  to  ask  why  LaCon 
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alloys  are  stable,  while  LaFcn  is  only  stable  with  .some  dop¬ 
ing  of  Al,  and  also  why  the  variant  doping  changes  the  mag¬ 
netic  and  electronic  properties?  These  problems  are  not  been 
fully  understood.  In  this  paper,  based  on  a  cluster  model,  we 
have  calculated  the  e!e''tronie  structures  and  the  total  binding 
energies  of  LaCop-,  and  LatFCjAlj  _  ,.)|3  alloys,  trying  to  un¬ 
derstand  the  relative  stability  of  these  alloys  from  a  local 
structure  point  of  view,  and  identify  the  role  played  by  Al 
atoms  in  the  La(Fei.Ali  alloys.  We  have  used  the  icosa- 
hedral  C013,  FC|3,  and  FeijAl  clusters  to  study  the  local 
properties  of  LaCO|3  and  LaiFCvAl, .  ,.)|3  alloys.  To  take  into 
account  the  effects  of  the  crystal  field,  we  also  have  studied 
the  clusters  embedded  in  the  crystal.  The  calculations  are 
performed  using  the  density  functional  theory  with  a  local 
spin  density  approximation.’’  Tho  discrete  variational  method 
has  been  used  to  solve  the  Kohn-Sliam  equation.'’  In  our 
calculations,  the  basi.s  sets  are  the  numerical  atomic  valence 
orbitals  of  3r/4.v  for  Fc  and  Co  atoms,  and  3.v3/j  for  the  Al 
atenn,  we  h.  ve  found  that  when  including  the  more  diffusive 
orbitals  in  the  basis  sel.  there  were  very  small  effects  on 
equilibrium  atomic  distances  and  electronic  structures.  The 
inner  orbital.s  arc  kept  frozen  in  all  the  calculations.  Group 
theory  lias  been  adopted  to  classify  the  molecular  orbitals 
and  consequently  simplify  the  calculations.  The  equilibrium 
stiuctures  of  all  the  calculated  clusters  are  obtained  by 
minimizing  tire  total  binding  energies  for  several  center  to 
vertex  distances,  keeping  the  corresponding  symmetry.  The 
binding  energy  is  defined  by  =  where  £■„„  is  the 

total  energy  of  the  cluster  and  is  the  sum  of  the  total 
energies  of  individual  atoms.  We  have  u.sed  the  Mulliken 
population  to  gel  the  occupation  numbers  for  atomic 
orbital.s.'  The  magnetic  moments  for  each  atom  are  the  dif¬ 
ference  of  electrons  betv/een  spin-up  and  spin-down  states. 

In  Fable  I,  we  have  presented  the  calculated  magnetic 
moments  and  the  theoretical  equilibrium  distances  from  cen¬ 
ter  to  vertex  for  C013,  Fcn,  and  FciiAl  clusters,  but  for  the 
embedded  clusters,  wt  have  used  the  experimental  atomic 
disiances  in  the  corre.'.ponding  bulk  phases.  From  labic  1,  we 
can  see  dial  the  equilibrium  distances  of  Co^  and  FC|3  are 
almost  the  same,  the  small  dilTercnec  may  come  from  the 
difference  of  atomic  sizes  for  Co  and  Fc  atoms.  Actually,  the 
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TABLE  I.  Some,  properties  of  all  the  calculated  clusters,  is  the  magnetic  moments  of  C()|  sites,  /x  is  the 
average  magnetic  moments  per  the  F»  or  Co  atom  of  a  clu.stcr. 


Isolated  clusters 

Embedded  clusters 

Co  13 

Fc„ 

FcijAl 

Coji 

Fcn 

FC12AI 

4(1  (a.u.) 

4.65 

4.63 

4.73 

4.64 

4.57 

4.59 

Mc(Mb) 

2.38 

3.25 

2.97 

2.94 

3.85 

4.20 

m(Mb) 

2.38 

3.38 

2.99 

2.83 

3.83 

4.20 

atomic  size  effects  on  the  iuttice  constants  can  also  be  ob¬ 
served  in  LaC0j3  and  LaFei3  alloys,  the  distance  between 
Co/  and  Co//  in  LaCoji  is  ■*.64  a.u.,  similarly,  the  distance 
between  Fc;  and  Fe,;  in  LaFei3  extrapolated  from  experi¬ 
mental  data“  is  4.57  a.u.  The  fact  that  the  theoretical  equilib¬ 
rium  distance  for  the  icosahedral  Co  13  and  Fei3  are  very 
close  to  the  experimental  value  in  the  LaMi3  (M=Co,Fe) 
bulk  phases  suggest  that  the  local  icosahedral  cluster  will  not 
be  affected  very  much  by  the  crystal  environments.  When 
substituting  Fe  with  Al,  we  found  an  increase  of  equilibrium 
distance,  which  is  in  agreement  with  the  experimental  fact 
that  the  lattice  constant  increases  with  the  increase  of  Al 
concentrations.  This  phenomenon  can  be  easily  understood, 
because  the  Al  atoms  have  more  diffusive  electronic  orbitals 
and  hence  a  large  atomic  size.  In  Fig.  1,  we  show  the  crlcu- 
lated  binding  energies  for  all  the  clusters  at  the  equilibrium 
center  to  vertex  distance  d^,.  We  obtained  about  ~45  e\' 
binding  energy  for  the  Fei3  cluster,  which  is  also  in  agree¬ 
ment  with  other  theoretical  calculations,*  and  the  C013  has 
about  —30  eV  binding  energy.  On  doping  Al  in  the  Fei3,  as 
shown  in  the  figuie,  we  found  the  binding  energy  of  Fej^Al 
shifted  up  a  little  bit.  We  can  expect  that  the  binding  energy 
will  increase  if  the  shifting  Al  atom  outward  deviated  from  a 
perfect  icosahedron.  In  Fig.  2,  we  have  plotted  the  eigen¬ 
value  spectra  for  all  the  calculated  dusters.  In  the  C013  clus¬ 


ter,  we  obtained  a  fourfold  degenerate  Gg  molecular  orbital 
for  the  highest  occupied  state  (HOMO),  but  the  HOMO  is 
not  completely  occupied  and  there  are  three  electron  defi¬ 
ciencies,  so,  in  principle,  the  isolated  icosahedral  C013  will 
not  be  stable,  at  least  Jahn-Teller  distortion  will  lower  the 
total  energy.  But  why  are  the  LaCo,3  alloys  with  an  icosahe¬ 
dral  structural  unit  stable?  This  striking  question  can  prob¬ 
ably  be  understood  as  following.  It  is  well  known  that  the  La 
atom  has  a  strong  tendency  to  lose  three  valence  electrons.  If 
La  atom  support  C013  with  three  electrons  to  fill  the  defi¬ 
ciency  in  HOMO,  it  makes  the  icosahedral  €0,3  stable  with  a 
closed  electron  shell.  The  large  ion  core  of  La  atoms  fills  the 
space  among  icosahedral  Co  13  clusters.  In  this  way,  the 
icosahedral  C013  can  be  considered  as  superatoms,  the  com¬ 
plicated  LaCoi3  alloys  can  be  composed  of  a  superatom  Cojj 
and  La  atom.  In  fact,  the  idea  of  superatom  that  had  been 
used  successfully  to  explain  the  stability  of  icosahedral 
quasicrystals’  is  also  applicable  to  many  other  systems.  We 
have  checked  other  Zn  based  AB,3  alloys,  we  found  the  same 
explanation  can  be  used.  In  the  similar  way,  we  can  under¬ 
stand  the  stability  of  LaFe]3  alloys.  In  the  Fe]3  cluster,  we 
obtain  a  five-fold  degenerate  Hg  molecular  orbital  for  the 
HOMO,  but  with  only  one  electron  in  this  orbital,  and  there 
is  four-electron  deficiency.  So  even  though  the  La  atom  of¬ 
fers  three  electrons,  the  HOMO  still  cannot  be  completely 
filled  like  in  C013,  which  means  that  the  Fei3  cluster  in 


FIG.  1.  Tile  binding  encigy  curves  vs  radial  bond  dislance  for  C013,  Fc|,Al, 
and  Fei,Al2  clusters. 


£  0 

I 

c 

o 

S  -1 
0 


-2 


raj- 

rap- 

A- 

eat— E1U 

.  Qu 

—  Qu 

E2~ 

Bu— 

-  Hu 

-  A 

. _.!30.. 

. .Ha.. 

—  El 

Eag  — Au 

Tlu 

El 

EIU 

-TJg 

Bg_ 

Hg_ 

E1--EI 

Ag- 

-  Hg 

-E2 

Hg_ 

-Hg 

-El 

Eag--  El 

-Ou 

Taa- 

Hg- 

E2— _E2 

Elu--^ 

-og 

Tlg_ 

A- 

_E1U 

Hu- 

Co 

Fe 

Fe  Al 

Fe  Al 

13 

13 

12 

11  2 

FIG.  2.  Energy  spectra  of  the  isolated  Con,  FcijAl,  and  FcnAb  clusters. 
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LaFcn  alloy  canno!  be  stable.  All  the.se  results  are  eonsistent 
with  experimental  facts. '  “  'lu  see  the  influence  of  substitut¬ 
ing  Fe  by  A1  on  the  stability  and  properties  of 
La(Fe,.Al| .. .^.)|3  alloys,  we  have  studied  the  FciiAl  and 
FciiAli  clusters,  which  represent  the  alloys  at  the  different 
region  of  a  magneiic  phase  diagram.  The  experiments  have 
already  found  that  the  A1  atom  did  not  occupy  the  center  of 
the  icosahedron,'^  so  we  eho.se  FciiAl,  with  symmetry. 
From  the  eigenspevtrum  in  Fig.  2,  we  can  see  the  HOMO  is 
two-fold  degenerate,  wit',;  only  one  electron  in  it,  the  two¬ 
fold  degenerate  lowest  unoccupied  molecular  orbital 
(LUMO)  is  also  very  close  to  the  HOMO,  three  electrons 
provided  by  the  Lu  atom  can  fill  the  one  electron  defieieney 
in  HOMO  and  also  till  the  two-fold  degenerate  LUMO;  con¬ 
sequently,  the  Fei2Al  has  a  closed  electron  shell  and  becomes 
stable,  which  might  be  the  reason  why  the  experiment  found 
the  FcjiAl  alloys  stable.  In  a  similar  way,  we  can  expect  that 
the  Fe||AL  would  be  stable  in  the  LafFe^Al,  alloys. 

In  Table  1,  we  have  presented  the  magnetic  moment  for 
all  calculated  clusters,  we  have  obtained  the  Co  atom  with 
2.38/Li;,  magnetic  moments,  which  is  in  good  agreement  with 
other  theoretical  and  experimental  results.'"'"  We  have  also 
obtained  a  large  average  magnetic  moment  (3.38/ti;,)  for  the 
free  icosahedral  Fen  c!i;.sters,  and  observed  the  magnetic 
moments  for  the  atom  at  the  center  of  the  icosahedron  are 
parallel  to  the  magnetic  moments  for  the  atoms  at  the  ver¬ 
texes,  which  suggiist  that  tl.ie  ground  state  of  the  Fe,3  cluster 
be  ferromagnetic,  in  agreement  with  other  theoretical 
calculations.'"  When  doping  with  Al,  we  find  the  cluster  ex¬ 
pands  and  the  magnetic  moments  decrease.  This  occurrence 
of  decrease  of  the  magnetic  moments  can  be  attributed  to 
that  more  and  more  iron  atoms  will  lose  their  magnetic  mo¬ 
ments  when  Fe  concentration  decreases.  This  is  confirmed  by 
our  studies  on  the  FcnAL  clusters  with  D,,,  symmetry;  we 
have  found  the  magnetic  moments  for  Fe  atoms  in  FcnAL 
arc  even  smaller  than  that  in  Fe/iAl  cluster.  Hence,  based  on 
the  results  of  the  present  cluster  model  calculations,  it  can  be 
expected  to  get  Pauli  paianiagnetism  when  decreasing  the 


iron  concentration  and  consequently  decreasing  the  magnetic 
interaction,  which  is  in  agreement  with  the  complicated  ex¬ 
perimental  magnetic  phase  diagram  of  La(Fe,.Al|  ,.)|3  al¬ 
loys.  In  all  the  embedded  clusters,  we  find  a  very  similar 
eigenvalue  spectra  to  the  isolated  clusters  discussed  above, 
so  the  same  idea  can  be  applied  to  stability  of  the  embedded 
clusters,  which  have  included  the  inlluence  of  the  crystal 
field  generated  by  824  atoms.  But  we  observed  a  small  in¬ 
crease  of  magnetic  moments  with  respect  to  the  isolated  clus¬ 
ters. 

In  summary,  the  electronic  and  magnetic  properties  of 
the  four  NaZiiirtype  compounds,  LaCon,  LaFci,, 
LaFciiAl,  and  LaFcnAL  have  been  studied  by  modeling 
those  alloys  by  cluster  on  the  basis  of  density  functional 
theory.  We  found  the  relative  stability  as  well  as  electronic 
.structure  of  NaZiin-type  alloys  can  be  explained  according 
to  its  local  icosahedral  structural  units.  The  main  role  of  Al  is 
to  modify  local  electronic  structure;  this  may  facilitate  the 
formation  of  the  stable  NaZnirtypt  structure  for  the  La-Fe 
alloys.  In  addition,  the  change  of  local  magnetic  properties 
with  the  change  of  Al  concentrations  bears  resemblance  to 
that  of  the  alloys. 
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By  means  of  neutron  powder  diffraction,  we  find  that  UCoGa  crystallizes  in  the  hexagonal  ZrNiAl 
structure  and  orders  ferromagnetically  at  low  temperatures  with  magnetic  moments  stacked  along 
the  c  axis.  The  magnetic-ordering  temperature  is  reflected  in  anomalies  in  the  temperature 
dependencies  of  the  electrical  resistivity  and  the  specific  heat  at  Tc  =47  K,  Furthermore,  the  strong 


anisotropy  in  the  electrical  resistivity  for  /||c  and  i± 
magnetic  anisotropy  to  the  electrical  resistivity. 


I.  INTRODUCTION 

UCoGa  belongs  to  liie  large  group  of  UTX  compounds 
{T =transition  metal,  X =p-electron  metal),  and  is  reported  to 
crystallize  in  the  hexagonal  ZrNiAl  structure.'  Previous  bulk 
magnetic  investigations^""*  revealed  a  magnetic  order  at 
about  47  K,  but  the  results  were  inconclusive  regarding 
whether  the  ground  state  is  ferro-  or  antiferromagnetic."*  The 
purpose  of  the  present  contribution  is  to  determine  the  struc¬ 
tural  parameters  and  to  clarify  the  type  of  ground  state,  as 
well  as  to  investigate  the  bulk  transport  and  thermal  proper¬ 
ties  of  single-crystalline  UCoGa. 

II.  EXPERIMENTAL 

For  the  present  investigations,  we  have  used  two  kinds 
of  samples:  polycrystalline  material  and  a  small  single  crys¬ 
tal.  The  polyf-rystal,  which  has  been  u.sed  in  the  neutron- 
diffraction  experiments,  was  prepared  by  arc-melting  appro¬ 
priate  amounts  of  the  constituting  elements  with  a  purity  of 
at  least  99.99%.  The  small  single  crystal  is  the  same  as  was 
used  in  a  previous  investigation."'  Neither  the  polycrystal  nor 
the  single  crystal  have  been  annealed. 

For  neutron-diffraction  experiments,  the  polycrystal  was 
ground  and  enclosed  with  helium  gas  in  a  sealed  vanadium 
tube,  which  was  mounted  on  the  cold  finger  of  a  closed-cycle 
refrigerator.  This  setup  was  installed  in  the  High  Intensity 
Powder  Diffractometer  (HIPD)  at  the  Los  Alamos  spallation 
pulsed  neutron  source  LANSCE.  Data  have  been  taken  on 
six  detector  banks  (2©=±40,  ±90,  ±153)  at  60,  35,  and 
10  K.  The  diffraction  patterns  were  analyzed  using  the  Ri- 
etveld  refinement  program  GSAS.”’  The  magnetic  intensities 
were  also  analyzed  by  extracting  integrated  intensities  for 
individual  peaks  and  fitting  to  models  for  the  magnetic  struc¬ 
ture. 

The  temperature  dependence  of  the  electrical  resistivity 
was  measured  between  4.2  and  300  K,  with  the  standard 
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‘  indicates  a  significant  contribution  of  the 


four-point  ac  method  on  two  small  bar-shaped  single  crystals 
of  typical  size  0.5  X 0.5x2  mm'^,  where  the  largest  distance 
coincides  with  the  c  axis  for  the  first  sample  and  is  perpen¬ 
dicular  to  the  c  axis  for  the  second  one.  The  large  error  in  the 
determination  of  the  geometrical  factor  makes  a  reliable  es¬ 
timate  of  the  absolute  resistivity  values  impossible. 

At  4.2  K,  the  field  dependence  of  the  electrical  resistivity 
in  magnetic  fields  up  to  35  T  has  been  measured  in  the  Am¬ 
sterdam  High-Field  Installation,  with  an  /llB||c  axis. 

The  temperature  dependence  of  the  specific  heat  has 
been  measured  between  4.2  and  100  K,  making  use  of  both 
standard  adiabatic  and  the  relaxation-time  method, 

ill.  CRYSTAL  AND  MAGNETIC  STRUCTURE 

UCoGa  crystallizes  in  the  hexagonal  ZrNiAl  structure 
(space  group:  P62m).  The  structuial  parameters  of  UCoGa 
have  been  derived  by  neutron  powder  diffraction  at  60  K, 
and  the  results  of  the  refinement  are  listed  in  Table  I.  The 
absence  of  any  unindexed  reflection  in  the  parent  phase  sug¬ 
gests  that  there  is  no  impurity  in  the  present  sample.  How¬ 
ever,  the  reduced  drops  by  5%  when  a  slightly  lower 
atomic  fraction  of  Co  and  slightly  higher  fraction  of  Ga  (of 
the  order  of  1%  in  both  cases)  are  assumed.  This  result  indi¬ 
cates  a  small  deviation  from  the  exact  1:1:1  stoichiometry. 
For  UCoGa,  the  nearest  interuranium  distance  is  found 
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FIG.  1.  The  Shubnikov  miigiietic  suhgroi'n  of  P62m.  In  (a),  the  uranium 
moments  are  perpendicular  to  the  mirror  planes,  while  in  (b)  and  (c),  the 
moments  arc  parallel  to  the  mirror  planes.  Note  that,  in  the  models  (a)  and 
(b),  the  moments  are  located  within  the  hexagonal  basal  plane,  white  in  (c) 
they  are  ferromagnetically  coupled  along  the  c  axis.  For  clarity,  only  ura¬ 
nium  atoms  arc  shown.  The  dashed  lines  with  arrows  indicate  the  nearest 
uranium  -uranium  limes. 


within  the  hexagon,^!  basal  plane  (.see  Fig.  1),  and  is  deter¬ 
mined  by  du_u~a  \l{3x^ -  2x+  1),  where  a  is  the  lattice 
parameter  and  x  is  the  U  position  ptnameter. 

In  order  to  clarify  the  magnetic  structure,  we  have  per¬ 
formed  neutron-diffraction  experiments  at  35  and  10  K,  well 
below  the  magnetic  ordering  temperature  indicated  by  bulk 
magnetization  results.^”'*  We  do  not  observe  any  additional 
purely  magnetic  refiect'.ons  at  these  temperatures,  but  an  ad¬ 
ditional  magnetic  contribution  to  the  nuclear  reflections  is 
found.  This  indicates  that  the  magnetic  unit  ceil  is  the  same 
as  the  nuclear  one,  but  antiferromagnetism  is  still  possible  in 
this  structure.  Possible  magnetic  structures  have  been  de¬ 
rived  using  magnetic  space-group  analysis.  U  atoms  in  the 
unit  cell  lie  in  the  mirror  planes  at  x-O,  y^O,  and  x=y 
(note  that  x  and  y  are  at  an  angle  of  120°).  The  moment 
corresponding  to  U  in  a  certain  mirror  plane  must  be  perpen¬ 
dicular  or  parallel  to  that  mirror  plane.  The  Shubnikov  mag¬ 
netic  subgroups  of  P62m  are  shown  in  Fig,  1.  Clearly,  there 
are  two  antiferromagnetic  noncollinear  structures  with  mo¬ 
ments  in  the  basal  plane,  and  only  one  ferromagnetic  (collin- 
ear)  model  with  U  moments  along  the  c  direction.  The  fact 
that  we  do  not  observe  any  00/  magnetic  contribution  does 
not  mean  that  the  m.agireiic  structure  must  be  ferromagnetic, 
since  the  two  noncollinear  mod.els  also  have  no  00/  magnetic 
contributions.  This  is  easily  understood,  since  the  net  mo¬ 
ments  in  the  00/  basal  plane  are  zero  for  both  noncollinear 
structures. 

The  integrated  intensities  have,  been  corrected  for  the 
Lorentz  factor®  and  for  ab.sorption.  We  find  a  significant 
magnetic  contribution  to  the  110  reflection,  which  excludes 
structure  2(b),  as  this  gives  no  intensity  to  this  reflection. 
This  is  easily  understood,  since  the  net  moments  in  the  /i/iO 
plane  are  perpendiculai  to  that  plane,  which,  in  turn,  gives 
zero  magnetic  contribution  through  the  expression  of  .sin  rj, 
where  rj  is  the  angle  between  the  magnetic  moment  and  the 
reciprocal  lattice  vector  (in  this  case,  77 -0).  On  the  other 
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Magnetic  Field  (T) 

FIG.  2.  Temperature  dependence  of  the  electrical  resistivity  of  UCoGa  for 
the  i||c  axis  and  I'l  c  axis  normalized  to  the  values  at  .lOO  K.  In  the  inset,  the 
low  temperature  detail  for  the  i||c  axis  is  shown  in  the  representation  p/P),,,, 
vs 

hand,  both  structures,  2(a)  and  2(c),  are  possible  and  the 
lower  reduced  of  the  ±90  detector  banks  suggests  struc¬ 
ture  2(c),  the  ferromagnetic  one,  to  be  more  likely.  However, 
the  difference  is  only  marginal,  and,  in  fact,  if  the  results 
obtained  on  the  ±40  and  ±153  detector  banks  are  included 
into  the  refinement,  structure  2(a)  is  slightly  more  likely. 
However,  due  to  inconsistencies  in  the  magnetic  appearance 
in  the  +  and  -  detector  banks,  which  are  less  pronounced  in 
the  ±90  banks,  we  believe  structure  2(c)  to  be  the  correct 
one,  which  is  corroborated  by  the  magnetization  results.  For 
the  ferromagnetic  structure  2(c),  we  deduce  U  magnetic  mo¬ 
ments  of  0.74±0.03/ttg  per  atom,  which  is  in  good  agreement 
with  the  value  of  O.VS/Zfl/f.u.  obtained  from  the  high-field 
magnetization.*'  Note  that  the  Co  moment  is  zero  to  within  an 
experimental  error  of  a  ±0.1/[i/)/atom.  Also  note,  that  model 
2(a)  yields  much  larger  U  magnetic  moments  of  about 
1.04±0.04yUfl  per  atom. 

.IV.  TRANSPORT  AND  THERMAL  Pt^OPERTIES 

The  onset  of  magnetic  ordering  at  7’c=47  K  is  reflected 
by  a  maximum  in  the  temperature  derivative  of  the  electrical 
resistivity  at  this  temperature  (see  Fig.  2)  for  both  the  i||c 
axis  and  ilc  axis.  However,  while  for  the  i||c  axis  an  appre¬ 
ciable  reduction  of  the  electrical  resistivity  with  decreasing 
temperature  is  found,  werobserve  an  almost  flat  resistivity 
behavior  for  the  il  c  axis.  The  observed  strong  anisotropy  in 
the  resistivity  correlates  well  with  the  magnetic  anisotropy 
found  in  bulk  magnetization  measurements.  At  300  K,  very 
rough  estimates  of  resistivities  yield  values  around  150 
Tiflcm  for  the  i|ic  axis,  while  twice  as  large  values  for  the 
/±c  axis  arc  found.  Below  40  K,  the  electrical  resistivity 
follow  a  quadratic  temperature  dependence  for  both  orienta¬ 
tions,  which  is  shown  for  the  /|ic  axis  in  the  inset  of  Fig.  2. 
For  UCoGa,  we  may  roughly  estimate  the  prefactors  A  to  be 
about  0.216  and  0.138  /iXicm/K‘  for  the  /||c  axis  and  (Ic 
axis,  respectively. 

For  this  compound,  we  find  at  4.2  K  (Fig.  3)  for  the 
/||B||r  axis  an  increase  of  the  electrical  resistivity  with  an 
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FIG.  3.  Field  dependence  of  (he  electrical  resistivity  of  UCoGa  at  4.2  K  in 
the  configuration  illfillc  axis. 


increasing  magnetic  field,  which  is  in  contrast  to  the  large 
reduction  of  the  electrical  resistivity  in  the  isostructural  an¬ 
tiferromagnetic  UTX  compounds  upon  the  application  of 
sufficiently  high  magnetic  fields.^  The  different  behavior  of 
UCoGa  may  be  taken  as  a  further  support  for  a  ferromagnetic 
ground  state  of  this  compound.  At  the  highest  fields  applied, 
we  observe  a  slight  saturation  tendency.  In  general,  UCoGa 
reflects  a  more  “normal”  and  expected  magnetorcsistance 
behavior,  however,  the  total  increase  of  the  resistivity  (about 
27%  in  35  T)  is  surprisingly  large. 

As  can  be  seen  in  Fig.  4,  the  magnetic  ordering  of 
UCoGa  is  reflected  in  the  specific  heat  by  a  maximum  at 
7^=47  K.  After  substraction  of  a  pbotion  contribution  deter¬ 
mined  by  a  Debye  function  with  0p=195  K,  the  magnetic 
entropy  connected  with  ordering  is  considerably  lower  than 
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FIG.  4.  Tcmperalurc  dcpund.'jncc  oi  the  .specific  heat  of  UCoGa. 


R  In  9  or  R  In  10,  expected  for  the  localized  or  configu¬ 
ration,  respectively. 

By  linear  extrapolation  of  Cp/T  vs  to  7=0  K,  we 
derived  the  coefficient  y  of  the  electronic  contribution  to  the 
specific  heat,  to  be  about  48  mJ/mol  K^. 

V.  CONCLUSIONS 

UCoGa,  which  crystallizes  in  the  hexagonal  ZrNiAl 
structure,  orders  ferromagnetically  below  T(-=A1  K  with  or¬ 
dered  5/  moments  of  about  QnAfin  stacked  along  the  c  axis. 
The  rather  low  value  of  the  ordered  moments,  which 
amounts  to  only  half  the  values  found  in  isostructural  UNIX 
compounds,**  confirms  the  expected  trends  arising  from 
5f-d  hybridization,'"  and  points  to  a  larger  delocalization  of 
the  5/  electrons  in  UCoGa.  For  UCoGa,  a  significant  anisot¬ 
ropy  in  the  temperature  dependence  of  the  electrical  resistiv¬ 
ity  has  been  found.  Strongly  anisotropic  transport  properties 
have  also  been  detected  in  other  UTX  compounds,"  which 
suggests  that  they  are  caused  by  the  general  anisotropy  due 
to  the  crystal  structure  and  the  Fermi-surface  anisotropy. 
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The  fully  self-consistent  discrete  variational  method  within  the  local-spin-density  framework  has 
been  employed  to  obtain  the  electronic  structure  and  magnetic  moments  of  the  Mn-containing  cubic 
Laves  phase  pseudobinary  compound  of  YFe2 .  The  calculated  results  show  that  the  substitution  of 
Mn  atoms  on  Fe  sites  weakens  the  ferromagnetism  of  this  compound.  The  magnetic  moments  on 
distinct  atomic  sites  were  derived  from  the  calculation.  We  found  that  when  the  Fe  atom  has  one  Mn 
atom  in  its  nearest  neighbor  sites,  its  magnetic  moment  decreases  rapidly,  while  the  Mn  moment  is 
0.71/A2J ,  parallel  to  the  Fe  moment.  Based  upon  our  results,  the  various  experimental  data  have  been 
satisfactorily  explained. 


I.  INTRODUCTION 

The  cubic  Laves  phase  pseudobinary  compound 
Y(Fe,  _^Mn,.)2  is  a  puzzling  system.  Quite  a  few  attempts 
have  been  made  to  establish  its  m.ugnetic  properties.’"^  As  an 
antiferromagnet  YMn^  with  Mn  magnetic  moment  2.1  fig  ,* 
the  ferromagnet  YFe2  can  form  complete  solid  solutions  with 
it,  while  sustaining  the  cubic  Laves  phase  structure.'’  Magne¬ 
tization  measurements''  and  Mossbauer  data’  show  the  con¬ 
sistent  result  that  Y(Fe|_  jMn^)2  keeps  ferromagnetic  until 
the  breakdown  of  the  magnetic  order  in  .t:  =  0.7.  As  to  the 
magnetic  moments  of  Fe  and  Mn  atoms  in  this  pseudobinary, 
however,  contrary  results  have  been  reported.  Schaafsma 
et  al?  suggested  from  Mossbauer  experiments  that  Mn  ap¬ 
pear  to  carry  either  less  than  0.1/Xa  or  no  magnetic  moment 
at  ail;  from  the  NMR  spectra  of  “'’Y,  Nagai  et  made 
conclusions  that  Fe  moments  are  hardly  changed,  and  there 
are  two  kinds  of  Mn  moments;  one  is  antiparallel  to  the  Fe 
moments  with  about  and  the  othei  is  parallel  to  the  Fe 
moments  with  about  i.S/ifl ;  While  Besnus  et  al.^  showed 
from  magnetization,  diffuse  neutron  scattering,  Mossbauer 
measurements,  and  NMR  studies  that  Mn  atoms  possess 
magnetic  moments,  which  are  ferromagnetically  coupled 
with  Fe  moments,  and  that  the  mean  Fe  moments  decrease 
strongly  with  increasing  Mn  concentration,  while  the  Mn 
moments  appear  to  be  less  concentration  dependent. 

From  the  theoretical  point  of  view,  the  problem  of  the 
pseudobinary  compound  Y(Fe,  jMn^)2  has  been  put  aside 
yet  by  theorists,  due  to  its  much  more  complex  magnetic 
behavior.  In  this  paper  we  present  calculations  of  charge, 
spin,  and  density  of  states  (DOS)  for  the  Mn-containing 
pseudobinary  compound  of  YFe2  using  the  well-developed 
discrete  variational  method  within  the  local-spin-density 
framework.  For  transition  metals  and  intermetallic  com¬ 
pounds,  it  is  now  well  rei.xignized  that  the  local  magnetic 
properties  and  electronic  structures  are  mostly  determined  by 
the  nature  of  atoms  involved  and  the  local  environments  of 
these  atoms.  So,  .several  embedded  clusters  are  chosen  to 
simulate  the  local  environments  of  atoms  in  the  Mn 
substituted  YF';2  compound,  and  .spin-polarized  calculations 
on  these  clusters  are  performed  to  study  the  magnetic  behav¬ 
ior  of  the  Mn-containing  pseudobinary  compound  of  YFcj. 


The  computational  procedure  has  been  documented  in  detail 
elsewhere."’ 

II.  RESULTS  AND  DISCUSSION 

The  cubic  Laves  phase  compound  YFe2  has  the  cubic 
MgCu2  C15  structure.  There  are  eight  YFe2  formula  units  per 
simple  cubic  cell  in  this  structure.  The  larger  Y  atoms  occupy 
a  cubic  diamond  lattice.  Regular  tetrahedra  built  of  four 
smaller  Fe  atoms  are  centered  at  the  fourfold-coordinated 
interstitial  sites  of  the  diamond  structure.  So  the  26-utom 
cluster  of  Fe4Y4Fei2Yf,,  which  consists  of  two  distinct  pairs 
of  Fe  and  Y  atoms,  is  chosen  to  represent  the  host  compound 
YFca.  While  the  cluster  Mn4Y4Fei2Yf,,  with  each  Fe  atom 
having  one  Mn  atom  in  its  nearest  neighbor  sites,  is  adopted 
to  represent  the  pseudobinary  compound  Y(Fe,  ...^Mn^.)2  with 
low  Mn  concentration. 

The  DOS  of  the  cluster  Mn4Y4Fe|2Yf,,  with  a  solid  line, 
is  depicted  in  Fig.  1.  For  comparison,  we  show  the  DOS  of 
the  host  cluster  Fe4Y4Fe,2Y(,  with  a  dashed  line  also  in  Fig. 
1,  which  closely  resembles  the  result  obtained  by  the  stan¬ 
dard  TBA  method.”  From  these  two  curves,  one  can  find  that 
there  is  not  a  large  change  for  the  shape  of  the  DOS  when  the 
Mn  substitute  at  the  Fe  site  of  YFe2,  however,  the  positions 
of  the  peaks  are  changed.  For  majority-spin  states,  the  main 
peaks  below  the  Fermi  level  move  to  the  direction  of  high 
energy,  and  meanwhile  the  peaks  for  minority-spin  states 
move  to  low  energy  direction;  thus  the  exchange  splitting 
decreases  with  Mn  diluting  the  Fe  sublattice.  As  is  well 
known,  the  origin  of  magnetism  can  be  attributed  to  intra- 
atomic  and  interatomic  exchange  interactions,  and  the  Curie 
temperature  is  proportional  to  the  exchange  splitting,  so  the 
reduction  of  the  exchange  splitting  gives  rise  to  the  decrea.se 
of  the  Curie  temperature.  Both  the  magnetization  measure¬ 
ment  and  Mmssbauer  data  show  that  the  Curie  temperature 
decreases  almost  linearly  with  the  Mn  content  in  the  pseudo¬ 
binary  compound  Y(Fei ..  j.Mib.)2,‘''’  which  is  consistent  with 
the  above  conclusion  deduced  'rom  the  electronic  structure. 

Tabie  I  lists  the  magnetic  moments  and  electron  occupa¬ 
tion  numbers  of  all  atomic  sites  in  the  clusters  Fc4Y4Fe|2Y,, 
and  Mn4Y4Fei2Y„.  For  comparison,  let  us  first  examine  the 
result  of  the  host  cluster  Fe4Y4Fei2Y,,.  It  is  noted  that  the 
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FIG.  1.  Total  density  of  states  for  the  clusters  Mn,,Y4Fci2Y5  with  a  solid  line 
and  Fc4Y4Fei2Y5  with  a  dashed  line.  The  spin-up  and  spin-down  bands  arc 
normalized  to  the  same  scale  lur  each  cluster. 


magnetic  moments  of  Fe  atoms  are  large  and  coupled  ferro- 
magnetically  with  small  negative  moments  for  Y  atoms, 
which  is  consistent  with  the  conclusion  of  the  band 
calculation.'^ 

By  analyzing  the  result  of  the  cluster  Fe4Y4Fei2Yft  in 
Table  i,  one  can  see  that  the  moments  for  both  Fe  and  Y 
atoms  tend  to  increase  outwardly  from  inner  sites  due  to  the 
surface  effect,  whicii  results  from  that  the  truncation  of  the 
cluster  does  not  allow  sufficient  delocalization  of  the  wave 
function  in  the  solid  to  take  place  on  the  cluster  surface.  The 
surface  effect  is  unavoidable  for  the  present  cluster  calcula¬ 
tion  method,  however,  the  atoms  toward  the  central  sites  for 
a  large  cluster  can  reproduce  the  properties  of  the  bulk 
solid.'^  In  the  present  case,  the  calculated  magnetic  moment 
for  the  inner  Ft  atoms  is  1.65/Xfl,  which  is  in  fairly  good 


TABLE  1.  Electron  occupation  numbers  and  local  magnetic  moments  in  the 
different  atomic  sites  of  the  clusters  Fe4Y4Fc|2Y4  and  Mn4Y4Fc,2Yft. 


Cluster 

Fc 

4V4Fe,.,Y, 

Mii4Y4Fc,2Y6 

Charge 

Spin  (/4„) 

Charge 

Spin  (fi„) 

M(l)  3rf 

ft.a? 

1.S4 

5,26 

0.85 

4i'  +  4p 

1.9() 

-0.19 

1.88 

-0.14 

Net  charge/spin 

-0,17 

1.65 

-0.14 

0.71 

Y(I)  id 

1.56 

-042 

1.51 

“0.32 

5s  +  5p 

1.12 

-0.16 

1.21 

-0.13 

Net  charge/spin 

0.32 

-0,58 

0.28 

-0.45 

Fe(Il)  3i< 

6.14 

,3.46 

6.17 

2.92 

44  +  4p 

2.12 

0..34 

2,06 

0.17 

Net  charge/spin 

-0.26 

3.80 

-0,23 

3,09 

Ydl)  4d 

1,42 

-0,5) 

1.39 

-0.36 

5.V  -t-  5p 

1.13 

-0.12 

1.21 

-0.10 

Net  charge/spin 

0.45 

-0.63 

0,40 

-0.46 
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agreement  with  the  value  of  the  band  calculation,'^  while  the 
moment  of  the  inner  Y  atoms  is  -0.5fi/ig ,  a  bit  larger  than 
the  band  calculated  result,  this  difference  is  also 

attributed  to  the  surface  effect.  It  has  been  confirmed  by 
many  calculations  that  the  cluster  model  tends  to  the  same 
limit  as  band-structure  methods  when  the  cluster  size  in¬ 
creases,  however,  computation  is  too  expensive  for  the  larger 
cluster.  For  most  physical  properties,  it  has  been  observed 
that  the  three-  to  four-atom-shell  cluster  is  sufficient. 

For  the  magnetic  moment,  one  can  focus  on  trends  instead  of 
the  absolute  value. 

The  atoms  of  Y  in  the  compound  YFct  were  assumed  to 
be  nonmagnetic  before  the  spin-polarized  calculations  of  its 
band  structures.  The  cluster  and  band  theory  calculations  on 
YFe2  both  show  that  the  Y  atoms  are  spin  polarized  with  a 
small  negative  moment,  which  can  be  attributed  to  the  hy¬ 
bridization  between  Fe  2d  and  Y  4c/  states.  According  to  the 
band-structure  calculations,  the  main  part  of  the  4d  bands  for 

Y  are  just  above  the  Fermi  level, while  most  of  the  states 
ju.st  above  the  Fermi  level  for  Fe  are  the  2d  minority-spin 
states.  So  the  Ad  states  of  Y  mainly  hybridize  with  the 
minority-spin  2U  states  of  its  neighbor  Fe,  which  results  in 
the  minority-spin  dominating  for  the  occupied  Ad  bands  of  Y, 
and  hence  a  nt£,..iive  moment  develops  on  the  Y  atoms. 

Now,  we  study  the  effect  of  Mn  on  the  magnetic  moment 
of  the  pseudobinary  compound  Y(Fei_^Mn^.)2.  From  Table  1, 
it  is  noted  that  the  moments  of  Mn  and  Fe  atoms  both  are 
positive  for  the  cluster  Mn4Y4Fe,2Y6,  which  shows  that  Mn 
moments  are  coupled  ferromagnetically  with  Fe  moments  in 
the  pseudobinary  compound  Y(Fei_4.Mn4.)2  with  a  low  con¬ 
centration  of  Mn.  Furthermore,  one  can  see  that  the  magnetic 
moment  of  Mn  is  O.Vl/Ujj  and  the  Fe  moment,  3.09^g ,  much 
less  than  tliat  of  the  corresponding  Fe  atom  in  the  host  clus¬ 
ter,  3.80jUa .  The  calculated  Mn  magnetic  moment  is  in  ex¬ 
cellent  agreement  with  the  measurement  results  by  polarized 
neutron  scattering  and  NMR  studies  for  the  pseudobinary 
compound  with  low  Mn  co.itent,''  while  the  Fe  moment  de¬ 
creases  rapidly  with  Mn  substitution  for  Fe  atoms,  which  is 
also  in  accord  with  the  experimental  results.'*  In  addition,  the 

Y  magnetic  moment  also  decreases.  The  Mn  magnetic  mo¬ 
ment  deduced  by  Nagai  et  is  opposite  to  our  calculated 
result,  which  may  result  from  their  oversimplified  assump¬ 
tions  that  Y  atoms  in  the  pseudobinary  compound  have  no 
magnetic  moment  and  that  the  hyperfine  field  at  '"'Y  is 
strictly  proportional  to  the  magnetic  moments  of  nearest 
neighbor  atoms. 

III.  CONCLUSIONS 

We  have  performed  first-principles  self-consistent-field 
calculations  on  several  embedded  clusters  representing  the 
Mn-containing  cubic  Laves  phase  pseudobinary  compound 
of  YFe2.  Our  calculated  results  for  the  first  time  provide  an 
insight  into  its  complex  magnetic  properties,  The  following 
is  a  summary  of  our  results. 

(1)  In  the  compound  YFc2,  the  magnetic  moments  of  Fe 
atoms  order  ferromagnetically  and  cause  small  antiparallel 
moments  at  Y  sites.  Substitutions  of  Mn  atoms  on  Fe  sites' 
reduce  the  exchange  splitting  of  this  compound,  and  hence 
weaken  its  ferromagnetism. 

Cai  et  at. 


(2)  When  the  Fe  atom  has  one  Mn  atom  in  its  nearest 
neighbor  sites,  its  magnetic  moment  decreases  rapidly,  owing 
to  the  strong  hybridizations  between  the  minority-spin  'id 
bands  of  Fe  and  Mn,  while  the  Mn  momeni  is  0.7  l/t./^,  par¬ 
allel  to  the  Fe  moments,  which  is  in  fairly  good  agreement 
with  the  neutron-scattering  data  and  NMR  studies. 
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Effects  of  Ai  substitution  in  Nd2Fei7  studied  by  first-principles  calculations 

Ming-Zhu  Huang  and  W.  Y.  Ching 

Department  of  Physics,  University  of  Mis.soiiri-Kansas  City,  Kansas  City,  Missouri  (y4IIO 

Wc  have  studied  the  effect  of  Al  substitution  in  Nd3Fei7  compound  by  means  of  first-principles 
calculations.  We  first  obtain  tlic  site-decomposed  potentials  for  Fe  from  self-consistent  calculation 
on  YiFcp  and  the  atomiclike  potentials  in  the  crystalline  environment  for  Al  and  Nd.  Calculations 
are  carried  out  for  a  single  Al  substituting  one  Fe  at  four  different  Fe  sites  (be),  (9</),  (18/),  and 
(18/i),  two  Ai  substituting  two  Fe  (18/i),  and  four  Al  substituting  three  Fe  (18/i)  and  one  Fe 
(18/).  Our  results  show  that  the  Al  moment  is  oppositely  polarized  to  Fe.  The  average  moment  per 
Fe  atom  actually  increases  for  Al  substituting  Fe  (18/i)  and  Fe  (18/  )  is  about  the  same  for  Al 
substituting  Fe  (be),  and  is  drastically  reduced  when  replacing  Fe  (dr/).  Experimentally,  Al  is 
shown  to  be  excluded  from  the  (9t/)  sites  because  of  the  small  Wigner-Seitz  volume.  When  two  Fe 
atoms  are  replaced  by  two  Al  atoms,  the  total  moment  is  only  slightly  less  than  when  only  one  Fe 
atom  is  replaced,  and  the  per  Fe  site  actually  increases,  in  agreement  with  the  Mbssbauer  data. 

These  results  are  analyzed  in  terms  of  the  local  atomic  geometry  and  the  charge  transfer  effect  from 
the  neighboring  Fe  to  Al. 


Recently,  there  has  been  a  renewed  interest  in  studying 
the  substitutionai  effects  in  the  RiFe,,  intermetallic  com¬ 
pounds  (R  represents  a  rare-earth  eiement).  The  R2Fei7  com¬ 
pounds  in  the  rhombohedral  ThiZiip  structure  have  high 
magnetic  moments  and  are  easy  to  process.  However,  none 
of  the  binary  compounds  exhibit  uniaxial  anisotropy  at  room 
temjreraturc.  The  Curie  temperature  7'c  is  usually  low,  se¬ 
verely  limiting  their  use  as  permanent  magnets.  Researchers 
soon  discovered  that  interstitial  doping  by  nitrogen  and  car¬ 
bon  can  raise  T^:  substantially and  significantly  modify 
the  magnetocry stall inc  anisotropy  of  the  RaFe|7  compounds, 

in  the  search  for  bettor  and  cheaper  permanent  magnets, 
ciementa!  substitutions  have  also  been  explored  in  addition 
to  interstitial  doping,  since  it  may  also  lead  to  an  increase  in 
Fe-Fe  separation.  The  effects  of  elemental  substitutions  on 
the  magnetic  properties  of  R2Fei7  compounds  had  been  stud¬ 
ied  in  the  past.'’"'*  More  recently,  Weitzer,  Miebl,  and  RogI 
studied  the  magnetic  behavior  of  Al  and  Ga  substitution  in 
RjFei  /  comptmnds.'^  Yelori  ct  cil.  curried  out  the  neutron  dif¬ 
fraction  and  Mbssbauer  effect  studies  of  several 
NdiFe,-,  ,A1,  samples  'vith  .v  ranging  from  0.  to  9.4,''’  Li 
ct  al.  studied  the  structural  and  inagnctic  properties  of  the 
combined  effect  of  Al  suirstitution  and  N  doping."  These 
experiments  demonstrate  that  Al  has  a  preference  to  occupy 
the  Fe  ( 1 8/i)  sites  when  .v  is  small  and  is  excluded  from  the 
Fe  (hr/)  sites  at  all  concentrations.'*' The  saturation  moment 
and  the  7\-  have  a  strong  dependence  on  the  Al  concentra¬ 
tion,  Clearly,  it  is  of  fundamental  interest  to  carry  out  theo¬ 
retical  calculations  on  the  electronic  structure  and  magnetic 
properties  of  the  substituted  compounds,  and  to  trace  the 
quantum  mechanical  origin  of  the  improved  magnetic  prop¬ 
erties. 

In  this  report,  we  present  the  results  of  calculations  on 
the  electronic  structure,  local  magnetic  moment,  charge,  and 
spin  density  distribution  for  Nd2Fe|7  ,A1,  (.v  =  0,1, 2.4).  To 
our  knowledge,  there  is  not  yet  any  theoretical  calculation  on 
the  substitutional  compounds  of  RiFci,.  For  .v=l,  rephicc- 
ment  of  Fe  by  Al  at  each  of  the  four  Fe  sites  is  studied  even 
though  the  probability  of  Al  occupation  at  certain  Fe  sites  is 


almost  zero.  For  x=2,  wc  replace  two  Fe  ( 18/i)  in  the  unit 
cell  and  for  a  =4,  we  replace  three  Fe  (18//)  and  one  Fe 
(18/),  The.se  proposed  substitutional  configurations  are 
based  on  the  neutron  scattering  data"’  which  suggest  Fe 
(18//)  to  be  the  most  likely  site  for  Al  substitution,  followed 
by  the  Fe  (18/ )  site,  and  the  occupation  of  the  (18//)  site 
tends  to  saturate  at  about  half  of  the  fraction,  The  lattice 
constants  used  in  the  calculation  are  from  different 
sources,"’’'’'"’  and  are  listed  in  Table  1.  For  simplicity,  the 
experimental  value  for  .v  has  been  rounded  to  the  nearest 
integer.  The  calculated  results  are  then  correlated  to  the 
available  experimental  data. 

We  briefiy  outline  the  procedures  of  our  calculation.  We 
use  the  first-principles  orthogonalized  linear  combination  of 
the  atomic  orbitals  method  in  the  local  spin  density  approxi¬ 
mation  (LSDA).’**  d’ho  computational  details  of  this  method 
have  been  described  sufficiently  elsewhere.”  Since  Nd  con¬ 
tains  localized  4/  electrons  for  which  the  LSDA  may  not  be 
a  suitable  theory,  we  start  our  calculation  with  Y;Fe|7  and 
YiFcn  ,AI,  but  with  the  same  lattice  constants  as  for  the 
corresponding  Nd^Fciy  j.Al,.  systems.  We  next  obtain  the 
site-decomposed  Fe  and  Al  potentials  from  these  self- 
consistent  calculations,  Together  with  an  atomiclike  potential 
for  Nd  that  has  been  usetl  in  the  Nd2Fei7B  calculation,"’  we 
perform  a  scries  of  spin-poiarized  calculations  on 
Nd;Fc,7  v^l.v  Interactions  of  the  Nd-4/  orbitals  with  the 
neighboring  atoms  are  taken  into  account  with  three  of  the 
Nd-4/  elections  fixed  in  the  spin-up  configuration."'  Secular 
equations  arc  solved  for  both  spin  cases  at  1 1  special  k  points 
in  the  irreducible  portion  of  the  Brilluion  zone  to  obtain  the 
energy  eigenvalues  and  wave  functions.  Spin-orbit  couplings 
are  neglected,  l.ocal  spin  magnetic  moments  are  obtained 
from  the  wave  functions  and  the  overlap  integrals  using  the 
Mulliken  scheme.’^  In  principle,  for  solid  solutions  of  the 
type  Nd,Fe,7  ,A1, ,  a  supercell  calculation  with  sufficient 
statistical  average  over  various  possible  configurations  will 
be  most  desirable.  However,  such  calculations  will  need  a 
prohibitively  large  amount  of  computational  time.  For  that 
reason,  we  limit  our  calculations  to  the  original  rhombohe- 
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TABLE  I.  Calculated  site-decomposed  spin  moments  (/Ug)  in  Nd2Fci7_jAl, .  An  asterisk  indicates  the  site  is  a  nearest  neighbor  to  the  A1  atom. 


Y={) 

Ar=i 

A'=2 

A’=4 

Lalt.  Coni. 

a  (A) 

8.5782  (Ref.  12) 

8.612  (Refs.  10,12) 

8,6569  (Ref.  10) 

8.6882  (Ref.  13) 

e  (A) 

12.464 

12.511 

12,5782 

12.6589 

Atom  site 

(18/,) 

(18/) 

(6c) 

(94) 

2(18/,) 

3(18/,). (18/) 

1  Nd  (c) 

-0,43 

-0.35 

-0.41 

-0,45 

-0.50 

-0.28 

-0.16 

2Nd  (c) 

-0.41 

-0.41 

-0.45 

-0.50 

-0.33 

-0,29 

3Fe  (c) 

2.00 

2.21' 

2,04* 

1.83* 

1.70* 

2.38* 

2.52* 

4  Fe  (c) 

1.85 

2.04* 

1.71* 

1.75 

1.62* 

Al 

-0.32 

5  Fe  (d) 

1.55 

1.71* 

1.59* 

1.56* 

1.56 

1.70* 

1.85* 

6  Fe  (4) 

1.55 

1.66* 

1.60* 

1.57 

1.82* 

2.01* 

7Fc  (4) 

1.69* 

1.55 

1.55* 

1.84* 

1.79* 

Al 

-0.16 

8Fe  (/) 

1,94 

1.78 

1,96* 

1.93* 

1.54* 

2.06* 

2,24* 

9Fe  (/) 

2.16* 

2.01* 

1.95* 

1.54* 

2.42* 

2.37* 

10  Fe  (/ ) 

2.09* 

1.93 

1,94* 

1.59 

2.01* 

2,23* 

11  Fe  (/) 

2.06* 

1,89 

1,92* 

1.53* 

2.30* 

2,21* 

12  Fe  (/) 

2.15* 

1.91 

1.94* 

1.54* 

2.05* 

2.24* 

13  Fe  (/) 

1.79 

1,95* 

1.58 

2.00* 

Al 

-0.24 

-0.22 

14  Fe  (/i) 

1.89 

2.02* 

1.91* 

1.86* 

1.66 

2.23* 

2.22* 

15  Fe  (A) 

2.02* 

1.82 

1.79* 

1.72* 

1.94* 

2.14* 

16  Fe  (/i) 

1,90 

2,07* 

2.05* 

1.75* 

2,20* 

2,47* 

17  Fe  (h) 

1,71 

1,92* 

1.82 

1.65 

1.66 

18  Fe  (h) 

1.71 

1.86* 

1.81 

1.71* 

... 

19  Fe  (h) 

2.03 

2.04 

1.75* 

Al 

-0,27 

-0.28 

-0,26 

-0.25 

-0,26 

-0.23 

Total 

(excluding  Nd  4/ ) 

30.79 

29.36 

28.72 

28.32 

24.95 

29.18 

26.49 

Average 
'  Few, 

1,86 

1.90 

1.89 

1.85 

1.50 

2.02 

2.04 

dral  cell  containing  two  Nd  atoms  and  17  Fe  atoms  with 
some  of  them  substituted  by  A1  as  specified  above  Lattice 
relaxation  at  the  substituted  sites  is  not  considered,  and  all 
calculations  are  for  a  single  configuration.  Even  with  these 
limitations,  we  believe  our  results  are  meaningful  for  com¬ 
paring  the  effect  of  substitution  at  different  Fe  sites  and  with 
different  A1  concentrations. 

Table  I  lists  the  calculated  magnetic  moments  at  the  two 
Nd  and  the  17  Fe  (Al)  sites  for  Nd2Fei7_  ,AJ^ .  For  j:=0,  the 
moments  on  the  Fe  sites  of  the  same  symmetry  type  are  the 
same.  With  Al  substitution,  the  symmetry  is  lowered  and  the 
moments  at  all  sites  are  different.  To  better  understand  these 
results,  we  put  an  asterisk  on  the  moment  number  to  indicate 
that  this  particular  site  is  a  nearest  neighbor  (NN)  to  a  sub¬ 
stituted  Al  atom.  Oppositely  polarized  moments  arc  listed  as 
negative  numbers.  The  main  results  of  Table  1  can  be  sum¬ 
marized  as  follows.  (1)  The  moments  o-.i  the  Nd  and  Al  are 
oppositely  polarized.  (2)  For  a  single  Al  substitution,  the 
average  Fe  moments  are  1.90,  1.89,  1.65,  and  1.50  for  Al 
at  the  (18/i),  (18/  ),  (6t  ),  and  (9d)  site,  lespectivcly.  For 
x=0,  the  calcula'ed  average  Fe  numient  is  1.86  /zt,  .  The 


average  Fe  moment  becomes  particularly  low  when  the 
Fe(9r/)  is  substituted  by  Al,  Neutron  diffraction  data  show 
the  {9d)  site  is  excluded  from  Al  occupation.  (3)  For  those 
sites  which  are  NN  to  a  substituted  Al  (with  the  exception  of 
the  Al  at  the  9d  site),  the  moments  tend  to  increase  rela¬ 
tively,  showing  the  influence  of  the  Al  on  the  neighboring  Fe 
atoms.  Effective  charge  calculation  based  on  the  Mulliken 
scheme’^  shows  an  average  charge  transfer  of  the  order  of 
1.8  electrons  from  the  Fe  sites  to  the  Al.  (4)  Although  the 
total  moment  decreases  as  x  increases,  the  average  moment 
per  Fe  atom  actually  increases  with  x.  Yelon  et  a/.'”  found  an 
increase  in  the  occupation  fraction  at  the  (6c),  (18/ ),  and 
(18/i)  sites  with  an  increase  in  x  up  to  x  =  9.4.  The  fractional 
occupation  for  Fe  (18/i)  saturates  at  jc=4.  On  the  other 
hand,  *he  hyperfine  field  from  the  Mossbauer  spectra  reaches 
a  maximum  at  x~2,  and  then  decreases  with  increase  in  x. 

The  microscopic  origin  as  to  why  the  Fe  moment  is  in¬ 
creased  or  decreased  depending  on  the  specific  site  of  Al 
substitution  is  more  difficult  to  pin  down.  It  will  require  ex¬ 
tensive  analysis  of  local  local  geometry  and  interatomic  dis¬ 
tances  in  relation  to  the  electronic  structure.  The  extended 
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FIG.  t.  Calculated  charge  dcnaily  (left-hand  panel)  and  spin  density  (rig 
hand  panel)  for  NdjFcp  (upper  panel)  and  h'd2Fc„,Al|  (lower  panel).  'Vhe 
contour  lines  arc;  0.01,  0.02,  0.04,  0.(16,  O.OK,  0.10,  0.15,  0.20,  0.25,  0.30, 
0.40,  0.50  for  charge  densilv.  and  plus  or  minus  of  0.001,  0.002,  0.003, 
0.004,  (1.006,  0.008,  0.01,  0,015,  0.020,  0.030,  0.040,  0.050  for  the  spin 
density.  Negative  numbers  arc  indicated  by  dashed  contour.s. 


ENERGY(eV) 


nature  of  the  Ai-3i'  and  A\-3p  wave  functions  make  it  diffi¬ 
cult  to  explain  these  rather  complicated  results  based  on 
simple  arguments. 

To  further  understand  the  calculated  data  in  Table  I  and 
the  role  of  A1  atoms,  we  plot  in  Fig.  1,  the  charge  and  spin 
densities  for  Nd2Fe|,  and  Nd2Fe|(,A!|  with  A1  at  the  (18/i) 
site.  The  plane  of  Fig.  1  is  perpendicular  to  the  c  axis  which 
contains  the  Fe  (18/i)  atoms  with  the  Fe  (9d)  atoms  also 
very  close  to  it  and  no  Nd  atoms.  It  is  obvious  that  A1  sub¬ 
stitution  breaks  the  local  symmetry  in  the  charge  and  spin 
distribution.  The  nonspherical  and  the  negatively  polarized 
spin  density  at  the  A1  site  are  quite  obvious.  Similar  distri¬ 
bution  maps  on  other  planes  containing  other  Fe  and  A1  sites 
are  available  but  not  shown.  For  Al  substituting  Fe  (9</), 
charge-  and  spin-density  maps  reveal  a  much  stronger  inter¬ 
action  of  Al  with  the  nearby  Fe  atonns.  This  clearly  indicates 
that  the  9d  site  is  small,  hence  unfavorable  for  Al  occupa¬ 
tion,  in  agreement  with  the  conclusion  of  Ref.  10. 

Figure  2  shows  the  total  density  of  stales  (DOS)  for 
Nd2Fei7..  ,Alj  for  .v  =  0,  1,2,  and  4.  The  a  =  1  result  is  for  Al 
substituting  one  Fe  ( 1 8/i).  The  Fermi  energy  is  set  at  0.  The 
sharp  peak  near  £,'/.■  for  the  majority  spin  band  and  at  2.5  eV 
for  the  minority  spin  band  are  from  the  Nd-4/  states.  The 
height  of  the  Nd-4 /  peaks  decrea.se.s  as  the  Al  concentration 
increases.  The  width  of  the  occupied  band  is  about  7  eV  in 
all  cases,  but  the  total  areas  below  decrease  because  of 
reduced  electron  number  as  .v  increases.  Partial  DOS  (not 
shown)  indicates  that  Al-3p  .'itates  arc  in  the  -4.5  to  -4.7 
eV  range,  and  the  split  states  near  -9.5  eV  originate  from 
A1-3.V.  For  A  =  4,  Fig.  2(d)  shows  the  splitting  of  the  Nd-4/ 
peaks  and  additional  Al-3,v  slates  emerge  al  -8.5  eV.  This 
simply  reflects  the  fact  that  for  a  =4,  Al  replaces  Fe  atoms  at 


FIG.  2.  Calculated  total  DOS  for  (a)  Nd2Fci7l  (b)  NdjFC|(,AI|;  (c) 
NdiFcijAb;  (d)  Nd2Fc|jAl4.  Positive  values  correspond  to  the  majority  spin 
band  and  negative  values  corresponds  to  the  minority  spin  bund. 

two  different  sites,  (18/i)  and  (18/).  The  first-principles 
nature  of  the  calculation  accurately  reflects  the  complicated 
interatomic  interactions. 
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Magnetic  and  crystaifographic  order  in  tt^manganese 

A.  C.  Lawson,  Allen  C.  Larson,  M.  C.  Aronson,®'  S.  Johnson,'’'  Z.  Fisk,  P.  C,  Canfield,'’' 

J,  D.  Thompson,  and  R.  B.  Von  Dreele 

Los  Alamos  National  Laboratory,  Los  Alamos,  New  Mexico  87545 

We  have  made  time-of-fiight  neutron  diffraction  measurements  on  a-manganese  metal.  Powder 
diffraction  mea.suremcnts  were  made  at  14  temperatures  between  15  and  305  K,  and  single  crystal 
measurements  were  made  at  15  and  300  K.  We  found  that  the  crystal  structure  of  a-Mn  is  tetragonal 
below  its  Neel  point  of  100  K,  with  crystal  .symmetry  /42/h  and  magnetic  (Shubnikov)  symmetry 
f’/42iC.  In  agreement  with  the  earlier  results  of  Yamada  el  ai,  there  are  six  independent  magnetic 
atoms,  and  we  found  that  their  moments  are  weakly  temperature  dependent.  The  onset  of  magnetic 
order  cau.ses  slight  changes  in  the  atomic  positions  and  in  the  average  atomic  elastic  constant. 


I.  INTRODUCTION 

a-manganese  has  a  surprisingly  complex  cubic  crystal 
structure  with  58  atoms  per  body -centered  cell.'  The  com¬ 
plexity  is  surprising,  because  most  elements  have  simple 
structures.  In  the  case  of  Mn,  the  complexity  is  thought  to 
arise  from  an  instability  of  the  3J  electron  shell  that  giver: 
rise  to  the  formation  of  “self-intermetallic”  compounds.  In 
other  words,  elemental  Mn  is  actually  an  intcrnietallic  com¬ 
pound  between  Mn  atoms  in  different  electronic  configura¬ 
tions.  This  possibility  was  first  pointed  out  by  Bradley  and 
Thewlis.' 

a-Mn  becomes  antiferromagnetic  at  95  K.  Given  the 
crystal  structure,  the  magnetic  structure  is  necessarily  com¬ 
plex.  The  structure  was  solved  by  Yamada  et  al.}  who  used 
single  crystal  neutron  diffraction  data  and  first  principles 
magnetostructural  analysis  of  heroic  proportions.^'"*  We 
wished  to  examine  the  magnetic  ordering  in  more  detail  by 
obtaining  structural  data  at  a  large  number  of  temperatures. 
The  multitemperature  requirement  dictated  the  use  of  powder 
neutron  diffraction.  However,  we  found  that  information 
from  single  crystal  data  was  essential  to  the  complete  solu¬ 
tion  of  the  problem. 

II.  EXPERIMENTAL  METHOD 

a-Mn  was  prepared  by  heating  johnson-Matthey  grade  I 
electrolytic  Mn  in  a  turbomolecular  pumped  system  in  the 
;8-phase  region  until  outgassing  was  complete  and  then  cool¬ 
ing  slowly  through  the  c'-/J  transition.  The  material  was 
cooled  from  900  °C  to  755  “C  over  5  h,  from  755  “C  to 
655  °C  over  200  h,  and  finally  furnace  cooled  to  room  tem¬ 
perature.  Powder  was  prepared  by  grinding  the  resulting  ma¬ 
terial.  Small  single  crystals  were  cut  from  an  arc-melted  in¬ 
got  that  was  prepared  from  this  material  and  annealed  for  a 
long  time  below  the  a  -/3  transition.  Neutron  powder  diffrac¬ 
tion  data  were  taken  on  an  a-Mn  sample  at  14  temperatures 
between  15  and  305  K.  We  u.sed  the  high  intensity  powder 
diffractometer  (HIPD)  and  the  Manuel  Lujan,  Jr.  Neutron 
Scattering  Centci  (LAN.SCE)  at  the  Los  Alamos  National 
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Laboratory."’  We  also  obtained  single  crystal  diffraction  data 
at  15  and  300  K  on  the  single  crystal  diffractometer  (SCD)  at 
LANSCE.  Powder  data  were  analyzed  by  Rielveld  analysis 
using  the  general  structure  analysis  system  (GSAS).*’  This 
refinement  package  allows  for  the  refinement  of  magnetic 
reflections  arising  from  structures  that  can  be  described  by 
Shubnikov  groups.  Powder  data  from  six  detector  bands 
were  corefined  in  the  analysis.  Allowance  was  made  for 
0.90%  (vol)  of  MnO  that  was  present  in  the  powdei  and  for 
.some  weak  aluminum  lines  from  the  cryostat.  Single  crystal 
data  were  also  refined  using  GSAS.  In  this  case,  magnetic 
multidomain  effects  were  treated  as  a  twinning  problem. 

III.  RESULTS  AND  DISCUSSION 

Since  there  was  no  evidence  for  an  incommensurate 
structure,  our  approach  to  the  analysis  of  our  data  was  guided 
by  the  u.se  of  Shubnikov  groups.^'"  These  are  magnetic  space 
groups  that  are  supergroups  of  the  ordinary  crystallographic 
space  groups,  with  certain  symmetry  elements  replaced  by 
“anti”-elements.  The  anticlements  are  the  ordinary  transla¬ 
tions,  mirror  planes,  etc.,  familiar  from  crystallography,  ex¬ 
cept  that  the  spatial  .symmetry  openitor  is  augmented  by  a 
time-reversal  operator  that  reverses  the  microscopic  current 
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FIG.  2.  Magnetic  moments  vs  temperature  for  a-Mn. 


driving  the  magnetic  moment  of  the  atom  to  which  it  is  ap¬ 
plied.  In  this  way,  1651  magnetic  space  groups  can  be  ob¬ 
tained  from  the  original  230  ordinary  space  groups.  Only 
commensurate  magnetic  structures  are  described  by  the 
Shubnikov  groups. 

The  space  group  of  a-Mn  is  /43m.  The  neutron  diffrac¬ 
tion  data  indicate  a  body-anti-centered  lattice,  so  that  the 
Shubnikov  group  f’/43m,  or  one  of  its  subgroups,  is  indi¬ 
cated.  The  cubic  and  rhombohedrai  subgroups  did  not  work, 
and  we  found  that  the  best  fit  was  obtained  with  the  tetrag¬ 
onal  Shubnikov  group  P/42'm'=P/42c,  which  is  a  subgroup 
of  the  tetragonal  space  group  /42m .  This  is  equivalent  to  the 
magnetic  model  of  Yamada  et  at}  The  meaning  of  the  sym¬ 
bol  P/42'm  '  is  the  same  as  the  ordinary  space  group  symbol 
/42m,  except  that  (1)  the  ordinary  body-centering  operator  is 
replaced  by  an  operator  that  flips  the  spin  (reverses  the  cur¬ 
rent)  as  the  body  centering  is  applied;  (2)  the  mirror  planes 
are  replaced  by  operators  that  reverse  the  current  as  a  mag¬ 
netic  atom  is  reflected;  and  (3)  the  twofold  axes  are  replaced 
by  operators  that  flip  the  spin  (reverse  the  current)  as  the 
dyad  operation  is  applied  to  a  magnetic  atom.  (The  distinc¬ 
tion  between  spin  flipping  and  reversing  the  current  is  impor¬ 
tant  only  for  improper  symmetry  operators,  such  as  mirror 
planes.) 


TABLE  I.  Atomic  coordinates  for  a-Mn  at  305  K. 


1 

11 

Ill 

IV 

X 

0 

0,318  36(5) 

0.357  76(3) 

0.090  81(4) 

y 

" 

" 

Z 

If 

0,035  43(4) 

0.282  76(5) 

In  addition  to  the  group  P;42'm',  we  also  tried  fits  with 
/*/42m,  P/4'2m',  and  P,4'2'm.  (Of  these  four,  only  the  first 
does  not  exclude  a  magnetic  moment  on  site  I  by  symmetry.) 
The  models  with  P/42m  and  P/4'2m'  can  be  excluded  by 
the  single  crystal  data,  which  clearly  show  the  pre.sence  of 
(300),  (500),  etc.  magnetic  reflections,  in  agreement  with  Ya¬ 
mada  et  at}  This  is  indicative  of  the  presence  of  the  two-fold 
antiaxis  2'.  These  reflections  are  not  directly  observable  in 
the  powder  data  because  of  overlapping  allowed  reflections, 
so  that  powder  data  cannot  distinguish  between  2  and  2' . 

The  quality  of  the  powder  fits  for  P;42'm'  and  P/4'2m' 
is  very  similar,  so  that  single  crystal  data  was  essential  for 
making  this  distinction.  However,  the  use  of  powder  data  is 
the  only  practical  way  of  making  observations  at  a  large 
number  of  temperatures  in  a  reasonable  amount  of  time.  The 
combination  of  both  types  of  experiment  was  necessary  in 
this  case. 

Since  the  magnetic  structure  of  a-Mn  is  tetragonal,  a 
tetragonal  nuclear  (or  chemical)  structure  is  implied,  This 
structure  was  found  by  Rictveld  refinement.  The  space  group 
is  /42/n,  and  there  are  six  unique  atoms  in  the  tetragonal  unit 
cell.  Above  the  Neel  point,  the  structure  is  cubic  with  four 
unique  atoms  in  the  cell.  There  are  58  atoms  per  unit  cell  in 
each  case. 

Figure  1  shows  the  lattice  constants  of  a-Mn  plotted 
versus  temperature.  We  emphasize  that  no  tetragonal  split¬ 
ting  of  the  diffraction  lines  was  obsciwed  directly;  rather,  the 
metric  tetragonality  was  found  by  testing  the  powder  data 
with  Rietveld  refinement.  Simultaneous  refinements  of  the 
strain  broadening  were  well  behaved,  and  sensible  atomic 
positions  were  found,  so  we  have  some  confidence  in  this 
result.  The  average  of  the  tetragonal  lattice  constants  agree 
with  previous  diffraction  measurements  for  which  the  low- 
temperature  structure  was  taken  to  be  cubic.^'*” 

The  magnetic  moments  are  plotted  versus  temperature  in 
Fig,  2.  These  were  obtained  from  the  powder  refinements 
using  the  form  factors  for  the  state  of  neutral  Mn 

determined  by  Freeman  and  Watson."  Thus,  we  did  not  al¬ 
low  for  a  variation  of  the  form  factor  among  the  atoms,  as 


TABLE  11.  Atomic  coordinates  and  magnetic  moments  {fig)  for  a-Mn  at  15  K. 


1 

11 

III-l 

111-2 

IV- 1 

IV-2 

X 

0 

0.3192(2) 

0.3621(1) 

0.3533(2) 

0,0921(2) 

0.0895(2) 

y 

" 

" 

II 

0.0333(1) 

" 

0.2850(1) 

Z 

0.3173(3) 

0,0408(2) 

0.3559(2) 

0.2790(3) 

0.0894(2) 

m. 

0 

0.14(12) 

0.43(8) 

-0.25(10) 

0.27(8) 

-0.08(4) 

nxy 

" 

" 

" 

-0.25(10) 

-  0.45(8) 

m. 

2.83(13) 

1.82(06) 

0.43(8) 

-0.32(4) 

-0.45(8) 

0.48(5) 
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FIG.  3.  Positional  parameters  for  or-Mn.  ITie  error  bars  arc  smaller  than  the 
plotted  points. 
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did  Yamada  et  al}  The  moments  we  found  are  somewhat 
different  from  theirs,  but  the  significant  qualitative  feature  of 
groups  of  large  and  small  moments  is  retained.  The  large 
moments  on  atoms  1  and  II  are  somewhat  temperature  depen¬ 
dent,  and  the  smaller  moments  on  the  remaining  atoms  are 
not. 

The  atomic  positions  also  show  the  effects  of  magnetic 
ordering.  Below  the  Neel  temperature,  the  original  four  crys¬ 
tallographic  sites  of  the  cubic  structure  (Table  I)  split  into  the 
six  sites  of  the  tetragonal  structure  (Table  II).  The  atomic 
positions  obtained  from  the  powder  refinements  are  plotted 
versus  temperature  in  Fig.  3,  A  diagram  of  the  magnetic 
structure  is  given  in  the  compilation  by  Wijn.‘2  The  Carte¬ 
sian  components  of  the  magnetic  moments  at  15  K  are  given 
in  Table  II. 

Magnetic  ordering  in  a-Mn  causes  a  stiffening  of  the 
lattice.  Figure  4  shows  the  average  mean-square  thermal  dis¬ 
placement,  (m^),  plotted  versus  temperature.  The  (u^)  is  ob¬ 
tained  from  the  Debye-Waller  factors  from  the  Rietveld 
analysis  of  the  powder  data;  it  is  averaged  over  atomic  sites 
and  direction. We  have  made  .separate  fits  above  and  be¬ 
low  the  Neel  temperature  to  the  (u^)  versus  temperature  data 
with  a  .simple  Debye  model.  The  increase  in  ob.servcd 
at  the  Neel  point  (from  438  to  536  K)  is  quite  large. 
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fenuuiciKC.  cocreivitv.  and  coercive  squareness  sensitively  depend  on  microstiuctural  teatures. 
Inlcrputiclc  cschanttc  interactions  enhance  the  remanence  by  about  btKr  with  rcsiK'ct  to 
ruMiinieiactinit  paitRlcs  Im  a  mcaii  >>iain  sue  approaching  the  exchange  length  ol  the  solt  magnetic 
phase  and  a  signilkani  percentage  ot  (i  l  c  On  the  other  hand,  exchange  interactions  between  the 
phases  suppress  the  nucleation  of  reversed  domains  and  thus  preserve  a  high  coercive  field. 
Ihfiflore.  (sptimallv  structuitd.  isotropic  composite  magnets  show  remarkably  high  energy 
products  excetding  4I1I1  U  ni' 


I.  turmooixmoN 

(  otnprKttc  materials  ol  magnetically  hard  and  soft  pur- 
iiclev  are  excellent  candidates  tor  high  performance  perma¬ 
nent  magnets  In  errmposite  permanent  magnets  soft  mag¬ 
netic  grams  cause  a  high  magiicti/aiion  and  hard  magnetic 
grams  induce  a  large  cocrciviiy  provided  that  the  particles 
arc  '.mall  and  strongly  exchange  coupled.  Owing  to  rema- 
nerwe  enhanccmcnl.  naiiostructurcd.  composite  magnets  are 
expecied  to  improve  the  maximum  energy  product  of  perma¬ 
nent  magnets  dramatically.'  (  ochiKirn,  Mouij,  and  Waard^ 
found  a  considerably  increased  remanence  in  melt-spun  Nd- 
Fc-B  magnets  of  nominal  composition  containing  a  substan¬ 
tial  fraction  of  soft  magnetic  I  grains.  Recently,  Ding, 
McC  ormick,  and  Street'  reported  a  maximum  energy  product 
of  nvxe  than  (/!//)„,,  2(M)  kJ/m'  in  mechanically  alloyed, 
ivMiopic  Sm-Fcy, -nitride  powders  where  exchange  interac¬ 
tions  between  a  soft  magnetic  u-Fe  and  a  hard  magnetic 
Sm.Fc|.N,  phase  cause  a  significant  enhancement  of  the  re- 
manciKc  A  siniilar  lichavior  was  found  in  composite  mag¬ 
nets  ol  Ndd’C|,H  and  ri-Fe  produced  by  rapid 
wduiifkation  ‘  Ilic  maximum  jxissiblc  energy  product  is  an 
mtfinsu.  quaniitv  [HU  depending  only  on  the 

spooiancous  magneiii  polari/ation  7,  In  order  to  reach  this 
ihcorctKal  masimuni.  it  is  lequired  that  the  magnet  main- 
lams  viiuiaicd  until  the  opfxtsmg  fiebl  reaches  the  value 
■  I  2hV.  fj,  I  In  ical  magnets  the  temanent  pilari/atioii 
ratbet  that,  the  qx'nlanrtius  magiu-iie  |M)lati/ation  will  delei- 


mine  the  maximum  energy  product,  Within  the 

framework  of  the  Stoncr-Wohlfarth  theory,"  which  assumes 
noninteracting  single  domain  particles,  the  remanent  mag¬ 
netic  polarization  is  given  by 

Jr=J,{cos  #),  (I) 

where  B  is  the  angle  between  the  saturation  direction  and  the 
easy  axes  and  (  )  denotes  an  ensemble  average.  According  to 
(I)  JJJs  is  0.5  for  an  assembly  of  noninteracting  and  ran¬ 
domly  oriented  particles,  whereas  is  2/7r=0.637  for 
microstructures  with  in-plane  random  texture. 

A  theoretical  treatment  of  remanence  enhancement  must 
take  into  account  interactions  of  the  grains.  Using  a  one¬ 
dimensional  micromagnetic  model,  Kneller  and  Hawig"^  esti¬ 
mated  the  optimum  microstructure  of  composite  magnets  to 
consist  of  hard  grains  embedded  in  a  magnetically  soft  ma¬ 
trix  with  the  lateral  dimensions  of  both  phases  about  equal  to 
the  domain  wall  width  of  the  hard  magnetic  phase. 
Gronefeld"’  numerically  calculated  the  remanence  of  com¬ 
posite  magnets,  solving  Poisson’s  equation  for  the  magneti¬ 
zation  distribution  on  a  lattice  of  magnetically  hard  and  soft 
moments.  The  results  show  that  almost  all  the  magnetic  mo¬ 
ments  of  the  soft  magnetic  phase  become  aligned  parallel  to 
the  salutation  direction,  which  corresponds  to  the  average 
direction  of  the  easy  axes  of  the  neighboring  hard  magnetic 
grains.  Nicber  el  al."  and  Skomski  et  aO  explicitly  derived 
the  magnetic  properties  of  multilayers  being  composed  of 
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magnetically  soft  and  hard  layers.  This  article  gives  a  quan¬ 
titative  treatment  of  the  correlation  between  the  microstruc¬ 
ture  and  the  magnetic  projicrties  of  isotropic,  rare-earth 
based  composite  magnets.  In  order  to  describe  magnetization 
prrK.’es,ses  of  realistic  microstructures,  the  classical  Stoner- 
Wohifarth  theory**  has  been  extended  to  nonellipsoidal  and 
interacting  particles  using  a  finite  element  technique. 

Section  11  ot  this  article  introduces  the  nticromagnetic 
concepts  and  the  computational  ntethods  of  the  simulation 
model.  Section  III  describes  the  two-  and  three-dimensional 
grain  structures  us«;d  for  the  calculations.  Seciton  !V  presents 
the  basic  magnetic  properties  ot  nanocrystalline.  coin|rosite 
magnets.  Section  V  compares  the  demagnetization  curves 
olUained  lot  com(>osne  materials  ot  Nd-leuM,  StnCo^. 
Sm;(l  i’,|  K.Coii  ,),-N ; ,  and  a-I-e  particles 

II.  MCROMAGNETIC  AND  COMPUTATIONAL 
BACKGROUND 

Minimizing  the  total  magnetic  (iibb  s  tree  energy  with 
respect  to  the  magnetic  |Hilarization  J, .  subject  to  the  con¬ 
straint  that  U,{  IS  constant,  yields  a  stable  equilibrium  stale  of 
a  magnetic  structure.  It  one  neglects  niagneloelaslic  and  sur¬ 
face  anisotropy  effects,  the  magnetic  (iibb's  free  eiiergs  </',  of 
a  ferromagnetic  s^recimeti  in  an  applied  magnetic  field  is  the 
sum  of  the  exchange  energy,  the  inagn.iocrysialline  anisoi- 
lopy  energy,  the  stray  field  energy,  and  the  rnagnelosialic 
energy  of  the  J,  in  an  external  field  uniaxial 

magnetic  materials,  where  the  direction  of  J,  may  Ik  de¬ 
scribed  by  the  angle  rr  betw’eeii  J,  and  the  easy  axis.  </*,  is 
given  by" 

j  {/![( V  if )'  4  ( Vip)-’  sin*  i‘>  I  t  K|  sin*  <r 

+  X2  sin'*  a-  \  J,  H,r  <2» 

where  K2  are  the  anisotropy  constants,  and  A  is  the 
exchange  constant.  Using  the  polar  angle  and  the  azimuth 
angle  ff  to  represent  J, .  automatically  fulfills  the  nonlinear 
constraint,  lJ,|==Jv,  during  minimization.  All  energy  terms 
but  the  stray  field  energy,  (/>,  =  - if  J,  H, /</'/.  depend  only 
locally  on  the  magnetic  polarization  J, ,  The  demagnetizing 
field  Hj  follows  from  magnetic  volume  charges,  V  J, , 
within  the  grains  and  magnetic  surface  charges,  J,  'n  (n  de¬ 
notes  the  surface  normal)  at  the  grain  boundaries.  Owing  to 
these  long-range  contributions  of  J,  to  H,/ ,  the  direct  evalu¬ 
ation  of  the  total  magnetic  Gibb’s  free  energy  requires  both 
large  memory  and  long  computation  time.  Introducing  a 
magnetic  vector  potential  to  treat  the  demagnetizing  field 
eliminates  long-range  interactions  from  the  total  Gibb’s  free 
energy."''*’  Brown"’  showed  that  llie  stray  field  energy  </\ 
due  to  J,.(r)  ^'an  be  approximated  by  an  upper  bound,  given 
by 

\  !VXA-J,)W,  (.1) 

where  A  is  an  arbitrary  continuous  vector  whose  derivatives 
are  also  continuous  everywhere.  The  functional  W  if  mini¬ 
mized  with  respect  to  A,  makes  A  equal  to  the  magnetic 
vector  potential  VxA  =  /u„H,,+J, .  IV  itself  reduces  to  the 


ll(>  i  At  ilu-  vuii.uk  .Hul  lit  the  iiiictiiti  Ihv  yubu.  lUtKicl  in;i;incl 

iffi’iltil.iils  Hha|Vxi  plains 

stray -fielil  eiicigy  Keplacmg  the  stray-field  energy  in  Lq. 
(2)  by  b'|J,.A|  leads  to  an  auxiliary  functional  whose  local 
iiiiniiiui  are  in  one-to-one  corres|>ondence  to  those  of  the  to¬ 
tal  Gibb's  tree  energy  I  redkin  and  Koehler'  originally 
applied  a  magnetii  vector  |)olemial  in  micromagnetic  finite 
element  calculations,  in  order  to  investigate  magnetization 
processc's  in  irregular  sha(Hd  p.n  tides 

I  he  linear  interpolation  ol  the  magnetization  angles  and 
of  the  magnetic  vector  |>oieniial  on  triangular  or  letrahedral 
elements  gives  an  algebraic  optimization  problem.  Since  the 
magnetic  polarization  J,  and  the  magnetic  vector  (xitential  A 
arc  two  independent  variables,  the  minimization  can  be  |H.'r- 
formed  simultaneously  with  re.s|H'ct  to  J,  and  A.  Thus  con¬ 
vergence  difficulties  ol  iterative  techniques,  which  alternate 
between  solving  for  a  magnetic  scalar  |>oteniial  for  fixed 
magnetization  and  minimizing  the  total  energy  for  fixed  de¬ 
magnetizing  field,  can  he  avoided.  Among  standard  numeri¬ 
cal  nvnimization  techniques,  a  preconditioned  quasi-Newton 
conjugate  gradient  method'**  proved  to  be  most  efficient  for 
minimizing  the  total  (iibb's  free  energy  of  magnetic  micro¬ 
structures.  The  functional  lV|J,,Al  is  an  integral  not  only 
over  the  magtietic  particle  but  over  the  whole  space.  In  prin¬ 
ciple,  the  finite  element  mesh  has  to  be  extended  over  a  large 
region  outside  the  particle.  Applying  spatial  transformations 
to  evaluate  the  integral  reduces  the  size  of  the  external  mesh 
and  provides  an  accurate  approximation  of  the  stray-field 

I'l  ill 

energy. 

III.  MAGNETIC  MICROSTRUCTURES 

Modeling  of  grain  growth  yields  realistic  two-  or  three- 
dimensional  microstructures.  Starting  frotn  randomly  located 
seed  points,  grains  grow  with  constant  growth  velocity  in 
each  direction,*' 

Figure  1  shows  a  cut  through  a  cubii'  model  magnet 
consisting  of  b4  irregularly  shaped  particles.  Figure  2  gives 
the  distribution  of  the  grain  diameters.  In  order  to  describe 
composite  magnets,  material  parameters  of  magnetically 
hard  and  soft  phases  are  assigned  to  each  grain.  Beginning 
with  the  smallest  grains,  a  fraction  of  the  particles  are  con¬ 
sidered  to  be  magnetically  soft.  Thus  the  mean  grain  size  of 
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MU.  2.  Grain  si/.c  distrihutinn  of  the  thrcc-dimcivsionul  microstruclurv.  The 
grain  diameter  is  dellned  by  ibe  diameter  of  a  sphere  with  equal  volume. 


Ihc  soft  magnetic  particles  becomes  smaller  than  that  of  the 
hard  magnetic  grains  which  has  been  been  found  in  rapidly 
solidified,  Nd-Fe-B  based  comprisite  magnets.'  The  ran¬ 
domly  oriented  particles  have  direct  contact  and  are  coupled 
by  short-range  exchange  and  long-range  magnetostatic  inter¬ 
actions. 

The  basic  magnetic  properties  of  isotropic,  ctimposite 
magnets  have  been  calculated  for  three-dimensional  micro¬ 
structures.  However,  the  computational  effort  is  much 
smaller  in  two-dimensional  calculations  where  the  magneti¬ 
zation  is  constrained  in  a  plane  and  taken  to  be  uniform  in  a 
direction  perpendicular  to  this  plane.  The  two-dimensional 
approximation  of  naturally  three-dimensional  magnetization 
processes  docs  not  severely  influence  the  magnetic 
properties.'"  Thus,  the  comparison  of  the  magnetic  properties 
of  various  rare-earth-based  composite  magnets  has  been  per¬ 
formed  using  two  dimensional  microsiructures.  The  two- 
dimensional  grain  structure  consists  of  .^0  grains  with  nearly 
hexagonal  shape.  Table  I  gives  the  intrinsic  magnetic  prop¬ 
erties  of  the  different  materials  used  for  the  calculations. 

IV.  BASIC  MAGNETIC  PROPERTIES  OF  ISOTROPIC. 
COMPOSITE  MAGNETS 

Figure  ?i  shows  the  demagnetization  curves  of  a 
Nd^Fe|4B  and  rr-Fe  magnet  for  increasing  percentage  of  soft 
magnetic  phases.  The  solid  and  the  dashed  line  carrresponds 
to  the  demagnetization  curves  for  a  mean  grain  size  ()f  10 


H.,  (2K,/JJ 
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I'lU.  .1.  Dcniugnelizution  curvv»  of  isottopic,  Nd.FuijH-buscd,  comp<'sitc 
magnets  containing  12';.  40'7(,  and  <>5'X  o  lx.  The  different  curves  refer  to 
III  mn  (solid  line!  and  21)  nm  (dashed  line)  mean  grain  si/e. 


and  20  nm,  respectively.  For  the  calculations,  the  material 
parameters  of  Nd.FeijB  and  a-Fe  at  room  temperature  have 
been  used.  The  numerical  results  clearly  show  that  the  mag¬ 
netic  properties  of  nanocrystalline.  comfHisite  magnets  dras¬ 
tically  changes  with  the  amount  of  rr-Fe  and  with  the  average- 
grain  size. 

Figure  4  gives  the  remanence,  the  coercive  field,  and  the 
maximum  energy  product  of  NdiFc-i^FTbased  composite 
magnets  as  a  function  of  the  amount  of  a-Fe  for  a  mean 
grain  size  of  10  and  20  nm.  The  remarkably  high  remanence 
of  nunocrystalline  composite  magnets  has  to  be  attributed  to 
(1)  the  increased  sprintaneous  magnetization  of  the  soft  mag¬ 
netic  phase  and  (2)  remanence  enhancement  owing  to  inter¬ 
particle  exchange  interactions.  Figure  4  crimpares  both  con- 


TAIil.l:  1.  Intrinsic  nnignctic  puipcriics  al  /'  .VNI  K  ol  hard  and  soft  magiu-Uc  niatcnals  used  lor  the  culcula- 
lions. ./,  .  A'|.  X'.,  A.  and  /,  denotes  the  spontaneous  niagiicli/ation.  the  ti'si  and  second  anisotropy  constants, 
the  exchange  constant,  and  the  (  uric  lemperalurc.  respectively. 
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FIG.  4.  Maximum  energy  produet.  remanenee.  and  coercive  tieid  in  ituiirti- 
pie,  NdjFcuB-based,  ctimpnsilc  magnets  as  a  funetkm  of  the  volume  frac¬ 
tion  of  tt-Fe.  'fhe  different  curves  refer  to  10  nm  (solid  line)  and  30  nm 
(dashed  line)  mean  grain  size.  Ihc  dotted  line  gives  the  remanenee  of  the 
samples  according  to  the  Stonei-Wohlfarth  theory 

IributionK  to  the  remanenee,  According  to  the  Stoner- 
Wohifarth  theory,"  an  isotropic  Ndsl'e^H  magnet  has  a 
remanenee  of  7,=J,/2—0.8  T.  The  dotted  line  gives  the  re- 
mancnce  of  the  composite  material  assuming  noninteracting 
particles.  The  remanenee  increases  linearly  with  the  pcrcenl- 
age  of  <»-Fe.  The  difference  between  the  numerical  results 
and  the  Stoner- Wohlfarth  theory  has  to  be  entirely  attributed 
to  intergrain  exchange  interactions.  In  natUK'rystalline  mate¬ 
rials  exchange  interactions  align  the  magnetic  moments  par¬ 
allel  to  the  saturation  direction  and  Ihus  considerably  in¬ 
crease  the  remanenee.  In  soft  magnetic  particles  exchange 
interactions  override  competitive  micromagnetie  effects  to  a 
greater  extent  than  in  hard  magnetic  grains.  Therefore,  rema- 
nence  enhancement  due  to  interpartiele  interactions  increases 
with  increasing  amount  of  o-l  e. 

I1ic  spin  arrangements  for  zero  applied  field,  given  in 
Fig.  5  for  a  eomixfsite  magnet  of  bO'Jf  Nd;F'ei4H  and  AiV'i 
a-Fe.  demonstrate  the  cflect  of  the  panicle  size.  Fot  a  mean 
grain  sict  of  10  nm  the  exchange  length  of  o-Fe.  /j, 
=  7r\/A/(J“/Mi)).  approaches  the  particle  diamcler.  Thus,  al¬ 
most  all  Ihc  magnetic  moments  of  the  soft  magnetic  phase 
arc  aligned  parallel  to  the  saturation  direction.  Ifie  ratio  ot 
Ihc  remanent  to  saturation  polarization  shows  a  renunkubly 
high  value  of  J,/y,=t).7f.  For  a  mean  grain  size  of  40  nm. 
stray  field  effects  determine  the  direction  ('f  J,  within  the  sot; 


D  -  10  nm 


D  =  40  mil 


FIG.  s  Spin  iitiiinucnK’nls  lot  /I’ln  npplied  licM  .i!  die  suilaee  iiml  in  die 
iniciioi  111  a  conipiiMte  iiuaiiel  iil  Wi'l  Nd.lfijH  and  40''i  ii-le  lot  II)  and 
40  nni  mean  pram  M/e  Oie  imiwv  widi  the  eloM-d  lieaiU  denote  the  map- 
iielk  momeno  wil))in  hatd  niapneiie  eoini'-.  die  arrows  w  itli  die  o|k'|i  heads 
denote  the  nia^iielis  iiioiiienis  witliiii  soil  iiiiipiietK  itiaiiis 


magnetic  phase.  F.xehange  inicruetioiis  intiuenee  tin;  inugne- 
lization  of  the  soft  magnetic  particles  only  near  the  interface 
between  hard  and  s<*fl  magnetic  phases.  The  ratio  of  the  rem¬ 
anent  to  saturation  jHilarization  reaches  only  O.bb. 

The  eoereive  held  decreases  with  increasing  amount  of 
rt-Fe.  Nevertheless,  exchange  interactions  between  the  hard 
and  soft  magnetic  phases  preserve  a  high  coercive  held.  As  a 
conset)uence  ihe  inaximum  energy  product  resembles  the  be¬ 
havior  ot  the  remanenee.  For  a  mean  grain  size  ol  It)  nm  and 
more  than  .SO'f  rr-F'e  content,  isotropic  Nd.FtijH-based  com- 
|x»stle  magnets  show  maximum  energy  products  exceeding 
4(!0  kJ/m*.  The  self-dcmagneti/ing  held  deteriorates  the  co¬ 
ercive  squareness  owing  !o  reveisifiie  rotations  or  magneti¬ 
zation  reversal  within  large  soft  magnetic  regions,  riius,  the 
iiicrease  of  (/<//), „j,  vvith  the  ineicasing  percentage  of  o-F'e 
is  less  stgnilicatit  lot  a  grain  si/e  of  20  tun. 
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I'ICi.  h.  Maximum  cikt)!)'  priKlucl.  rcnium.'nci.'.  and  coercive  field  as  a  futtc- 
(ioi\  of  the  mean  grain  si/c  for  n  roriipositc  magnet  consisdng  of  Mie}. 
Nd2l''C|4U  and  40%  o-l'e.  The  dolled  line  gives  the  remuiieiice  of  the 
samples  according  to  the  Stoner-  W(vhlfurth  theory. 


Figure  6  shows  the  rcmanciKc.  the  coercive  field,  and 
the  maximum  energy  product  as  a  function  of  the  mean  grain 
size  for  a  composite  magiiet  of  M%  NdiFcijH  and  40% 
rr-Fe.  Remuiience  and  coercivity  decrease  with  increasing 
grain  size.  In  nantK'ryslalline.  composite  magnets  two  com¬ 
petitive  effects  determine  the  size  dependence  of  coercivity: 
(1)  Magnetic  inhomogeneities  owing  to  sh' rt-rangc  ex¬ 
change  interactions  between  hard  magnetic  y  ms  favor  the 
iiucleation  of  reversed  domains.  Ute  nucleation  field  of  hard 
magnetic  grains  coupled  by  short-range  exchange  interac¬ 
tions  decreases  with  decreasing  grain  size."  (2)  F.xchangc 
interactions  between  the  different  phases,  suppress  the  nucle- 
ation  of  reversed  domains  within  the  soft  magnetic  particles 
The  nucleation  field  of  a  soft  magnetic  grain  embedded 
within  a  hard  magnetic  phase  decreases  with  increasing 
grains  size,"’'  lire  nucleation  of  reversed  domains  within 
the  soft  magnetic  particles  may  cause  magnetization  icvcrsal 
in  neighboring  hard  magnetic  grains,  depending  on  the  dis¬ 
tribution  of  magnetically  hard  and  soft  phases,  on  the  shape 
of  the  grains,  and  on  the  orientation  of  the  easy  axes  If  the 
reversal  of  the  soft  magnetic  particles  initiates  a  cascade-type 
demagnetization  process,  the  coercive  field  will  be  deter¬ 
mined  by  Itic  nucleation  field  of  the  soft  magnetic  particles 
and  thus  will  decrease  with  increasing  grain  si/e 
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i'lC  7.  Di'm»(tni.'li2ati()n  curves  of  isolropiv,  taru-curth-bastal  compositi! 
magnets  containing  Ht)%  NdjI'Ci^U.  ut  SmCu^,  and 

2t)%  n-l'c  for  an  average  grain  diameter  ol  III  nm  [solid  line),  20  nm 
(da.shcd  line),  and  40  nm  (dotted  line). 


V.  COMPARISON  OF  ISOTROPIC 

RARE  EARTH-BASED  COMPOSITE  MAGNETS 

Owing  to  a  remarkably  high  magneUK'rystallinc  anisot¬ 
ropy.  novel  nitrided  intermctallic  compounds  have  a  large 
potential  for  composite  permanent  magnets.  Tlie  demagneti- 
ziiiurn  curves  of  Fig.  7  characterize  the  magnetic  properties 
of  novel,  isotropic  rare-earth-based  composite  magnets.  Fig¬ 
ure  7  ctrmpares  the  demagnetization  curves  for  an  average 
grain  diameter  of  10,  20,  and  40  inn,  obtained  fur  composite 
magnets  of  K0%  NdjI-ejaH,  Sm.iFenKC'Od  .IpN, ‘’f  SmCo,. 
and  20%  a-Fe.  The  results  clearly  show  that  the  coercive 
squareness  decreases  with  increasing  grain  size  fur  all  mate¬ 
rials.  The  demugneti/alioii  curves  show  a  dip  ut  the  nucle¬ 
ation  field  of  the  soft  magnetic  phase  The  comparison  of  the 
demagnetization  curves  for  a  mean  grain  size  of  III  nm 
clearly  shows  that  the  nucleation  field  of  the  soft  magnetic 
phase  increases  with  increasing  magnetocryslalline  anisot¬ 
ropy  of  the  hard  magnetic  phase.  F.xchange  hardening  be¬ 
comes  less  effective  with  increasing  grain  size.  Conse¬ 
quently.  for  a  mean  grain  size  of  40  nm,  the  nucleation  field 
of  the  soft  magnetic  phase  approaches  nearly  the  same  value 
for  all  coni|H)sile  materials.  Nevertheless,  the  coercive  field 
and  the  shape  of  the  demagncli/ution  curves  differ  drastically 
for  the  different  materials.  In  Nd.Fci^H-based  magnets  the 
nucleation  of  reversed  domains  within  the  soft  magnetic 
phase  initiates  a  cascade-lype  demagnetizutioii  of  tieighbor- 
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FIG.  8.  Maximum  energy  product  rare-earth-based  composite  magnets  con¬ 
taining  20%  u-Fc  as  a  function  of  the  mean  grain  size. 


ing  hard  magnetic  particles  at  a  slightly  increased  external 
field.  In  composite  magnets  based  on  nitrided  inicrmetallic 
compounds  or  SmCo;,  the  elevated  magnetocrysialline  an¬ 
isotropy  of  the  hard  magnetic  phase  preserves  a  high  coer¬ 
cive  field  despite  the  reversal  of  the  soft  magnetic  particles. 
However,  the  nucleution  of  reversed  domains  within  the  soft 
magnetic  phase  deteriorates  the  shape  of  the  demagnetization 
curves. 

Figure  8  compares  the  maximum  energy  product  us  a 
function  of  the  grain  size  for  composite  magnets  of  80%  hard 
magnetic  phase  and  20%  a-Pe.  All  materials  but  SmCo^ 
show  an  energy  product  of  about  3(K)  kJ/m^  for  a  mean  grain 
size  0  =  20  nm.  Because  of  a  high  coercive  field, 
SmjiFCdxCoo^InNjK'based  comptisitc  magnets  will  show  a 
better  tcm()craturc  stability  and  thus  arc  superior  (o 
Nd2Fe,4B-baw!d  magnets 

VI.  CONCLUSIONS 

Numerical  micromagnetie  calculations  reveal  the  micro- 
structural  and  micromagnetie  conditions  required  for  high 
remanent  and  high  ctKreivc  composite  magnets.  I'lte  excel¬ 
lent  hard  magnetic  properties  of  optimally  structured  com¬ 


posite  magnets  have  to  be  attributed  to  intergrain  exchange 
interactions.  (1)  Exchange  interactions  enhance  the  rema- 
nence  by  more  than  40%  as  compared  to  the  remanence  of 
noninteracting  particles.  (2)  Exchange  hardening  of  the  soft 
magnetic  particles  preserves  a  sufficiently  high  coercive 
field.  The  numerical  studies  show  that  remanence  enhance¬ 
ment  and  exchange  hardening  are  most  effective  for  an  av¬ 
erage  grain  size  comparable  with  the  exchange  length  of  the 
soft  magnetic  phase  and  a  significantly  high  amount  of  soft 
magnetic  particles. 
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Aligned  two>phase  magnets:  Permanent  magnetism  of  the  future?  (invited) 

R.  Skomski 

Department  of  Pure  and  Applied  Physics,  Trinity  College,  Dublin  2,  Ireland 

Micromagnetic  calculations  are  used  to  investigate  coercivity  and  energy  products  of  magnets 
consisting  of  an  aligned  hard-magnetic  skeleton  phase  and  a  soft-magnetic  phase  with  high 
saturation  magnetization.  Compared  to  the  present-day  theoretical  limit  of  516  kJ/m'^  for 
single-phase  Nd2Fei4B,  the  energy  product  in  suitable  nanostructured  Sm2Fe|7NVFe(,.<iCo35 
composites  is  predicted  to  be  as  high  as  1090  kJ/m'’.  The  influence  of  the  skeleton’s  texture  and 
shape  is  discussed,  and  aligned  nanocrystallinc  two-phase  magnets  are  compared  with 
remanence-enhanced  isotropic  magnets.  In  particular,  it  is  shown  how  the  nucleation-ba.sed 
analytical  approach  breaks  down  in  the  isotropic  limit.  Finally,  we  outline  conceivable  processing 
methods  and  discuss  potential  applications  of  “megajoule”  magnets. 


I.  INTRODUCTION 

A  key  figure  of  merit  of  permanent  magnetic  materials  is 
the  energy  product  which  describes  the  ability  to 

store  magnetostatic  energy.  Energy  product  increases  with 
coercivity  //,.  and  remanence  M ^  but  can  never  exceed  the 
value  /i(,A^p/4  corresponding  to  an  ideal  rectangular  hy.ster- 
esis  loop.  Since  the  spontaneous  magnetization 

yields  an  “intrinsic”  limit  but  if 

magnetization  were  the  only  consideration  then  a  iron  with 
/Z()A/()  =  2 . 1 5  T  would  be  used  for  permanent  magnets  with 
energy  products  as  high  as  920  kJ/ml  In  fact,  the  coercivity 
of  bcc  iron  is  so  low  that  energy  products  of  iron  magnets  are 
only  of  order  1  kJ/m’\  and  in  the  past  it  was  necessary  to 
resort  to  cumbersome  bar  and  horseshoe  shapes  to  avoid 
spontaneous  demagnetization  into  a  multidomain  state  by  the 
magnet’s  own  magnetostatic  field.  For  this  reason  the  quest 
for  improved  energy  product  has  involved  a  search  for  com¬ 
pounds  with  a  large  magnetization  combined  with  the  strong 
uniaxial  anisotropy  needed  to  develop  hysteresis. 

In  fo:  ner  years,  the  problem  was  to  achieve  the  neces¬ 
sary  ani.sotropy,  but  more  recently  the  focus  has  shifted  to  the 
problem  of  enhancing  the  magnetization.  Modern  high- 
performance  magnets  such  as  SmCo,,  Nd2Fei4B,  or  the  in¬ 
terstitial  nitride  Sm2Fe|7N3  consist  of  3d  atoms  which  are 
exchange  coupled  to  rare-earth  atoms  which  provide  the 
uniaxial  anisotropy  required  of  a  permanent  magnet.'"^  In 
reality,  coercivity  as  high  as  4.4  T  has  been  achieved  in 
SmjFC|7N3-based  magnets,**  but  for  practical  purposes  there 
is  usually  no  call  for  coercivity  very  much  greater  than 
M()/2.  On  the  other  hand,  the  magnetization  is  reduced  due 
to  the  rare-earth  and  nonmagnetic  elements.  The  light  rare- 
earths’  atomic  moments  are  at  best  slightly  larger  than  that  of 
iron,  but  they  occupy  more  than  three  times  the  volume. 
Nevertheless,  it  has  been  possible  to  use  Nd2Fe|4B  which  has 
/U.(|A/(|=  1.61  T  and  /U(,A/f|/4  =  5  16  kJ/m’  to  achieve  room- 
temperature  energy  products  exceeding  400  kJ/m^  in 
laboratory-scale  magnets.’  At  about  200  °C',  which  is  a  tech¬ 
nologically  important  temperature  region,  Sm2FC|7N3  is  po¬ 
tentially  the  best  permanent  magnetic  material, but  here 
suitable  processing  methods  have  not  yet  been  developed. 

Energy  product  has  doubled  every  twelve  years  since  the 
beginning  of  the  century,  and  much  effort  is  being  made  to 
yield  further  quantitative  and  qualitative  progress  in  the  per¬ 


formance  of  permanent  magnetic  materials.'*  However,  the 
outlook  for  discovering  new  ternary  phases  with  magnetiza¬ 
tion  significantly  higher  than  that  of  those  available,  at 
present,  is  poor.'  Permanent  magnets  based  on  the  appear¬ 
ance  of  a  new  rare-earth  iron  intermetallic  phase  could  offer 
better  temperature  stability,  yet  higher  anisotropy  field  or  im¬ 
proved  corrosion  resistance,  but  the  scope  for  significant  im¬ 
provements  in  the  spontaneous  magnetization  is  very  limited. 
For  instance,  interstitial  modification  with  small  atoms  such 
as  nitrogen  or  carbon  is  effective  for  enhancing  Curie  tem¬ 
perature  and  anisotropy,'""*'"’'''  but  it  has  rather  little  effect  on 
the  magnetization — the  moment  increase  is,  on  the  whole,  a 
zero  sum  game.' 

In  the  case  of  isotropic  magnets,  which  are  often  more 
easy  to  produce  than  oriented  magnets,  the  comparatively 
low  remanence  reduces  the  theoretical  energy 

product  by  a  factor  4.  However,  the  production  of  nanocrys¬ 
talline  composites  such  as  Nd2Fe|4B/Fe-,BFe  and 
Sm2Fei7N3/Fc  by  melt  spinning'^  and  mechanical  alloying," 
respectively,  shows  that  it  is  possible  to  combine  the  high 
magnetization  of  soft-magnetic  materials  and  the  surplus  an¬ 
i.sotropy  of  rare-earth  intermetallics.  Soft  magnetic  phases 
such  as  bcc  iron  often  reduce  the  energy  product  by  degrad¬ 
ing  coercivity,  but  if  the  soft  regions  are  small  enough  then 
exchange  coupling  stabilizes  the  magnetization  direction  of 
the  soft  phase,  This  kind  of  exchange  coupling  improves  the 
low  remanence  of  the  isotropic  hard  phase,'^""'  but  the  en¬ 
ergy  product,  though  improved  with  respect  to  the  isotropic 
.single-phase  rare-earth  material,  does  not  reach  the  level  at¬ 
tained  in  oriented  single-phase  rare-earth  magnets.  In  other 
words,  new  approaches  are  necessary  if  the  energy  p.oduct  is 
ever  to  double  again. 

Recent  work  by  Skomski  and  Coey'  '’'"*  has  shown  how 
it  should  be  possible  to  sub.stantially  increase  the  energy 
product  in  oriented  nanostructured  two-phase  magnets  by  ex¬ 
ploiting  exchange  coupling  between  hard  and  soft  regions 
(Fig,  1).  The  idea  behind  these  systems  is  to  break  out  of  the 
straightjacket  of  natural  crystal  structures  by  artificially 
.structuring  new  materials.  The  concept  is  similar  to  that  of 
the  4f-3d  intermetallics  themselves,  but  on  a  different  scale, 
where  the  atoms  are  replaced  by  a  mesoscopically  structured 
hard-magnetic  skeleton  with  surplus  ani.sotropy  and  small 
soft-magnetic  blocks.  Based  on  analytical  calculations,  a 
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FIG.  1.  Spherical  soft  inclusions  in  an  aligned  hard  matrix. 


well-defined  and  realistic  upper  limit  to  the  energy  product 
of  permanent  magnets  has  been  established,  and  energy 
products  of  order  1  MJ/m^  have  been  predicted  for  suitable 
multilayered  and  random  structures. 

Here,  we  summarize  the  background  and  results  of  these 
calculations,  relate  them  to  the  problem  of  remanence  en¬ 
hancement  in  isotropic  magnets,  and  draw  conclusions  with 
respect  to  future  developments  in  permanent  magnetism. 

II.  BACKGROUND 
A.  Micromagnetic  free  energy 

To  predict  the  performance  of  a  permanent  magnetic  ma¬ 
terial  we  have  to  calculate  the  average  magnetization  (M)  as 
a  function  of  the  applied  magnetic  field  H=//e^ .  A  conve¬ 
nient  starting  point  is  the  (magnetic)  free  energy  F,  where  the 
properties  of  the  magnetic  material  enter  as  temperature- 
dependent  parameters.  Locally  stable  magnetic  configura¬ 
tions  are  obtained  by  putting  5F/5M(r)=0,  where  S.  ./(5M(r) 
denotes  the  functional  derivative  with  respect  to  the  magne¬ 
tization  A/(r)=Mo(r)s(r)  with  s'^  =  1.  Typically,  the  free  en¬ 
ergy  of  permanent  magnets  exhibits  two  or  more  metastable 
equilibrium  states,  and  tracing  the  magnetic  configuration 
s(r)  as  a  function  of  an  external  field  is  quite  a 

demanding  task. 

On  a  mesoscopic  level,  i.e.,  assuming  that  the  magneti¬ 
zation  is  a  continuous  variable,  the  free  energy  of  a  perma¬ 
nent  magnet  reads 


FIG.  2.  Dependence  of  the  reduced  effeclive  anisotropy  constant  on 

the  reduced  remanence  1/2  and  Kf  \  mean  isi.'tro- 

pic  texture  and  complete  alignment,  respectively. 


J  L’7.u(r)+  ?7„(r)+  77//(r)+  77,„,,(r)]dr.  (1) 

The  contributions  to  the  free-energy  density  are  (i)  the  ex¬ 
change  free-energy  density  77,.,.  =  /^  (r)[Vs(r)]^,  where  the  ex¬ 
change  stiffness  4  (r)  describes  the  tendency  towards  parallel 
.spin  alignment,  (ii)  the  energy  density  of  the  (uniaxial)  an¬ 
isotropy 

’7<,=  -(^^i  +  2A.  +  3Fw(ns)"-l-(F2  +  3F3)(ns)' 

-A3{ns)^  (2) 

where  n  is  the  unit  vector  of  the  local  c-axis  direction,  (iii) 
the  Zeeman  energy  density  rji,-- where 
H=//e,  is  the  external  magnetic  field,  and  (iv)  the  magneto¬ 
static  dipole  interaction 

I  77m(r)dr=- ^  S  J  K,j(r-r') 

xMi{r)Mj(r')drdr',  (3) 

with  K,.y(r)  =  /i.„(3r,ry- <5,jr‘)/(4irr"‘')  and  M(r) 
=  S,Af,(r)e, .  Note  that  putting  n(r)=ej  in  Eq.  (2)  is  equiva¬ 
lent  to  the  familiar  expression  7f^  =  K\^\v?'0 
+K2  sin"*  d+Kj  sin"  0,  where  9  is  the  angle  between  magne¬ 
tization  and  z  direction. 


B.  Coercivity  and  energy  product 


Mechanical  work  to  be  done  by  a  permanent  magnet 
implies  a  magnetic  hardness  (coercivity)  which  keeps  the 
magnetization  in  the  desired  direction.  If  the  coercivity  is 
too  small,  or  if  the  hysteresis  loop  has  an  unfavorable  shape, 
then  the  energy  product  won’t  reach  the  theoretical  value 
Ij-oMIiA  deduced  from  the  saturation  magnetization  A/q. 

Depending  on  the  real  .structure  of  a  permanent  magnet, 
there  are  different  hardening  mechanisms.  Here  we  treat 
aligned  nanostructured  two-phase  magnets  as  nucleation- 
controlled  magnets.  The  nucleation  field  //^=  -//  is  defined 
as  the  (reverse)  field  at  which  the  original  state  s(r)'=’ej  be¬ 
comes  unstable.  Mathematically,  this  requires  the  determi¬ 
nant  of  the  continuous  matrix  5^F/5s(r)^(r')  to  vanish. 
Note,  however,  that  the  introduction  of  pinning  centers  is  a 
potential  way  of  improving  the  coercivity  by  inhibiting  the 
propagation  of  the  reversed  nucleus,  so  is  a  lower 

limit  to  the  coercivity. 

The  determination  of  f/jy  is  a  fairly  demanding  task,''*'^' 
and  we  have  to  introduce  suitable  approximations.  Due  to  the 
long-range  character  of  K,y(r),  tlie  magnetostatic  interaction 
is  the  most  complicated  one.  A  simple,  though  nontrivial, 
approximation  is  to  replace  the  external  magnetic  field  by 
f/cf(=//-D(Af ,),  where  D  is  the  demagnetizing  factor.  It 
has  been  shown  quite  generally"'*'^^  tliat  for  a  homogeneous 
ellipsoid 


2a:i 


-DM 


Ui 


(4) 


where  the  factor  D  M^)  arises  from  the  gain  in  magnetostatic 
energy  due  to  an  incoherent  rotation  process.  The  >  sign  in 
Eq.  (4)  indicates  that  incoherent  rotation  costs  exchange  en- 
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ergy,  but  'he  corresponding  coercivity  contribution  scales  as 
where  L  is  tlie  magnet’s  size,  and  is  practically 
negligible.  In  the  case  of  coherent  rotation  (the  Stoner- 
Wohlfarth  model),  //jv=2A(,//X()M()-(l-.3D)A/,)/2,  and 
there  is  no  influence  of  a  “demagnetizing”  f.eld  in  spherical 
magnets  where  0=1/3.  The  result  of  the  Stoner-Wohlfarth 
model  is  consistent  with  Eq,  (4). 

Equation  (4)  is  called  Brown’s  paradox,  because  real 
permanent  magnets  always  seem  to  violate  this  inequality. 
This  violation  is  due  to  the  existence  of  inhomogenities  in 
real  magnets  whih;  Eq,  (4)  applies  to  homogeneous  ellipsoids 
only.^''^“  In  the  following,  we  restrict  ourselves  to  the  so- 
called  “intrinsic”  0  =  0  hysteresis  loop  of  macro.scopic  mag¬ 
nets,  from  which  the  energy  product  is  determined.^' 


III.  MODEL  AND  CALCULATION 


To  determine  the  nucleation  field  we  a.ssume  ideal  align¬ 
ment  of  the  hard  phase,  i.c.,  n(r)=e^ ,  and  rewrite  s(r)==e,  as 

s=  \/l  m=,v,e,  +  .i\,ej, ,  /m’<s1,  (5) 

Now  series  expansion  of  Eq.  (1)  yields  the  quadratic  form 


A(r){Vm}‘  +  /^i(r)ni^+  -  yu,,,Af „( r)//m^ 


dr. 


(6) 


Recall  that  K2  and  do  not  enter  this  expression,''*  so  the 
nucleation  field  of  ideally  ani.sotropic  hard  magnets  depends 
on  only.  The  case  of  partially  anisotropic  and  isotropic 
magnets  will  be  discussed  in  Sec.  IV.  The  equation  of  state 
^F/^in(r)=0  is  given  by  the  identity 


SF  (lr\  \  dT\ 

<Jin(r)  ^  \  ^ni(r)  1  r?m(r)  ’ 


and  reads 


zi  (r)  V’m+ V/4  ( r)  Vm  -  [  2/Ci  (r)  + r)W]m= 0. 

(H) 

Except  for  the  V/i(r)Vin  term  (see  Sec.  IV),  Eq.  (8)  is 
equivalent  to  Schreidinger’s  equation  for  a  particle  moving  in 
a  three-dimensional  potential  2/C|(r)-t-/U||A'/,|(r)//,  which  al¬ 
lows  us  to  apply  ideas  familiar  from  quantum  mechanics  to 
di.scuss  micromagnetics.  Note  that  the  x  and  y  components  of 
In=m^e^  4  rfij.Cy  are  decoupled  and  degenerate  in  Eq.  (8),  so 
the  vector  m(r)  can  be  replaced  by  any  unspecified  nucle¬ 
ation  mode  'Rfr).  It  is,  however,  convenient  to  think  of  'R(r) 
as  the  magn,etization  m^(r)  in  x  direction. 

Finally,  for  our  inhomogeneous  two-phase  magnets  we 
assume  that  the  r  dependence  of  the  parameters  A,  F, ,  and 
M,|  is  given  by  /I ,  Ku ,  Af  ,  and  zt.,. ,  F, ,  A/,,,  for  hard  (index 
h)  and  soft  (index  a)  regions,  respectively.  Let  the  volume 
fraction  of  the  hard  regions  become  //, ;  the  fraction  of  the 
soft  regions  is  then  given  by  /,  =  1  — //, . 

The  nucleation  field  is  obtained  as  lowest  eigenvalue 
of  the  Eq.  (8).  In  the  homogeneous  “constant-potential" 
case,  the  ground-state  eigenfunction  is  a  piane  wave  with 
k=(),  and  Eq.  (8)  reduces  to  the  familiar  form 
In  the  case  of  inhomogeneous  mag¬ 
nets,  the  nucleation  problem  Eq.  (8)  can  be  solved  by  series 
expansion  or  an  appropriate  ansatz,  which  has  been  done  fo'- 


special  one-,  two-,  and  three-dimensional  configu- 
ralions.'^  '"'’’*  ’’ An  example  is  a  spherical  soft  inclusion  (di¬ 
ameter  D,  Mj  =  0)  in  a  hard-magnetic  matrix  (cf.  Fig.  1). 
Introducing  spherical  coordinates  and  using  the  interface 
boundary  condition  A,(e- V)'F,  =  A^,(e- we  obtain  the 
eigenvalue  equation'^ 


-A// 


4 


2A,  ‘^”‘1  2 


V 


2A, 


1+1 


2A, 


=  0. 


(9) 


which  can  be  .solved  numerically.  It  turns  out  that  the  nucle¬ 
ation  field  reaches  a  high-coercivity  plateau  if  the  size  of  the 
soft  inclusion  is  smaller  than  the  Bloch  wall  thickness 
Si,=  TT(Af,/Kiy'  of  the  hard  phase.  This  plateau  corre¬ 
sponds  to  complete  exchange  coupling.  If  the  diameter  D  of 
the  soft  inclusion  is  too  large,  then  the  magnetization  be¬ 
comes  unstable  and  the  coercivity  falls  off  as  l/D'". 

For  sufficiently  small  reverse  fields  \H\<H^{D)  the 
single  soft  inclusion  is  perfectly  aligned  and  slightly  en¬ 
hances  the  remanence  provided  M  ,v>  Ml,  .On  the  other  hand, 
when  the  distance  between  the  soft  inclusions  is  small,  the 
magnetization  modes  can  “tunnel”  through  the  hard  region 
which  no  longer  acts  as  an  effective  potential  barrier.  In  fact, 
this  micromagnetic  “exchange  interaction”  can  reduce  the 
nucleation  field  considerably  when  the  thickness  of  the  hard 
region  is  less  than  S/, .  To  obtain  physically  reasonable  nucle¬ 
ation  fields,  the  complete  A(r),  A(|(r;,  and  Af(,(r)  profiles 
have  to  be  taken  into  account. 


IV.  RESULTS 


A.  Coercivity 
1.  Plateau  limit 

In  the  plateau  region,  where  the  .soft  regions  are  very 
small,  the  problem  can  be  treated  in  perturbation  theory. 

As  in  quantum  mechanics,  the  lowest  order  eigenvalue  cor¬ 
rection  is  obtained  by  using  the  normalized  unperturbed 
function  This  yields  the  nucleation  field 


f.K,  +  fi,K„ 
Mo(/.vA/.v+AA/„) 


(10) 


Note  that  this  result  is  independent  of  the  shape  of  the  soft 
and  hard  regions  so  long  as  the  hard  regions  remain  aligned. 


2.  Multilayer  limit 

It  is  comparatively  easy  to  treat  one-dimensional  struc¬ 
tures  such  as  multilayers,'^  since  the  micromagnetic 
multilayer  problem  is  analogous  to  the  periodic  multiple 
quantum  well  problem,  For  a  multilayered  structure  of  alter¬ 
nating  .soft  and  hard  magnetic  layers  the  nucleation  field  is 


given  by  the  implicit  equation 

I7 

l2K,-fi,iMi.H,,  Jh, 

V  2.^,,  “"H  2  S 

jlKi,  -  fiiiM  /,W,v^ 

J  2A„  I 

^Ai,V  2A,  H2 

V  2A,  /  ■ 
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where  //,  and  denote  the  thicknesses  of  the  hard  and  soft 
layers,  respectively.  Note,  that  this  result  does  not  depend  on 
whether  the  orientation  of  the  crystallographic  c  axis  of  the 
hard  phase  is  perpendicular  or  longitudinal. 


B.  Energy  product 


Equation  (10)  implies  an  ideally  rectangular  hysteresis 
loop  with  energy  product  remanence  Mr=fi, 

Mi,  +  fs  A/j,  and  (minimum)  coercivity  Put‘ing 

Ai5  =  0  in  the  plateau  limit  we  obtain  with  Hfj  =  M^/2  the 
maximum  energy  product 


2K„  ■"/• 


(12) 


Due  to  the  large  K/, ,  the  second  term  in  the  bracket  is  small 
so  the  energy  product  approaches  the  ultimate  value  of 
The  corresponding  volume  fraction  of  the  hard 
phase  is  = 

The  intermetallic  with  the  most  favorable  combination 
of  magnetization  and  anisotropy  is  Sm2Fei7Nv  If  we  con¬ 
sider  the  Sm2Fei7NyFe  system  and  assume  values 
fj.QM,  =  2A5  T,  /x„M,,=  1.55  T,  and  A:;,=  12  MJ/m\  we 
obtain  a  theoretical  energy  product  of  880  kJ/nr'  (110 
MGOe)  for  a  volume  fraction  of  only  7%  of  the  hard  phase.'’ 
A  further  increase  of  the  energy  product  is  possible  if  iron  is 
replaced  by  Fe^jCo^s  with  /X(]A/,v  =  2.43  T — the  theoretical 
energy  product  of  the  Sm2Fe  itN  VFeftsCois  system  might  be 
as  high  as  1090  kJ/m'^  (137  MGOe),  with  =  It  is  re¬ 
markable  that  these  optimum  magnets  are  almost  entirely 
composed  of  3d  metals,  with  only  about  2-wt  %  samarium. 

Another  possibility  is  a  multilayered  structure  of  alter¬ 
nating  soft  and  hard  magnetic  layers.  Assuming 
A, =  1.67X10“"  J/m  and  A;, =  1.07X10"“  J/m  we  de¬ 
duce  from  Eq.  (11)  that  a  Sm2Fe,7NVFef,5Co25  “megajoulc 
magnet”  is  obtained  for  layer  thicknesses  /;,''7.4  nm  and 
(5=9.0  nm.  The  macroscopic  shape  of  the  magnet  must  of 
course  correspond  to  the  optimum  operating  point  on  the  BH 
curve;  it  should  approximate  an  ellipsoid  with  c/a=0.55. 
Note  that  A  is  generally  of  order  10“"  J/m,  so  and 
(B//)i„jx  do  not  depend  very  much  on  the  exchange-stiffness 
inhomogenity. 


The  en.semble  average  is  defined  as 
(...)  =  il“'/.../(0)sin  6d0  where  f{6)  denotes  the  texture 
function  of  the  hard  phase.  Note  that  Eq.  (13)  reduces  to 
K^[f=Ki  in  the  ideally  anisotopic  limit  «,  =  1 . 

To  discuss  the  overall  behavior  of  K^jf  we  use  the  single¬ 
parameter  texture  function  /( 6>)  =  (  1  +  n)cos''  and  restrict 
ourselves  to  the  case  A'2  =  «^2  =  0.  Using  «,  =  cos  // we  obtain 


where  M'  is  the  rent  ..lence  of  the  hard  regions  in  the 
interaction-free  limit,  i.e.,  for  ideally  anisotropic 

magnets  and  A/' =  0.5  Af/,  for  isotropic  magnets.  In  lowest 
order  perturbation  theory  the  nucleation  field  is  proportional 
to  Atif,  so  Hi^=0  for  A/' =0.5  M 1,  in  this  approximation. 
This  means,  that  the  nucleation  field  vanishes  in  the  isotropic 
limit  if  .soft  and  hard  regions  are  extremely  small.  An  alter¬ 
native  interpretation  is  given  by  Eq,  (12),  where  Kj,  has  to  be 
replaced  by  A^ff.  The  smallness  of  the  1/A;,  coirection  term 
in  Eq.  (12)  requires  the  effective  anisotropy  to  be  very 
large,’"'  which  is  contradictory  to  and  it  is  not  pos¬ 

sible  to  apply  Eq.  (12)  to  isotropic  materials. 


D.  Isotropic  magnets 

In  the  case  of  an  isotropic  matrix  with  randomly  oriented 
hard  regions  alternative  methods  have  to  be  u.sed  to  calculate 
the  coercivity.  An  estimate  is  obtained  from  a  simple  model 
where  two  hard  regions  with  ni=ej  and  0,=  ±e^.  are  subject 
to  an  effective  coupling  As  it  can  be  shown  easily, 

the  weak-coupling  limit  (isolated  grains)  yields 
In  the  case  of  strong  exchange  coupling  the  orientation  of  the 
grains  is  given  by  s,’=“S2==-e,/v/2+ej/v^,  which  yields  the  en¬ 
hanced  remanence  =  Note  that  the  instability  of 

the  aligned  M(r)  =  A/;,ej  state  implies  for 

remanence-enhanced  single-phase  magnets. 

On  the  other  hand,  exchange  coupling  destroys  coerciv¬ 
ity.  For  weak  coupling  we  find  while  the 

strong-coupling  coercivity  /y,.  =  A|/?’f|<vl/u,,|Af,/f)  '  de¬ 
creases  with  increasing  exchange  interaction.  As  expected, 
this  result  reduces  to  W,.=  ()  in  the  “plateau  limit”  (infinitely 
large  A  or  infinitely  small 


C.  Texture 

As  we  have  seen,  A2(r)  and  A^jr)  do  not  influence  the 
nucleation  field  so  long  as  the  unit  vector  in  the  easy  axis 
direction  n  remains  parallel  to  the  field  .  The  situation 
becomes  much  more  difficult  when  the  hard  regions  arc  only 
partially  aligned  or  even  isotropic.  For  instance,  the  compo¬ 
nents  m_5  and  my  of  m  [cf.  Eq.  (8)]  are  now  coupled  in  a  very 
complicated  way.  However,  in  lowest  order  perturbation 
theory  the  and  my  decouple,  and  after  some  calculation 
we  find  that  Aj  in  Eq.  (8)  has  to  be  replaced  by 

!  (Ai-^2A2  +  4A3)+  J  (A,  +  4A2  +  9A.,)(«’) 
-  f(2A2+9A3)(n,')+  y-K,(n'^).  (13) 


V.  DISCUSSION 

A.  Performance  and  processing 

A  conceivable  way  to  exploit  the  surplus  anisotropy  in 
modern  rare-earth  permanent  magnets  is  to  use  aligned  two- 
phase  magnets  where  the  hard  phase  acts  as  a  skeleton  w-hich 
keeps  the  magnetization  of  the  soft  phase  in  the  desired  di¬ 
rection.  Micromagnetic  analysis  shows  that  the  nucleation 
field  in  suitable  nanostructured  materials  is  proportional  to 
the  volume-averaged  anisotropy. 

Equation  (12),  which  represents  a  hardness  expansion 
with  respect  to  the  small  parameter  M i,)M  JKi , 

predicts  the  energy  product  of  aligned  nanostructured  two- 
phase  magnets  be  nearb  as  high  as  the  ultimate  value 
/z„A/u/4.  From  the  point  of  view  of  exchange  coupling,  the 
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mechanism  is  similar  to  the  renianence  enhancement  in  iso¬ 
tropic  magnets,  but  yields  a  saturation  magnetization  which 
is  larger  than  that  of  the  aligned  hard  phase. 

The  practical  problem  is  to  realize  a  structure  where  the 
soft  regions  are  sufliciently  small  to  avoid  nucleation  at 
small  fields  while  having  the  hard  regions  crystallographi- 
cally  oriented.  One  conceivable  solution  is  a  disordered  two- 
phase  magnet  witu  a  common  c  axis  throughout  the  hard 
regions.  The  energy  product  Eq.  (12)  is  independent  of  the 
shape  of  the  soft  regions,  so  long  as  their  size  lies  in  the 
plateau  region.  However,  soft  regions  much  larger  than  this 
plateau  size  drastically  reduce  the  nucleation  field,*'^  and  it  is 
difficult  to  see  how  the  formation  of  large  .soft-magnetic 
clusters  might  be  avoided  in  practice,  furthermore,  the  hard 
skeleton  has  to  be  aligned  to  avoid  the  anisotropy  reduction 
described  by  Eq.  (.'4).  Note  that  remanence-enhanced  isotro¬ 
pic  two-phase  nragnets  operate  on  a  slightly  larger  length 
scale. 

A  more  realistic  possibility  may  be  a  multilayered  struc¬ 
ture  of  alternating  soft-  and  hard-magnetic  layers.  Conceiv¬ 
able  production  methods  are  laser  ablation  deposition'^"  or 
molecular-beam  epitaxy.  As  discussed  in  Sec.  IV,  the 
permanent-magnetic  performance  of  the  multilayer  is  inde¬ 
pendent  of  whether  the  hard  phase  is  perpendicularly  or  lon¬ 
gitudinally  aligned.  It  is  worthwhile  mentioning  that  perma¬ 
nent  magnetic  multilayers  are  one-dimensional  systems, 
whose  eigenmodes  are  .subject  to  weak  iocalization  (Ander¬ 
son  localization).  Weak  localization  in  one-dimensional  sys¬ 
tems  i.s  caused  by  an  arbitrarily  small  disorder,'''"^^  and 
second-order  perturbation  theory^'^  yields  zero  coercivity  if 
the  disorder  is  described  by  Gaussian  or  Poisson  correlations. 
The  reason  for  this  coercivity  breakdown  is  the  small  but 
finite  probability  of  thick  soft  layers,  since  the  coercivity  i.s 
determined  by  the  thickest  soft  layer  around  which  the  nucle¬ 
ation  mode  is  localized.  This  means  that  weak  localization 
does  not  destroy  coercivity  if  there  is  an  upper  limit  to  the 
thickness  of  the  soft  layers. 

Equation  (1)  is  based  on  cla.ssical  micromagnetic  consid¬ 
erations;  the  sizes  of  the  hard  and  soft  regions  must  be  large 
compared  to  atomic  dimensions  so  that  a  continuum  model 
can  be  applied.  The  model  must  break  down  when  /,  or  //,  is 
smaller  than  about  1  nm.  However,  due  to  the  small  prefactor 
(Af,,.-A/;i)/A/,. ,  0.28  for  the  SmoFe^Nj/Fc  system,  the  en¬ 
ergy  product  is  not  much  affected  if  the  fraction  of  the  hard 
phase  is  increased.  We  .still  have  an  energy  product  of  almost 
800  kJ/m’’  (loo  MGOe)  in  the  Sm;FC|7N3/Fe  system  when 
//,»=30%,  and  we  can  use  the  extra  hard  material  to  out¬ 
weigh  quantum-mechanical  size  effects,  to  improve  the  ther¬ 
mal  stability,  suppress  the  effect  of  random  .stray  fields  and  to 
create  pinning  centers. 

B.  Outlook 

Table  I  gives  a  tentative  discussion  of  the  question  to 
what  extent  “giant-energy  product”  magnets  will  ever  be 
exploited  commercially.  At  pre.sent,  the  actual  production  of 
these  structures  represents  a  reali.stic  but  nevertheless  ex¬ 
tremely  demanding  challenge.  In  other  words,  the  advantages 
of  hypothetical  “megajoule”  magnets — very  high  energy 
product  and  low  raw  material  costs — are  largely  outweighed 
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TABM-  I.  Pcrmancnl  magncl  processing  anj  applicalions. 


Performance 

Processing 

costs 

Raw  material 
price 

Steel 

low 

low 

low 

Perriles 

moderate 

moderate 

low 

SmC'o, 

high 

moderate 

high 

Nd.PeijB 

high 

moderate 

moderate 

SniiFeivN, 

high 

high 

moderate 

"MJ"  magtiets 

ve''y  high 

very  high 

low 

bv  the  complicated  processing  requirements.  We  therefore 
bc.ieve  that  the  use  of  aligned  nanostructured  two  phase 
magnets  will  be  restricted  to  special  applications  such  as  mi¬ 
cromechanics  or  thin-film  electronics. 

Of  course,  this  emphasis  on  processing  i.s  likely  to  be  a 
feature  of  all  future  permanent  magnets,  even  if  we  include 
“exotic"  systems  such  as  magnetically  hard  room- 
temperature  superconductive  currents  or  nanoscale  magnetic 
clusters  where  the  >  sign  in  Eq.  (4)  can  be  utilized."  Let  us 
imagine,  for  example,  that  it  is  possible  to  produce  a  single¬ 
phase  permanent  magnet  somewhat  better  than  Nd2FeijB  by 
quenching  from  a  high-pressure  equilibrium  state.  The  pro¬ 
cessing  of  this  material  will  almost  certainly  be  much  more 
expensive  than  that  of  Nd2Fe|4B,  leading  to  much  less  wide¬ 
spread  commercial  applications.  In  our  opinion,  singular 
events  such  as  the  discovery  of  Nd2Fei4B  are  unlikely  to 
happen  again,  and  most  future  technological  and  scientific 
progress  will  be  in  directions  ether  than  improving  the  en¬ 
ergy  product. 

VI.  CONCLUSIONS 

In  conclusion,  it  is  likely  that  substantial  improvements 
in  the  energy  product  of  permanent  magnets  can  be  achieved 
by  exchange  hardening  in  nanoscale  combinations  of  a  soft 
phase  and  an  oriented  hard  phase,  structured  according  to  the 
principles  we  have  outlined.  For  example,  the  maximum  en¬ 
ergy  product  of  nanostructured  Sm2Fe|7N,/Fe(,5Co45  multi¬ 
layers  is  predicted  to  be  as  high  as  1090  kJ/m'^  (137  MGOe). 
The  high  energy  product,  which  is  based  on  nucleation- 
contro’.led  coercivity,  breaks  down  in  the  limit  of  remanence- 
enhanced  isotropic  magnets.  The  actual  production  of  the 
new  material — a  demanding  but  realistic  aim — will  be  ex¬ 
pensive,  which  restricts  the  potential  use  of  ‘giant-energy- 
product’  magnets  to  special  applications. 
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Nanocomposite  R2Fei4B/Fe  exchange  coupied  magnets 
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Maf;nt  iii  s  Inwriwtumat,  Im  .  Ull  S'liiih  Siaif  HituU  14'/.  liurn\  Hurhnr,  Indianu  4f)  i04 

Wc  have  studied  the  crystalli/alioii.  crystal  structure,  microstnicture  and  ina(’netic  pr()|H;rties  ol 
R-Fe-B  (R  Nd.l’r.Dy.'I'bl  based  melt-spun  riblvins  consisting  ol  a  mixture  of  Rd-euB  and  <«-Fe 
phases.  All  the  samples  crystalli/e  first  to  n-Fe  and  a  nieiasiable  phase  ( Y(Fe,,df|4  for  R  Nd.Pr.Dy 
and  TTiC'ut  for  R  'Hi)  before  they  linally  transform  to  2:14:1  and  u-Fe  The  hipl...st  values  of 
cocrcivity  and  reduced  remanence.  4..‘i  and  O.h.^  kOc.  respectively,  were  obtained  in  a 
NdA^i^Tbid  e-Nb-B).,^  n  sample.  These  properties  are  the  result  of  a  tine  grain  mierostructure 
consisting  of  a  mixture  of  o-i'e  and  2:14:1  having  an  average  grain  size  of  .fO  nm. 


INTRODUCTION 

A  high  reduced  remanence  (W,//W,),  greater  than  0.5.  in 
isotropic  magnets  is  highly  desirable  for  permanent  magnet 
development.  Remanence  enhancement  has  been  observed 
previously  in  isotropic  Nd2Fei4B  magnets  with  small  Al  and 
Si  substitutions, and  more  recently,'  in  samples  with  a  con¬ 
trolled  mierostructure.  High  values  of  magnetization  and  re¬ 
duced  remanence  can  also  be  achieved  in  samples  with  a 
mierostructure  consisting  of  a  fine  mixture  of  hard  (high  an¬ 
isotropy)  and  soft  (higher  magnetization)  phases.'*'*  Kncller 
and  Hwaig*  have  shown  that  high  remanence  and  relatively 
high  coercivity  could  be  expected  in  a  fine  two-phase  micro¬ 
structure  where  the  small  grains  are  exchange-coupled. 

Previously,  we  have  studied  various  mixtures  of 
Nd2Fei4B  and  a-Fe  and  observed  a  maximum  coercivity  of 
4.0  kOe  along  with  a  remanent  magnetization  of  110  emu/g 
in  a  50  wt  %  2:14;1  and  50  wt  %  a-Fc  mixture.’  In  this 
report,  we  extend  our  studies  on  nanocomposite  magnets  to 
other  rare  earth  2:14:1  phases. 

EXPERIMENT 

R4(Fe-Nb)j,Bj  ingots  with  different  composition  with 
R=Nd,  Pr,  Dy  and  Tb  (4<.r<6,  88<y<y3,  4<2<6)  were 
prepared  by  arc  melting  the  constituent  elements  in  an  argon 
atmosphere.  Pieces  of  the  ingot  were  melt-spun  from  a 
quartz  tube  having  an  orifice  diameter  of  ~  1  mm.  A  wheel 
speed  in  the  range  of  25-45  m/s  was  used.  The  resulting 
ribbons  were  studied  using  differential  scanning  calorimetry 
(DSC)  and  differential  thermal  analysis  (DTA)  for  possible 
phase  transformations.  X-ray  diffraction  (Cu  K„)  was  used  to 
identify  the  phases  present.  The  hysteresis  loops  were  mea¬ 
sured  in  a  vibrating  sample  magnetometer  (VSM)  with  a 
maximum  field  of  20  kOe  on  long  (7  mm)  sample  pieces  to 
minimize  demagnetization  effects.  Selected  samples  were 
also  measured  in  a  SQUID  magnetometer  with  a  maximum 
field  of  55  kOe.  The  mierostructure  of  samples  having  dif¬ 
ferent  coercivities  was  studied  by  transmission  electron  mi¬ 
croscopy  (TEM)  using  a  Jeol  JEM  2000FX. 

RESULTS  AND  DISCUSSION 

The  melt-spun  ribbons  were  found  to  be  x-ray  amor¬ 
phous  (or  nanocrystalline)  in  structure.  Calorimetric  studies 


were  performed  on  the  as-spun  samples  using  DSC  and  DTA 
to  obtain  transition  temperatures,  latent  heats,  and  activation 
energies.  IVpical  thermal  scans  consisting  of  two  or  more 
cxoth''’mic  peaks  arc  shown  in  Fig.  1  for  Nd-Fe-B  and 
Dy-Fc-B  ba.scd  .samples.  The  first  exotherm  involves  a  latent 
heat  of  about  70-80  J/g  along  with  activation  energies  in  the 
range  280-380  kJ/mol  (see  Table  1).  The  latter  qu.  ntity  was 
evaluated  by  plotting  In  (rate/T,,)  vs  l/T^,  for  different  heat¬ 
ing  rates  where  Tp  denotes  the  temperature  of  maximum 
transfoim.’*''*  In  the  case  of  Nd,  Pr,  Dy  this  exotherm  corre¬ 
sponds  to  the  transformation  from  amorphous  to  metastable 
Y3Fe62Bi4  type  structure  in  addition  to  a-Fe  [see  Fig.  2(a)]. 
Similar  studies  on  Tb-Fe-B  ribbons  show  a  transition  from 
amorphous  to  hexagonal  TbCu7-type  structure  and  a-Fe. 
Structural  information  and  the  Curie  temperatures  of  these 
metastable  compounds  are  summarized  in  Table  11.  When  the 
samples  were  heat  treated  at  temperatures  above  the  highest 
transition  temperature,  the  metastable  Y3Fe52Bi4  structure 
was  found  to  transform  to  2:14:1  +  a-Fe  and  the  TbCu7 
structure  to  a  mixture  of  2:14:1,  a-Fe,  and  probably  to  2:17 
phases  as  determined  by  x-ray  diffraction.  The  temperature 
associated  with  the  formation  of  2:14:1  phase  is  higher  in  the 
samples  with  Tb  or  Dy, 


Temperature  (°C) 


FIG.  1.  DTA  traces  in  (A)  Dy-Fe-B  and  (B)  Nd-Fe-B  ribbon  samples. 
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The  mlcnsily  Jtsttibulion  the  2  14  I  ftcaks  m 

these  tihhon  samples  is  similar  to  that  of  a  R.leuH  (xiwilcr 
diffraction  pattern  mdicatiii)'  the  ivitropie  nature  «l  the 
samples  (I'ig.  2(h)|.  This  was  further  ettnfirmed  hy  hysteresis 
Unrp  measurements  catrted  out  alonn  and  transverse  to  the 
rihlxin  length. 

Litgc  ctKTCtvitics  were  observed  m  the  samples  after 
annealing  alxive  the  higher  temperature  (/  <  in  Table  1)  exo¬ 
thermic  peak.  Uy  varying  the  annealing  temperature  and  time 
these  coercivitics  were  optimized.  Hysteresis  hnips  of  two 
samples  with  optimum  coercivity  are  shown  in  f  ig.  ?>.  Al- 


20  30  40  50  60  70 


20  (degrees) 


though  llu'si  samples  loiisist  ol  two  oi  inon-  magnetic  com 
ttonents.  the  smiMilh  hsslcresis  lixips  aic  chaiactellstlc  o(  a 
single  coin|x>iu’nt  sssieni  but  with  high  lemaiieiice  s aloes 
Ihe  oliscrsalioii  ol  high  reduced  lem.inence  (W,  .W ,  ll.Sl 
and  reversible  deinagiieti/alion  curses  m  these  isotropic 
samples  indicates  the  iH'havior  ol  c.schaiige  coupled 
magnets/' 

The  highest  coercivity  o|  4. .5  kOe  was  observed  in  a 
sample  containing  a  mixture  of  rare-earths  (Nd, com¬ 
pared  to  4.0  kOe  in  the  pure  Nd^^^ll'e-Nb-Hl.u  n  sample. 
The  slight  asymmetry  in  these  loops  is  believed  to  be  a  con¬ 
sequence  of  lack  of  saturation.  However,  the  introduction  of 
11)  lowers  the  magnetization  of  these  ribbons  from  155 
emu/g  in  Nd<  x<,(I'e-Nb-B)g4 ,5  to  1.30  eniu/g.  In 
Pth(Fe-Nb-B)y4  ribbons  a  maximum  coercivity  of  .3.9  kOe 
and  a  remanent  magnetization  of  105  emu/g  were  observed. 
The  coercivity  of  the  pure  Tb(Dy)  samples  is  much  lower 
(-  1  kOe)  despite  the  high  anisotropy  of  the  R2Fe|4B  (R 
=Tb,Dy)  phases.  This  is  attributed  to  the  formation  of  larger 
grains  in  these  samples  because  of  the  higher  annealing  tem¬ 
peratures  necessary  to  form  the  hard  R^Fe^B  phase. 

The  values  of  the  eoercivities  given  previously  corre¬ 
spond  to  a  maximum  magnetizing  field  of  20  kOe.  To  check 
whether  the  loops  were  not  minor,  higher  magnetizing  fields 
were  used  and  the  results  are  shown  in  Fig.  4  for  the  sample 
with  largc.st  coercivity,  The  coercive  force  does  not  saturate 


FIG.  2.  X-ray  diffraction  patterns  showing  the  (a)  Y3FC(,,B|4  and  a-Fc  struc¬ 
tures  and  (b)  R2FC14B  +  a-Fc  observed  in  R(,(Fc-Nb-B)g4  ribbon  samples  FIG.  3.  Hysteresis  loops  of  the  coercivity  optimized  (A) 
with  R=Nd,  Pr,  and  Dy.  NdimTbitFe-Nb-B),,, ,,  and  (B)  Nd,  jTbiiFc-Nb-BIg,^  samples. 


7066  J.  Appl.  Phys„  Vol.  76,  No.  10, 1,5  November  1994 


Wlthanawasam  et  al. 


i<U) 


•  L’l) 


0  10  20  M)  40  SO  hiJ 


Applied  field  (kOe) 


FICi.  4.  The  dependence  of  coercive  force  and  inugneli/ation  on  niagneli/- 
ing  field  in  a  Nd,K.sTbi(t'e-Nb-H),n  sample. 


fur  mugnetizing  fields  lower  than  30  kOe  and  the  magneti¬ 
zation  has  a  high  field  slope  indicating  lack  of  saturation. 

Transmission  electron  microscopy  was  carried  out  to 
study  the  microstructure  in  samples  exhibiting  different  co¬ 
ercive  behavior.  Figure  5  shows  the  bright-field  images  of 
two  Nd,,(Fe-Nb-B)94  samples  annealed  at  7(M)  ”€  for  20  and 
120  min.  The  samples  annealed  for  a  shorter  period  of  20 
min  showed  a  microstructure  [Fig.  5(a)]  consisting  of  a  ho¬ 
mogeneous  mixture  of  a-Fc  and  2:14:1  phases  with  an  aver¬ 
age  grain  size  of  about  30  nm.  The  hysteresis  loops  in  the 
samples  were  similar  to  that  of  a  single  magnetic  component, 
'n  samples  annealed  fur  120  min,  a  microstructure  consisting 
of  clusters  of  a-Fe  was  observed  in  a  matrix  of  2:14:1  pha.se 
[Fig.  5(b)].  The  hysteresis  loops  in  these  samples  were  rep¬ 
resentative  of  a  two-component  system. 

CONCLUSIONS 

The  magnetic,  structural,  and  microstructural  properties 
of  R-Fe-B  based  nanocomposite  ribbons  with  R=Nd,  Pr,  Dy 
and  Til  have  been  studied.  A  room-temperature  coercivity  of 
4.5  kOe  was  observed  in  a  sample  containing  Nd  and  Tlr  as 
compared  to  4.0  kOe  in  the  pure  Nd  samples.  The  optimum 
microstructure  consists  of  a  uniform  mixture  of  2:14:1  and 
a-Fe  grains  of  about  30  nm.  The  coercivity  of  pure  Tb  or  Dy 
samples  is  only  in  the  1  kOe  range  presumably  due  to  the 


FIG.  5.  Bright-field  images  in  a  Ndft(Fe-Nb-B),,4  sample  annealed  at  7(H)  "C 
fur  (a)  20  min,  and  for  (b)  120  min.  The  diffraction  patterns  indicate  a 
mixture  of  2:14:1  and  u-Fc  phases. 

larger  grains  formed  at  the  higher  annealing  temperatures 
(becau,se  of  the  higher  transformation  temperatures)  associ¬ 
ated  with  these  alloys. 
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In  nanostructured  SmiFcpN^  +  a-Fc  two-phase  permanent  magnets,  exchange  interactions  between 
hard  and  soft  magnetic  phases  result  in  remanence  enhancement.  With  a  starting  composition  of 
Sm7Feg^,  mechanical  alloying,  annealing  at  fiZ-S  “C  for  10  min  and  subsequent  nitriding  at  330  °C 
for  45  h  results  in  hard  magnetic  powder  with  nanocrystallites  of  SnuFe^N,  and  o-Fe  some  20  nm 
in  size.  There  is  a  coercivity  of  =  T  and  a  remanence  J,.=  1.2  T,  after  saturating  in  a  field 
of  7.5  T.  The  deduced  value  of  the  remanence  depends  strongly  on  the  choice  of  demagnetizing 


factor. 

INTRODUCTION 

Since  the  discovery  of  remanence  enhancement  in  iso¬ 
tropic  nanocrystallinc  Nd4  5Fe77BiH,  in  1988  by  Coehoorn 
era/.,'  there  has  been  much  experimental  and  theoretical  in¬ 
terest  in  this  phenomenon.  The  idea  of  transmitting  anisot¬ 
ropy  by  exchange  coupling  of  hard  and  soft  phases  (the  “ex¬ 
change  spring")  was  proposed  by  Kneller  and  Hawig.^  There 
have  been  a  number  of  papers  on  analytical  calculations^  and 
computer  simulations'*  of  these  exchange  hardened  two- 
phase  materials.  Recent  progress  has  been  made  to  produce 
bunded  magnets  using  the  Nd4  sFe77B|«5  composition  from 
melt  spun  ribbon  realizing  coercivities,  of  0.36-0.44  T 
with  rcmanences  J,  of  0.89-0.80  T.' 

The  original  material,  Nd4  ,Fe77B|s,  consisted  of  ex¬ 
change  coupled  grains  of  NdiFe^B,  Fe^B,  and  a-Fe  in  the 
ratio  15,  73,  and  12  with  crystallite  sizes  ranging  from  10  to 
30  nm.  Related  behavior  is  found  in  nanocrystalline,  single 
phase,  Ndd-e^B  where  the  addition  of  2  at.  %  Si  refines  the 
grain  size  to  20-30  nm.'’  Si  is  not  a  specific  requirement,’  as 
under  certain  processing  conditions,  which  yield  a  grain  size 
of  20-30  nm,  a  similar  remanence  enhancement  could  be 
obtained.  This  type  of  remanence  enhancement  has  also  been 
modeled  using  a  computer  simulation." 

Coercivities  of  3  T  have  been  obtained  in  Sm2Fei7N4 
produced  by  mechanical  alloying,**  but  due  to  the  isotropic 
nature  of  this  nanocrystalline  material  the  remanence  was 
limited  to  a  value  of  0.75  T,  half  the  saturation  magnetiza¬ 
tion.  Due  to  the  rather  low  decomposition  temperature  of  the 
Sm2Fe,7N3  phase  (600  °C)  it  is  not  possible  to  apply  the  die 
upsetting  method  used  in  Nd2Fei4B  to  produce  ar’isotropy. 

In  1993  Ding  et  a/."’  showed  that  a  nanocrystallinc  two- 
phase  mixture  of  Sm2Fei7N_(  and  a-Fe  produced  by  mechani¬ 
cal  alloying  exhibited  remanence  enhancement.  'T’hc  isotropic 
powders  have  /,.=  1.4  T  and  0.39  T. 

Theoretical  modeling  of  such  two-phase  nanocrystalline 
materials,  where  a  high  magnetization  soft  phase  is  exchange 
cc  .^Icd  to  a  high  anisotropy  hard  phase  has  yielded  insight 
into  the  critical  grain  sizes  and  grain  boundary  requirements. 
To  preserve  coercivity  in  the  nanocomposite,  the  size  of  the 


soft  grains  must  be  sufficiently  small.  The  relevant  length 
scale  is  the  domain  wall  width  of  the  hard  phase.  The  ana¬ 
lytical  results  of  Skomski  and  Coey  '  and  the  computer  simu¬ 
lations  of  Schrefi  et  al.  '  show  that  the  size  of  the  magneti- 
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F'lG.  1.  X-ray  diffraction  patterns  of  mechanically  alloyed  Sm7Fcg,,  an¬ 
nealed  at  f)25  °C.'  for  10  min,  (a)  before  nitriding,  (b)  after  ,')30  °C  for  S  It  in 
1  bar  of  N2  and  (c)  after  4.S  h  at  .3.30  "C,  Inset  shows  the  (22())/(303)/(214)/ 
((H)6)  peak  under  the  same  conditions.  UN^  =  bcforc  nitriding  (unnitrided). 
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TABI.i'  I.  Ijitico  parameters,  magnetization,  and  weight  gain  results  for  mechanically  alloyed  Sm7Fcui.  an 
nealed  at  h2.s  °C'  for  10  min.  and  nitrided  in  I  bar  of  N,  for  different  temperatures  and  times. 


Sample 

a 

(A) 

(A) 

V 

(A)’ 

AV/V 

1%) 

(T) 

J, 

(T) 

AtV/W 

(%) 

f/V 

K..54  :U).t)2 

12  42  20.02 

784  2  5 

0.02 

3.31).  5 

K,66*(l.01 

12.75  2  0.04 

H2H23 

5.62  1.0 

()..35 

1.12 

1.720.1 

3.V),  24 

8.7170.(11 

12..5820.08 

8262  5 

5.4  2  1. .3 

0..36 

1.19 

2.3  2  0.1 

3.30.  45 

8.7.320.01 

12.68  2  0.0(1 

8.3724 

6.72  1.2 

0..38 

1.17 

2.420  1 

3.30,  64 

8.7020.01 

12.7120.00 

8.382  to 

6.V2  1.V 

0.29 

1.20 

2.320.1 

4<X).  475 

8.7.320.01 

12.7220.15 

8.3V2  10 

7.022.0 

0.28 

1.20 

2.420.1 

‘UN  -  before  nitriding-  unnitrided. 


cally  soft  region  should  be  roughly  twice  the  domain  wall 
width  of  the  hard  phase  to  stiffen  the  soft  magnetic  grains. 

The  domain  wall  width  depends  on  the  anisotropy  ac¬ 
cording  to  the  well-known  formula  In  the 

Sm^FeiyN,  system,  the  anisotropy  constant  and  the  ex¬ 
change  parameter  A  increase  with  nitrogen  content  up  to 
^^  =  .1."  Values  for  x  =  3  arc  A  =  I .  I  X  10  “  J/m  and  Af|  =  8 
MJ/m\‘^  Here  we  investigate  the  influence  of  the  nitriding 
conditions  on  the  overall  magnetic  properties  of  two-phase 
exchange-hardened  Sm2Fci7N,  +  a-Fc. 

EXPERIMENT 

Elemental  Sm  and  Fe  were  mechanically  alloyed  in  the 
ratio  Sm7Feg^  in  a  planetary  ball  mill.  20  li  of  the  starting 
mixture  was  placed  in  hardened  stainless-steel  vials  together 
with  40(?  g  of  lO-mm-diam  stainless-str.el  balls.  The  a.s- 
millcd  powders  were  annealed  at  625  “C  for  1(1  min  under 
vacuum.  The  subsequent  nitriding  was  curried  out  in  1  bar  of 
N2  at  330  °C  for  times  ranging  from  5  to  64  h.  Structural 
investigations  were  performed  with  a  Siemens  D50()  x-ray 
diffractomr!;.r  using  Cu/C„  radiation.  The  nanostructure  of 
this  two  phase  exchange-hardened  material  was  character¬ 
ized  by  transmission  electron  microscopy.  Magnetization 
measurements  were  performed  on  powder  samples  dispersed 
in  resin,  with  a  packing  density  of  about  30%,  in  a  vibrating 
sample  magnetometer  in  applied  fields  up  to  7.5  T. 

RESULTS  AND  DISCUSSION 

The  as-milled  powders  consisted  of  crystallites  of  a-Fe 
embedded  in  an  amorphous  matrix  of  Sm-Fc.  Scherrer 
broadening  of  the  x-ray  reflections  indicated  these  crystal¬ 
lites  to  be  between  5  and  10  nm  in  size.  Following  crystalli¬ 
zation  of  the  Sm2Fei7  phase  there  was  a  mixture  of  Sm2Fe|7 
and  a-Fe  in  the  ratio  60:40  as  determined  from  measure¬ 
ments  of  the  saturation  magnetization.  Initially  nitriding  was 
carried  out  using  1  bar  of  N2  at  400  "C  for  2  h  followed  by  1 
h  at  475  "C.  This  resulted  in  a  powder  with  a  cocrcivity  of 
0.28  T.  The  weight  gain  on  nitriding  indicated  complete  ni- 
trogenation.  The  nitriding  temperature  was  then  reduced  to 
330  °C  and  the  time  increased  to  5  h.  This  yielded  a  better 
coercivity  of  0.35  T  even  though  both  the  weight  gain  and 
the  x-ray  diffraction  pattern,  shown  in  Fig.  1  suggest  incom¬ 
plete  nitrogenation.  The  reason  for  the  much  improved  re¬ 
sults  at  the  lower  nitriding  temperature  of  330  “C  is  not  yet 
clear.  Using  the  formula  for  an  activated  interstitial  diffusion 


proce.ss,  D=Di)exp-{EJkT)  with  D()=l. 02X10  ^  rn^'s 
and  an  activation  energy  £^=133  kJ/mol,'^  the  diffusion 
length  for  a  temperature  of  330  °C  and  a  time  of  5  h,  is 
approximately  200  nm  which  is  much  less  than  the  particle 
size  (1-100  /um  with  an  average  of  20  ^tm)  but  greater  than 
the  size  of  the  namKtrystailites  which  arc  only  20  nm  in  di¬ 
ameter.  This  suggests  that  nitrogen  diffusion  advances  rap¬ 
idly  along  the  Sm2FC|7/Fc  grain  boundaries,  but  5  h  is  insuf¬ 
ficient  to  achieve  complete  nitrogenation  of  the  particles. 

Keeping  a  nitriding  temperature  of  330  °C  samples  were 
then  nitrided  for  time  periods  of  24,  45,  and  64  h  and  the 
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FIG.  2.  HystcresLs  loop.s  of  mcchanicalty  alloyed  .Sm7Fc,,3,  annealed  at 
625  "i  -  for  10  min  after  nitriding  in  1  bar  of  nitrogen  at  330  °C  for  (a)  5  h, 
(b)  24  h,  (c)  45  h,  and  (d)  64  h. 
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restilts  arc  presented  in  Table  I  and  Fig.  2.  From  the  lattice 
parameters  in  'I'able  I,  it  appears  that  after  a  nitriding  treat¬ 
ment  in  1  bar  of  N,  at  °C'  for  24  h,  the  powder  is  com¬ 
pletely  nitrified,  The  coercivity  increases  from  to  ().3HT 
after  nitrogenation  at  330  for  45  h.  Lffnger  nitriding  time 
leads  to  further  increase  in  the  lattice  expansion,  which  may 
result  from  a  value  of  x'  in  the  formula  SmiFcpN, ,  slightly 
greater  than  3.  The  decrease  in  anisoltopy  field  for  a >3 
(Ref.  14)  is  a  possible  explanation  for  the  fall  in  coercivity 
from  (),3S  to  t).2d  T. 

The  coercivity  and  remancncc  values  given  in  Table  I 
were  obtained  in  a  field  of  3.5  T.  The  A  coercivity  of  0.38  T 
increases  to  0.40  T  in  a  7.5  T  field.  Retnanence  values  arc 
calculated  using  the  theoretical  powder  density  of  7.7  g/cm  *. 
In  correcting  the  hysteresis  loops  f)f  resin  bonded  powder 
samples  for  demagnetizing  fields  it  is  not  sufficient  to  use  the 
correction  factor  appropriate  to  the  external  shape  of  the 
sample.  Due  to  the  low  packing  density,  there  arc  internal 
demagnetizing  fields  which  need  to  be  taken  into  account. 
Samples  measured  in  closed  circuit  using  a  BH  loop  tracer 
indicated  strong  internal  demagnetizing  fields,  thus  in  each 
case  a  demagnetizing  factor  of  0.33  was  used  taking  into 
account  the  roughly  spherical  shape  of  particles  and  the  ab¬ 
sence  of  magnetic  interactions. 

At  annealing  temperatures  and  times  greater  than  625  “C 
for  10  min,  the  hysteresis  loop  of  the  nitrided  material 
showed  a  constriction,  i.e.,  magnetic  behavior  indicative  of 
two  independent  phases,  one  with  a  large  coercivity  and  the 
other  with  a  small  coercivity.  The  a-Fe  grains  grow  rapidly 


during  annealing,  and  if  they  exceed  a  cctain  si/e  the  two 
phases  tend  to  behave  independently.  Figure  3  shows  a 
bright-field  micrograph  of  the  microsiructure  of  an  optimally 
annealed  sample  nitrided  al  4()l)'’('  for  2  h  followed  by 
475  for  1  h.  Ultraline  grains  with  an  average  size  of  about 
21)  nm  are  visible.  The  elecirott  diffraction  patterti  corre¬ 
sponding  to  that  area  is  presented  in  the  lower  part  of  the 
figure.  It  reveals  the  presence  of  the  two  phases  Sm.FcnN, 
and  rr-Fc,  which  are  both  randomly  oriented,  indicated  by  the 
occurrence  of  complete  diffractioti  rings.  A  high  resolutitin 
image  shows  lattice  fringes  characteristic  of  the  two  phases. 

The  calculated  domain  wall  width  of  Sm.FcpN,  is  ap¬ 
proximately  4  nm.'"  Tills  implies  that  for  most  effective 
transfer  of  the  hard  magnetic  properties  to  the  soft  magnetic 
grains,  the  size  of  the  soft  grains  should  not  exceed  approxi¬ 
mately  8  nm.  I'he  milling  and  annealing  conditions  were 
systematically  varied,  but  the  end  result,  without  the  use  of 
additions'^  was  always  that,  the  minimum  size  of  the  fr-Fe 
grains  after  crystallization  of  the  SniiFe,,  phase  was  about 
21)  nm.  It  should  be  investigated  whether  by  lowering  the 
anisotropy  of  the  hard  phase,  SniiFcpN,  by  reducing  x  for 
example,  the  increase  of  the  domain  wall  width  would 
lead  to  a  greater  coercivity. 

CONCLUSIONS 

Complete  nitrogenation  at  such  a  low  temperature  of  the 
two-phase  naiiostructuie  is  in  contrast  to  that  of  nano- 
crystalline  single  phase  .SmiFcpN,  prepared  by  a  similar 
process.  It  suggests  that  nitrogen  diffusion  is  particularly 
easy  along  Sm2FC|7/Fc  grain  boundaries.  The  activation  en¬ 
ergy  for  the  diffusion  of  nitrogen  in  or-Fe  is  -half  that  in 
}im3FC|7.  A  homogeneous  nanostructure  is  achieved  by  me¬ 
chanical  alloying,  but  the  size  of  the  .soft,  o-Fc  regions  is 
approximately  20  nm,  which  is  about  twice  the  size  for  op¬ 
timum  exchange  hardening. 
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Coercivity  of  Ti-modifled  (a*-Fe)-Nd2Fei4B  nanocrystailine  alloys 
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S.  K.  Chen 

Dt'lhinmcnl  of  Matcnah  Sniiui’,  Chm  I'nivcrMiv.  Tauhuni;,  41)0,  imwnii.  Hi-i>iihlii  ol Chinn 

C'ocrcivily  nl  ri-inodificd  iiimoci ystallinc  (a-Fct-Ndd-Ci^H  alloys  wiih  soil  iron  panicles  (.'inhcddod 
in  hard  Ndil'C|,iH  matrix  was  studied.  The  alloys  were  prepared  by  melt  spiniiiiij!  and  annealing.  The 
grain  size  of  Ndd''e|,|B  is  from  20  to  0(1  nm,  svhile  that  of  the  soft  iron  particles  is  1 1  to  .'<(1  nm.  The 
coercivity  of  the  annealed  Hakes  decreased  dramatically  with  increasing  particle  size  ol  free  iron, 
following  the  same  tendency  of  a  theoretical  calculation  by  Schrell  ri  al.  for  the  Ti-alloyed  flakes, 
the  1  al.  ''i  Ti-conlaining  ones  show  the  highest  coercivity  of  1  l.l  kOe.  Its  !/<//),„  value  is  about  l(i 
MGOe  despite  lower  Nd  and  B  contents  than  stoichiometric  Nd.I'e|.iB.  More  Ti  addition  would 
deteriorate  the  coercivity. 


I.  INTRODUCTION 

Rapidly  quenched  Nd-b'e-B  Hakes  with  Nd  and  B  richer 
than  the  stoichiometric  Ndil'e|,iB  (2-14-1)  crrmposition  have 
been  extensively  studied,'  -  The  higli  eoerciviiy  and  energy 
product  Ol  the  Hakes  primarily  results  from  the  magnetically 
hard  NdiFei^B  phase.  Recently,  some  researchers  proposed  u 
kind  of  nanostructured  two-pha.se  magnets  with  soft  mag¬ 
netic  phase  embedded  in  hard  magnetic  phase.'  '  This  mate¬ 
rial  has  been  attracting  much  attention  hecau.se  it  po.ssesses 
high  saturation  magnetization  with  moderate  coercivity, 
hence  the  maximum  energy  prrrduct  cun  be  greatly  enhanced. 
In  this  study,  we  intend  to  precipitate  fine  soft  iron  particles 
within  Ndil'cmB  matrix  in  the  fr-Fe./Nd2Fe|4B  psuedobinary 
system.  The  alloying  effect  of  Ti  element  was  also  sy.stcm- 
aticully  studied. 

II.  EXPERIMENT 

The  studied  alloy  compositions  are  designated  as  shown 
in  Table  1.  The  samples  were  prepared  first  by  arc-melting 
Nd.  Fe,  B,  Ti  elements  of  +dy,5%  purity  under  argon  pro¬ 
tection,  then  remelted  by  induction  melting  and  rapid 
quenching  at  a  wheel  speed  (VJ  of  4(1  m/s  by  using  single¬ 
roller  melt-spinning  technique.'''^  The  as-spun  Hakes  were 
annealed  at  different  temperatures  from  bOO  to  SOtl  “C  for  It) 
min.  Differential  thermal  analysis  (DTA)  was  used  to  deter¬ 
mine  the  crystallization  temperature  and  activation  energy  of 
crystallization  of  as-spun  flakes.  Magnetic  properties  were 
measured  by  a  VSM  with  a  maximum  Held  of  20  kOe  at 
room  temperature.  The  crystal  structure  of  the  flakes  was 
studied  by  x-ray  diffractometry  (XRD)  using  CuKa  radia¬ 
tion.  The  grain  size  of  free  a-Fe  was  calculated  from  the  full 
width  at  half  maximum  (FWHM)  data  by  using  Schererr's 


TABLE  I.  Ttio  dc.signatiiin  of  tin;  studied  alloy  eomposilion. 

Ndia.sd'esj.iib^  i,  Nd,,I'C.«, sttj  ,Ti,  Nd^l‘i'guH4 1  i, 

NIOTO  0  =0)  WT()(.v-U)  NST0(.v=-0) 

NlOTl  0  =  1 )  N'JTl  (x=  I )  NSTl  (,v==  1 1 

N')T2(,v-2)  NST.1U-.V) 


formula.  I  he  microslructure  was  studied  using  a  transmis¬ 
sion  electron  microscope  i  l'IiM)  with  an  energy  dispersive 
spectro.scopy  (FDS)  attachment. 

III.  RESULTS  AND  DISCUSSION 

A.  Crystallization  behavior  of  as-spun  flakes 

Ihe  as-mell-spun  amorphous  tliikes  can  he  obtained  by 
high-speed  melt  spinning  even  though  they  conlaiii  low  B 
and  Nd  contents.  These  Hakes  show  a  glass  transition  tem¬ 
perature  (T^,)  t)f  around  470  °(’  and  u  crystallization  tempera¬ 
ture  (7\)  of  around  bOO  °('.  The  7',  value  increases  with  in¬ 
creasing  amount  of  cr-Fe  and  Ti.  as  shown  in  Table  II.  The 
activation  energy  (/f,,)  of  crystallization  is  calculated  using 
the  Kissinger  plot."  The  NKT.^  Hakes  show  a  higher-energy 
barrier  of  crystallization  than  NlOTl  Hakes,  which  is  consis¬ 
tent  with  the  crystallization  temperature  datum. 

B.  Magnetic  properties  of  annealed  flakes 

The  Ti-1  al.  %  alloyed  Hakes  annealed  at  V.SO  °C’  for  10 
min  show  the  highesl-energy  product  with  an  improved 
squareness  of  the  demagnetization  curve.  The  value 

of  l.S.q  M(J()e  is  higher  than  that  of  conventional  MQI 
(tradename  of  Hakes  manufactured  by  Magnetquench,  typi¬ 
cally  14- TS  MCiOe)  despite  its  lower  Nd  and  B  contents 
than  stoichiometric  Nd,Fe|,,B. 

Figure  1  shows  the  dependence  of  Nd  content  on  coer¬ 
civity.  The  intrinsic  coercivity  UHc]  value  increases  linearly 
with  Nd  content.  The  increasing  rate  of  iHc  is  2.$  kOe  at.  % 
Nd.  But  the  lif  value  increases  us  decreasing  Nd  content  due 
to  the  enhanced  remanence  effect  as  predicted  by  the  theory.' 
Fr)r  the  Ti-ct)ntaining  samples,  iHc  of  the  1  at.  %  Ti  added 

IAHI.I-:  It,  c  ry.sliillization  tcmperiitiirL-  (7',)  iiiul  activnlioii  L'lieryy  (/■.'„l.  I\ 
was  mca.surod  al  a  healing  rale  iif  10“C7miii,  If,  e'lilciilaled  froiii  ihe  peak 
.shill  in  tJTA  curves  i)l)laiiieil  al  healing  rates  ut  .S,  10,  anil  I.S  “('/min. 
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FIG,  I.  DctHndcncc  of  Nd  coiiicnl  on  i7/c  value  of  Hakes  annealed  il 
7J(I  °C'  for  10  min, 


sample.s  is  higher  than  Ti-free  samples.  However,  more  Ti 
addition  would  result  in  a  rapid  deterioration  of  iHc  due  to 
the  growth  of  a-Fe.  Figure  2  shows  the  effect  of  annealing 
temperature  on  iHc  of  the  Ti-free,  the  \%  Ti  and  2%  Ti 
alloys.  It  is  manifest  that  the  optimum  annealing  temperature 
ranges  from  7(K)  to  750  "C.  The  optimum  temperature  in¬ 
creases  with  Ti  content. 

C.  MIcrostructurt  features 

The  grain  size  of  or-Fe  is  measured  by  the  peak- 
broadening  technique  in  XRD  calibrated  against  a  pure  iron 
sample  with  large  grains  (about  10  /zm),  The  coercivity  of 
flakes  decreased  rapidly  with  increasing  particle  size  of  rr-Fe 
precipitates.  Figure  3  shows  the  relationship  between  «-Fc 
particle  size  and  coercivity  for  the  annealed  Ti-containing 
flakes.  The  theoretical  predictions  proposed  by  Skomski  and 
Coey’  and  SchrefI  el  al.^  have  delineated  similar  behavior, 
also  shown  in  Fig.  3.  There  is  a  discrepancy  between  the 
experimental  results  and  the  theoretical  calculation  by 
Schrcfl  ef  al.^  In  the  figure  the  normalized  cov  dvity  (nor¬ 
malized  by  the  theoretical  nucleation  field,  IK^U^,  of  the 


l•l(i.  y.  Miai>mii(!nciif  simuliilioii  IRuf.  S).  .Skiimski's  niuilcliiin  I  Ref.  .1), 
iind  cxptrimciiliil  iliitii  (if  the  effect  of  (j-F'e  piirliele  size  (Ui  llie  ciiereivily  iif 
llukes  aimeuleU  at  7.SII  "C  Ifit  Id  miii. 

hard  magnetic  phase)  is  twice  as  large  as  the  experimenUi! 
ones.  This  may  arise  from  the  fact  that  the  theoretical  mod¬ 
eling  has  the  soft  iron  particles  completely  embedded  within 
hard  magnetic  phase,  while  in  the  studied  alloys,  the  free- 
iron  particles  are  mostly  free  standing  among  NdjFei4B 
grains  and  partly  embedded  (particularly  for  smaller  ones), 
as  shown  in  Fig.  4.  Nevertheless,  the  tendency  is  correct  that 
the  coercivity  does  drop  dramatically  when  o-Fc  particles 
grow  up.  The  eompurison  between  the  experimental  results 
and  Skomski's  calculation  is  difficult  because  the  size  range 
is  different. 

I’igure  4  is  a  TEM  micrograph  taken  from  NlOTl  flukes 
annealed  at  750  °C  for  10  min.  The  flakes  exhibit  a  fine  grain 
structure  with  soft  iron  particles  mo.stly  free  standing  among 
and  partly  embedded  in  hard  Nd2Fe|4B  phtrse.  The  grain  .size 
ol  the  Nd2Fei4B  phase  ranges  from  20  to  60  nm  and  the  soft 
iron  particles  are  generally  less  than  20  nm.  It  has  proposed 
that  fine  Nd2Fc,4l3  grains  significantly  contribute  to  the  eo- 
ercivity  by  acting  as  the  domain-wall-pinning  sites.  The  free- 
iron  particles  are  smaller  than  single  domain,  so  when  a  do¬ 
main  wall  sweep  across  it,  large  exchange  anisotropy  will  be 


FIG.  2.  Annealing  effect  on  the  coercivity  for  (,v  =  ()-2 

at.  %). 


FIG.  4.  TUM  micrograph  of  a  Nd|||,,Fe,4  ,,8,  .,,11  lliikc  annciilcd  at  7.S()  "C 
for  to  min. 
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l-'IG.  5.  A  few  larger  grains  found  in  annealed  Ndinssl'eiw  Makes; 

inset  is  the  SAD  pattern  showing  the  2-14-1  phase. 

cncounlcred.’  Similar  results  were  also  reported  previously 
by  Manaf  cl  ai*  When  the  particle  size  of  a-Fe  is  further 
reduced,  approaching  the  domain-wall  width  of  hard 
Nd2Fei4B  phase,  the  exchange  interaction  would  suppress 
the  reversible  rotation  of  magnetization  in  the  soft  iron  par¬ 
ticles  and  result  in  a  significant  rise  of  coercivity."’  Figure  5 
shows  a  few  larger  grains  found  in  NlOTl  flakes,  probably 
due  to  a  gas-pocket  trapped  between  ribbon  and  wheel  sur¬ 
face.  The  selected  area  diffraetion  pattern  (the  inset)  of  the 
larger  grains  demonstrates  a  Nd2Fc,4B  pha.se  structure.  EDS 
analysis  with  an  ultraflne  electron  probe  (beam  diameter 
~10  nm)  indicates  that  Ti  atoms  are  homogeneously  distrib¬ 
uted  between  the  Nd2Fci4B  matrix  and  a-Fe  particles.  The 
chemical  composition  of  free-iron  particles  was  analyzed  to 
be  Fe  93.2  at.  %,  and  Ti  2.9  at.  %. 


IV.  CONCLUDING  REMARKS 

Ti-modified  (a-Fe)-NdiFe,4B  nanocrystallinc  two-phase 
alloys  with  soft  iron  particles  embedded  in  hard  NdiFeiuB 
matrix  were  prepared  by  melt  spinning  and  annealing.  The 
grain  size  of  Nd2Fei4B  is  20-60  nm  while  that  of  the  soft 
iron  particles  is  11-30  nm.  The  coercivity  of  the  annealed 
flakes  decreased  dramatically  with  increasing  particle  size  of 
the  free  iron,  following  the  same  tendency  of  a  theoretical 
calculation  by  Schrefl  ct  al.  The  1  at,  %  Ti-containing  flakes 
.show  the  highest  coercivity  of  1 1.1  kOc.  Its  value  is 

about  16  MGOe  despite  the  lower  Nd  and  B  content  than 
stoichiometric  Nd2Fei4B. 
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Magnetization  processes  in  remanence  enhanced  materiais 
(invited)  (abstract) 

R.  Street,  P.  Allen,  J.  Ding,  E.  Feutrlll,  L.  Folks,  P.  A.  I.  Smith,  and  R.  C.  Woodward 

Research  Centre  for  Advanced  Mineral  and  Materials  Processing,  Ncdlands  6009,  Australia 

Isotropic  assemblies  of  hard  and  soft  magnetic  phases  in  nanocrystalline  form  have  been  produced 
by  high  energy  ball  milling  and  melt  spinning.  These  materials  exhibit  remanence  enhancement,  i.e., 
the  remanence  exceeds  O.SMsm ,  the  value  expected  of  an  isotropic  material.  The  phenomenon  has 
been  investigated  using  models  in  which  interaction  energy  across  the  interfaces  between 
magnetically  hard  and  soft  components  is  taken  into  account.  An  example  of  such  a 
two-dimensional  model  will  be  discussed.  Measurements  have  been  made  of  the  magnetic  properties 
of  SmFeN,  Sm(Fe,Co),  and  NdFeB  two  pha,se  nanocrystalliric  materials.  All  of  them  exhibit 
remanence  enhancement.  The  time  dependent  behavior  of  materials  exhibiting  remanence 
enhancement  is  unusual.  Magnetic  viscosity  occurs  on  both  branches  of  recoil  loops  as  well  as  on 
the  initial  magnetizing  and  demagnetizing  curves. 
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Magnetic  order  and  spin-flop  transition  in  Co-Re  multilayers 
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Polarized  neutron  reflectometry  measurements  were  carried  out  on  a  thin-film  Co-Re  multilayer 
sample  with  Re  thickness  of  6  A  which  is  at  the  peak  of  the  first  oscillation  of  the  magnetoresistance. 
Antiferroniagnetic  coupling  between  successive  Co  layers  is  observed  at  in-plane  magnetic  fields 
below  0.1  T.  Towards  the  low  field  end  of  this  regime,  the  axes  of  the  untiferromagnctic  domains  are 
distributed  relatively  uniformly  in  the  sample  plane  but  at  ~0.1  T  the  moments  flop  perpendicular 
to  the  applied  field.  As  the  field  is  increased  further,  the  Co  moments  arc  pulled  into  the  field 
direction  producing  a  partial  ferromagnetic  alignment.  At  U.S  T,  the  highest  field  where  the 
measurements  have  been  made,  the  antiferromagnetic  to  ferromagnetic  transition  was  found  to  be 
only  ~50%  complete,  indicating  that  the  saturation  field  required  for  Co-Re  system  is  much  higher 
than  that  for  Co-Cu  multilayers  of  similar  layer  spacing. 


I.  INTRODUCTION 

Multilayers  composed  of  a  ferromagnetic  metal  (Co,  Fe, 
Ni)*'*  separated  by  a  nonmagnetic  transition  metal  (such  as 
Cu,  Cr,  Ru,  and  Ag)  exhibit  oscillatory  interlayer  magnetic 
coupling  which  has  stimulated  considerable  fundamental  and 
technological  interest.  In  these  materials,  the  coupling  of  ad¬ 
jacent  magnetic  layers  oscillates  between  antiferromagnetic 
(AFM)  and  ferromagnetic  (FM)  alignment  as  a  function  of 
the  nonmagnetic  spacer  thickness  with  a  period  about  10  A 
for  most  sy.stems.'^  This  period  can  be  understood  in  terms  of 
the  Ruderman-Kittell-Kasuya-Yosida  interaction  and  the 
topological  character  of  the  Fermi  surface  of  the  nonmag¬ 
netic  spacer  layer.'’  Further,  a  strong  negative  magnetoresis¬ 
tance  has  been  found  in  such  mu.iilayer  films  when  the  ini¬ 
tial  antiparallel  magnetization  alignment  of  adjacent  layers  is 
brought  into  parallel  alignment  by  an  external  magnetic 
field.*  As  a  result,  the  magnitude  of  the  magnetorcsistance 
oscillates  with  the  nonmugnetic  spacer  thickness'"’  and  is 
attributed  to  spin-dependent  scattering  of  the  conduction 
electrons.’ 

We  have  recently  demonstrated*'’’  that  the  magnetoresis¬ 
tivity  of  Co-Re  multilayers  also  oscillates  as  a  function  of  the 
Re  layer  thickness,  with  a  small  d^R/R  peak  value  of  1%  and 
a  large  .saturation  field  value  near  1  T  at  low  temperatures. 
Although  the  magnetoresistance  is  relatively  small  compared 
with  other  systems  such  as  Co-Cu,  the  large  fields  required 
)  for  the  saturation  of  magnetoresistance  are  comparable  with 
those  in  Co-Cu,  indicating  that  the  interlayer  coupling  is 
relatively  strong  for  the  Co-Re  multilayers.  In  order  to  ex¬ 
amine  the  interlayer  magnetic  coupling  in  detail,  we  have 
undertaken  a  series  of  polarized  neutron  reflectivity  measure¬ 


ments  on  a  sample  with  a  Re  layer  thickness  of  6  A,  chu.sen 
to  be  at  the  peak  of  the  first  oscillation  of  the  magnetoresis¬ 
tance.  Small  angle  spin-polarized  neutron  reflectometry  is 
sensitive  to  both  the  nature  of  the  interlayer  coupling  as  well 
as  the  orientation  of  the  internal  magnetic  axes  with  respect 
to  the  external  applied  magnetic  field  as  has  been  shown  for 
molecular-beam-epitaxy-grown  (MBE)  Co-Cu  multilayers.'" 

II.  EXPERIMENTAL  DETAILS 

The  sample  studied  was  taken  from  a  series  of  samples" 
with  layer  structures  substratc/Re(5()  A)/[Co(24  A)/Re(< 
A)]x5o/Bf5(iO  A)  deposited  on  oxidized  Si  sub.strates  using  a 
modified  single-source  rf  triode  sputtering  system.  The  addi¬ 
tional  10  A  Re  overlayer  was  included  to  inhibit  oxidation  of 
the  Co  layer  immediately  underneath.  The  deposition  system 
was  pumped  to  a  base  pre.ssure  ~  1  X 10“’  Torr  before  sputter 
deposition  at  a  pressure  of  4.0  mTorr  argon  and  a  rf  power  of 
88  W.  With  a  substrate-target  distance  of  5.5  cm,  typical 
deposition  rates  were  2. 1  A/s  for  Co  and  2.0  A/s  for  Re,  The 
structural  characterization  of  the  samples  was  performed  by 
low-  and  high-angle  x-ray  diffraction  measurements.’  Lt)w- 
angle  reflectivity  data  show  three  superlattice  peaks,  con¬ 
firming  a  well-defined  composition  modulation  along  the 
growth  direction,  In  addition,  high-angle  x-ray  diffraction 
data  indicate  coherent  and  highly  textured  structures  with  an 
hep  [CKV]  direction  normal  to  the  film  plane.  X-ray  lin- 
ewidths  suggest  an  in-plane  grain  size  of  about  2()0-30()  A 
for  this  sample. 

The  neutron  reflectivity  measurements  were  carried  out 
at  the  Nl’.U  reactor,  Chalk  River,  with  the  C5  .spectrometer  of 
the  DUALSPEC  facility.  The  spectrometer  was  fitted  with  a 
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FIG.  1.  Polarized  neutron  scattering  intensity  as  a  function  of  the  scattering 
angic  26  (2theta)  at  d =0.044  T.  NSF  scattering  is  piotted  as  fitted  circtes 
and  SF  scattering  as  open  circtes. 


2  Theta  (degrees) 


FIG.  2.  Polarized  neutron  .scattering  intensity  as  a  function  of  the  scattering 
angle  2theta  at  B  =0. 123  T.  NSF  scatteiing  is  plotted  as  tilled  circtes  and  SF 
scattering  as  open  circtes. 


Cu2MnAl  Heusler  alloy  monochromator  and  analyzer,  a  py¬ 
rolytic  graphite  filter,  and  a  Mezei-type  spin  flipper  tuned  for 
the  selected  neutron  wavelength  of  2.37  A  in  the  scattered 
beam.  This  setup  allowed  us  to  measure  non-spin-flip  (NSF) 
and  spin-flip  (SF)  scattering  of  polarized  neutrons  by  the 
sample.  Since  the  Heusler  alloy  reflects  only  “spin  down” 
neutrons  the  scattering  processes  correspond  to 
5(Q)down-down  and  S((2)dowii-un-  The  sample  was  mounted  in 
a  cryostat  with  a  horizontal  magnetic  field  almost  parallel  to 
the  multilayer  planes.  A  small  misalignment  of  the  field  of 
—3°  was  required  in  order  to  avoid  the  neutron  shadow 
caused  by  the  liquid-helium  feed  tube  for  the  lower  part  of 
the  magnet.  Specular  reflectivity  measurements  were  carried 
out  at  small  glancing  angles  (<6°)  with  the  scattering  vector 
perpendicular  to  the  multilayers.  Sample  temperatures  were 
in  the  range  from  4.2  to  250  K;  only  weak  temperature  de¬ 
pendences  were  observed  and,  in  this  paper,  only  low  tem¬ 
perature  data  are  presented. 

III.  RESULTS  AND  DISCUSSION 

Magnetic  neutron  scattering  is  sensitive  only  to  the  com¬ 
ponents  of  the  magnetic  moment  that  are  perpendicular  to  the 
scattering  vector,  i.e.,  that  lie  in  the  plane  of  the  multilayer. 
Since  the  neutrons  are  polarized  along  the  applied  field  B, 
the  in-plane  components  of  the  moment  parallel  and  perpen¬ 
dicular  to  B  are  observed  as  NSF  and  SF  scattering,  respec¬ 
tively. 

Neutron  reflectivity  curves  measured  at  three  values  of  B 
are  shown  in  Figs.  1-3.  In  general,  resolved  peaks  are  ob¬ 
served  at  three  regions  of  scattering  angle.  The  large  peak  at 
very  small  angles  arises  mostly  from  the  unscattered  neu¬ 
trons.  Additional  small  angle  scattering  is  seen  for  the  NSF 
channel  due  to  finite  critical  angle  for  total  external  reflec¬ 
tion.  No  total  external  reflection  is  seen  for  the  SF  channel. 
Additional  peaks  are  found  at  20=4.5°,  arising  from  the 
structural  period  of  30  A  for  this  sample,  and  at  20=2.3°, 
corresponding  to  twice  the  structural  period  due  to  the  AFM 
stacking  of  adjacent  Co  layers. 

At  the  lowest  applied  field  (J3= 0.044  T),  specular  peaks 
at  20=2.3°  are  observed  in  both  the  NSF  and  SF  scattering 
channels  (Fig.  1),  confirming  that  the  interlayer  magnetic 


order  in  the  zero-field  limit  is  AFM.  The  intensity  ratio  be¬ 
tween  the  SF  and  NSF  peaks  in  Fig.  1  is  2:1,  indicating  that 
in-plane  AFM  order  is  predominantly  oriented  perpendicular 
to  B  but  approximately  30%  of  the  moments  remain  parallel 
to  B  at  this  value  of  the  field.  For  antiferromagnetically 
coupled  layers  in  an  applied  field  the  magnetic  energy  is 
reduced  if  the  moments  are  perpendicular  rather  than  parallel 
to  the  field.  The  observation  of  AFM  peaks  in  both  scattering 
channels  at  £=0.044  T  therefore  indicates  that  there  is  a 
small  amount  of  in-planc  anisotropy  pr“.sent  for  the  Co  lay¬ 
ers.  A  completely  spin-flopped  state  of  the  sample,  signaled 
by  a  purely  SF  scattering  ai  '.he  AFM  peak  position,  is  ob¬ 
served  at  0.123  T  (Fig.  2).  Assuming  the  moment  per  unit 
area  of  each  Co  layer  to  be  3.5X10”“'  O  cm 
GX24  A),  we  estimate  the  magnitude  of  the  in-plane  anisot¬ 
ropy  to  be  —0.4  erg/cm^. 

In  Fig.  2  (B  =0.123  T)  the  small  NSF  peak  at  20-4.5°  is 
due  to  the  establishment  of  a  small  net  moment  parallel  to  B. 
Note  that  the  NSF  signal  in  the  corresponding  range  of  Fig.  1 
is  undetectable  above  the  background.  More  recent  low-field 
measurements  (to  be  published  elsewhere)'^  show  that  there 
is  indeed  a  very  weak  peak  at  this  position  of  purely  nuclear 
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FIG.  .3.  Polarized  neutron  scattcrinj;  intensity  as  a  function  of  the  scattering 
angle  2lheta  at  B=0.50  T.  NSF  scattering  is  plotted  as  filled  circles  and  SF 
scattering  as  open  circles. 
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origin  [as  confirmed  by  ...wasurcmcnts  of  the  two  NSF  cross 
sections,  5(0)up-„p  and  5(G)d  owil-dowtiJ* 

Measurements  at  fields  >0.3  T  reveal  the  development 
of  a  FM  component  at  the  expense  of  AFM  order.  Al  B- 
0.5  T  the  intensity  of  the  FM  peak  is  almost  equal  to  that  of 
AFM  peak,  indicating  that  the  AFM  to  FM  transition  is  half¬ 
way  complete  (Fig.  3).  This  result  is  consistent  with  the 
variation  of  transverse  magnetoresistance  in  a  similar  sample 
with  t~5  A,  where  AR/R  is  reduced  to  half  of  its  zero-field 
value  in  an  applied  field  of  0.5  T.^ 

IV.  CONCLUSION 

Antiparallel  alignment  of  the  Co  layer  moments  at  low 
fields,  development  of  a  spin-flop  state  at  intermediate  field.s, 
and  a  gradual  transition  to  parallel  alignment  at  high  fields 
indicate  a  classical  AFM  order  with  relatively  strong  inter¬ 
layer  coupling.  Qualitatively  similar  behavior  was  found  for 
MBE-grown  Co-Cu  multilayers'”  although  significant  FM 
order  was  also  detected  in  AFM  samples  resulting  from  FM 
bridges  due  to  pinholes  in  the  films.  Our  sputtered  Co-Re 
sample  shows  no  low  field  FM  order  making  it  an  ideal 
matrix  for  studying  the  spatial  distribution  of  the  magnetiza¬ 
tion  in  a  s; .  icm  with  antiferromagnetically  co'ipled  layers. 
Such  an  analysis  is  currently  in  progress.''^ 
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Interlayer  exchange  coupling  versus  ferromagnetic  layer  thickness 
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A  dependence  of  the  interlayer  exchange  coupling  coefficient  A ,  2  on  the  Co  layer  thickness  has  been 
observed  in  asymmetric  Co(32  A)/Ru(rKi,)/Co(/2)  trilayer  structures  for  several  series  within  which 
is  a  constant.  As  a  function  of  the  second  Co  layer  thickness,  the  amplitude  of  A 12  varies 
significantly  but  the  sign  of  A  12  does  not  change  within  each  series.  In  both  parallel  and  antiparallel 
coupled  structures,  the  vciation  length  A/2  between  the  maximum  and  the  minimum  coupling 
strength  is  rather  large  (about  10  A)  and  consistent  from  series  to  series. 


I.  INTRODUCTION 

Since  the  discovery  of  antiparallel  coupling  between  Fe 
films  across  a  Cr  interlayer, ‘  many  studies  have  been  done  to 
evaluate  the  interlayer  exchange  coupling  strength  in  various 
magnetic  multilayer  systems  using  ferromagnetic  resonance 
(FMR)  and  Brillouin  light  scattering  (BLS).^“''  For  a  trilayer 
structure  consisting  of  two  ferromagnetic  layers  separated  by 
a  nonmagnetic  spacer,  (he  bilinear  exchange  coupling  energy 
per  unit  surface  area  is  defined  as 

M,-M2 

where  A 12  is  the  exchange  coupling  coefficient  and  M|  and 
M2  are  magnetization  vectors  in  the  first  and  second  mag¬ 
netic  layers,  respectively.  The  sign  of  A 12  is  chosen  so  that  it 
is  positive  for  an  antiparallel  coupled  system  and  negative 
for  a  parallel  coupled  system. 

While  most  work  is  devoted  to  the  oscillation  behavior 
of  the  interlayer  exchange  coupling  with  increasing  inter¬ 
layer  thickness,  little  effort  has  been  related  to  the  depen¬ 
dence  of  the  coupling  on  the  thickness  of  the  ferromagnetic 
layers.  Recently,  Bloemen  et  al.''  have  studied  the  coupling 
behavior  in  a  (001)  Co/Cu/Co  trilayer  structure  with  different 
Co  layer  thickness,  and  concluded  that  the  interlayer  cou¬ 
pling  oscillates  as  a  function  of  the  Co  layer  thickness  with  a 
period  of  6-7  A.  Their  results  are  consistent  with  the  predic¬ 
tion  by  Barnas’  and  Bruno.**  Both  the  theoretical  calculation 
by  Barnas  and  Bruno  and  the  experimental  evidence  by 
Bloemen  et  al.  are  done  in  symmetric  trilayer  systems  (i.e., 
in  each  sample,  the  first  Co  layer  thickness  /|  is  equal  to  the 
second  Co  layer  thickness  /i).  In  this  paper  we  iept)rt  the  first 
experimental  evidence  fo’  interlayer  exchange  coupling  os¬ 
cillations  as  a  function  of  the  Co  layer  thickness  in  asymmet¬ 
ric  Co(32  A)/Ru(/hu)/Co(/2)  trilayer  systems.  The  purpose 
for  these  series  is  (i)  to  observe  the  optic  mode  by  creating  an 
asymmetric  anisotropy  environment  and  (ii)  to  systemati¬ 
cally  investigate  the  variation  of  the  interlayer  exchange  cou¬ 
pling  with  the  magnetic  layer  thickness. 

The  interlayer  coupling  strength  as  well  as  die  effective 
anisotropy  energy  within  each  magnetic  layer  has  been 
evaluated  using  in-plane  magnetization  measurements  and 
angular  dependence  of  FMR  measurements.  In  the  antiparal¬ 


lel  coupled  in-plane  magnetization  curves,  two  transition 
fields  //„i  |=A  ,2/MvX(  I//2- 1//,)  and 
X( l//2-t- 1 //j)  exist  which  separate  the  antiparallel,  canted, 
and  saturation  states.  The  two  transition  fields  can  be  used  to 
evaluate  the  coupling  coefficient  A  ,2.  However,  the  in-plane 
hysteresis  loop  for  a  parallel  coupled  system  is  degenerate 
with  that  of  a  noncoupled  system  and  therefore  cannot  be 
used  to  evaluate  the  coupling  strength.  In  contrast  to  the 
in-plane  magnetization  measurements,  FMR  can  provide  in¬ 
formation  of  the  exchange  coupling  strength  and  effective 
anisotropy  energy  for  both  parallel  and  antiparallel  coupled 
systems. 


The  Co(32  A)/Ru(/n„)/Co(/2)  structures  were  prepared 
in  ultrahigh  vacuum  by  evaporation  on  freshly  cleaved  mica 
substrates.  In  each  of  the  four  series,  the  Ru  layer  thickness 
is  a  constant  (/)<„=  It),  12,  16,  and  24  A,  respectively)  while 
/2  varies  from  8  to  32  A.  Structure  analysis  using  reflection 
high-energy  electron  diffraction  and  transmission  electron 
microscopy  indicates  that  the  layers  are  grown  epitaxially  on 
the  buffer  layers,  with  good  crystalline  features  and  sharp 
interfaces. 

It  has  been  found  that  the  magnetization  vectors  of  the 
two  Co  layers  are  strongly  antiparallel  coupled  in  series  1 
(/;(„=  10  A)  and  scries  11  (/nu=12  A),  parallel  coupled  in 
series  111  (/xu-lb  A),  and  antiparallel  coupled  in  series  IV 
(/r„  =  24  A).  This  is  similar  to  the  coupling  behavior  ob¬ 
served  in  symmetric  structures.'*  Series  1  and  II  are  in  the  first 
antiparallel  coupled  region  and  series  IV  is  in  the  second 
antiparallel  coupled  region  while  series  111  is  in  the  parallel 
coupled  region  with  respect  to  the  Ru  thickness.  In-plane 
magnetization  measurements  were  performed  using  a  super¬ 
conducting  quantum  interference  device  and  alternating  gra¬ 
dient  force  magnetometry  magnetometers  at  room  tempera¬ 
ture.  FMR  measurements  at  both  A'-band  (9.2  GHz)  and 
/C-band  (23  GHz)  frequencies  have  been  performed  at  rovrm 
temperature.  The  external  field  was  rotated  from  the  orienta¬ 
tion  parallel  to  the  film  plane,  =  90°,  to  the  orientation 
perpendicular  to  the  film  plane,  0,/=  {)°.  in  10°  steps. 


II.  EXPERIMENT 
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FIG.  1.  Typical  in-planc  antiparallel  coupled  magnetization  curves  for  the 
asymmetric  scries  Co(32  A)/Ru(10  A)/Co((2)  at  room  temperature.  The  ar¬ 
rows  indicate  tlic  two  transition  fields. 


III.  RESULTS  AND  DISCUSSIONS 

All  samples  have  an  easy  plane  anisotropy  energy  when 
the  second  Co  layer  thickness  10  A.  The  saturation  mag¬ 
netization  Mj  per  unit  volume  of  Co  is  within  10%  of  the 
bulk  Co  value  (1400  emu/cm^)  and  is  independent  of  the 
second  Co  layer  thickness.  No  significant  in-plane  anisotropy 
field  was  found  as  expected  for  the  hep  structure  in  the  Co 
and  Ru  layers  having  the  c  axis  normal  to  the  film  plane. 
Series  I,  II,  and  IV  show  typical  antiparallel  coupled  magne¬ 
tization  curves,  shown  in  Fig.  1.  The  in-plane  saturation 
fields  of  6-16  kOe  in  these  samples  suggest  that  a  very  strong 
antiparallel  coupling  exists  between  the  Co  layers.  Upon  de¬ 
creasing  the  second  Co  layer  thickness  I2,  the  remanent  mag¬ 
netization  increases  and  follows  roughly  the  relation 
M,/Mj  =  (ri-'2)/(ri-t-f2)  as  expected.  This  shows  the  layer 
thickness  is  consistent  from  sample  to  sample.  The  well- 
defined  shape  of  the  hysteresis  loops  also  indicates  that  the 
interlayer  exchange  coupling  is  quite  uniform  across  the  film 
plane.  The  coupling  coefficient  A 12  in  series  I  and  II  were 
calculated  using  the  two  transition  fields  i  and  H„i2 
which  can  be  obtained  from  the  curves.  In  the  parallel 
coupled  system  (series  III),  a  nearly  square  hystere.sis  loop 
was  obtained  and  the  in-plane  saturation  field  is  less  than  100 
Oe  for  all  of  the  samples  in  that  series. 

The  FMR  measurements  of  series  I  and  II  show  only  the 
acousticlike  mode.  But,  both  acoustic-  and  opticlike  modes 
were  observed  in  series  III  and  IV.  Therefore  the  angular 
dependence  of  resonance  field  was  used  to  evaluate  A 12  for 
series  III  and  IV.  With  increasing  Of, ,  one  mode  always  stays 
on  the  low  field  side  of  the  other  mode.  This  is  different  from 
the  behavior  of  a  noncoupled  trilayer  structure  unless  the  two 
layers  have  significantly  different  g  values,  which  is  not  ex¬ 
pected  in  these  samples. 

Figure  2  shows  that  the  amplitude  of  A 12  varies  signifi¬ 
cantly  as  a  function  of  the  second  Co  layer  thickness  /i.  but 
the  sign  does  not  change  within  each  series.  In  the  antiparal- 


FIG.  2.  The  coupling  coefficient  A ,  2  as  a  f  netion  of  the  .second  Co  layer 
thickness,  t^,  for  four  asymmetric  series  (I,  II,  III,  and  IV)  having  the  struc¬ 
ture  of  Co(32  A)/Ru(/n„)/Co(r2)  with  =  >2,  16,  and  24  A,  respec¬ 

tively,  The  curves  indicatcu  by  0  and  V  arc  calculated  using  in-planc 
magnetization  measuremenis,  and  the  curves  indicated  by  O  and  A  arc 
calculated  using  the  FMR  measurements.  All  results  are  at  room  tempera¬ 
ture. 


lei  coupled  systems  (series  I,  II,  IV),  |A  reaches  maximum 
values  (about  1.7,  1.5,  and  0.18  crgs/cm*  for  series  1,  II,  and 
IV,  respectively)  at  r2~15  A,  and  minimum  values  (about 
1.0,  0.6,  and  0.06  ergs/cm^  for  series  I,  II,  and  IV,  respec¬ 
tively)  at  A.  The  variation  amplitude,  |A"2*|-|A™2''|, 

is  on  the  same  order  as  |A  12I  for  each  series  which  is  larger 
than  the  theoretical  predictions  for  the  case  of  symmetric 
structure.^  The  variation  length  Arj-lO  A  between  maxi¬ 
mum  ar.d  minimum  coupling  strength  is  also  much  larger 
than  the  value  obtained  by  Bloemen  et  al.  in  symmetric 
.structures.  In  the  parallel  coupled  system  (series  III),  |Aj2| 
reaches  extreme  values  at  r2~20  and  30  A.  |A  ,2!  is  a  mini¬ 
mum  (about  0.01  ergs/cm^)  at  /2~20  A,  and  a  maximum 
(about  0.17  ergs/cm^)  occurs  at  r^'-SO  A. 

From  the  FMR  data  the  effective  uniaxial  anisotropy 
field  which  includes  the  demagnetization  field 

-47rMj  and  the  perpendicular  anisotropy  field  2K„2  ,/M,. , 
was  al.so  evaluated  for  each  Co  layer.  Figure  3  shows  that 

1  fo''  the  32  A  Co  layer  is  a  constant  at  -9.6  kG  while 

^u2.2  for  the  second  Co  layer  increases  with  decreasing  t2. 
The  variation  of  H''J2,2  he  expressed  as  using  a  bulk 
contribution  and  a  surface  contribution  f/,  from  each 
Co/Ru  interface 

t2XHll2  =  t2XHZ^^+2H,,,  (2) 

where  f/hjJii,  is  about  -12.2  kG  in  these  samples  which 
agrees  with  the  estimation  using  the  demagnetization  field 
(-17.6  kO)  and  the  uniaxial  anisotropy  field  (5.9  kG)  of 
bulk  Co.  The  surface  anisotropy  field  //,  is  quite  large  in 
these  samples  and  corresponds  to  a  surface  anisotropy  energy 
of  K,~{)A()  ergs/enr.  A  negative  //);2  2  was  obtained  when 
f2  is  le.ss  than  10  A,  suggesting  that  the  easy  axis  in  the 
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FIG.  3.  The  evaluation  of  t,-  X  KJ* ,  obtained  from  the  FMR  at  9.3  and  23 
GHz  as  a  function  of  the  second  Co  layer  thickness  for  the  Co(32  A)/ 
Ru(16  A)/Co(rj)  series  at  room  temperature.  The  broken  lines  are  the  best 
fit  using  the  expression  described  in  the  text. 

second  Co  layer  is  in  the  normal  film  plane  as  expected  from 
the  in-plane  and  normal  plane  magnetization  measurements 
in  very  thin  films. 

IV.  CONCLUSION 

The  variation  of  the  interlayer  exchange  coupling  with 
the  Co  layer  thickness  in  the  asymmetric  Co/Ru/Co  trilayer 


structures  has  been  investigated  using  the  in-plane  magneti¬ 
zation  and  angular  dependence  of  FMR  measurements.  The 
results  show  thpt  the  coupling  strength  depends  on  the  mag¬ 
netic  layer  thickness.  There  is  a  significant  variation  of  A]2 
on  increasing  the  second  Co  layer  thickness  in  both  parallel 
and  antiparallel  coupled  systems.  This  might  be  due  to  the 
different  Fabry- -Perot-like  interference  of  electron  Bloch 
waves  within  the  individual  magnetic  layers.  No  change  of 
the  sign  of  i4 12  was  observed  in  any  of  the  series.  The  varia¬ 
tion  period  between  the  maximum  and  minimum  values  of 
A 12  is  about  10  k  which  is  larger  than  the  predicated  value 
TT/kp  from  the  free  electron  model,  suggesting  that  the  dis¬ 
creteness  of  the  magnetic  layer  thickness  and  the  moment 
distribution  may  have  to  be  taken  into  account. 
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A  dependence  of  the  strength  of  the  antiferromagnetic  coupling  across  Cu  on  the  Co  layer  thickness 
has  been  observed.  The  Co  thickness  dependence  displays  two  clear  peaks  consistent  with  the 
recently  predicted  oscillation  period  of  6.2  A  Co.  Apart  from  the  two  peaks  also  several  small  peaks 
are  visible  on  a  scale  of  about  1  monolayer  Co.  Free-electron  calculations  indicate  that  tlie.se  rapid 
variations  in  strength  may  result  from  slight  differences  between  the  slopes  and  .starting  points  of  the 
two  Co  wedges  that  were  involved  in  the  experiment. 


Recent  theoretical  work  by  Bruno*  and  Barnas^  has 
shown  that  the  interlayer  exchange  coupling  between  two 
ferromagnetic  (FM)  layers  across  a  nonmagnetic  (NM)  me¬ 
tallic  spacer  layer  may  oscillate  not  only  with  the  thickness 
of  this  spacer  but  also  with  the  thickness  of  the  ferromag¬ 
netic  layers. 

Systematic  experimental  studies  investigating  the  de¬ 
tailed  effect  of  the  FM  thickness  upon  the  interlayer  coupling 
are  very  scarce.  Qiu  et  al.^  and  Chen  et  al.^  studied  the  Co/ 
Cu/Co  (100)  system  for  several  Co  thicknesses.  However, 
their  results  were  insufficient  to  reveal  an  oscillatory  behav¬ 
ior.  First  experimental  evidence  for  an  oscillatory  behavior  as 
a  function  of  the  magnetic  layer  thickness  was  obtained  by 
the  present  groups  for  a  (001)  Co/Ni/Co/Cu/Co/Ni/Co 
sandwich^  and  by  Okuno  and  Inomata  for  Fe/Cr  (100) 
multilayers.*’  In  this  article  we  summarize  our  experimental 
results^  and  discuss  them  using  calculations  based  on  the 
Bruno  model.'  Within  the  free-electron  approximation,  this 
model  could  be  extended  to  include  our  experimental  .situa¬ 
tion  viz.  a  situation  of,  in  principle,  unequal  FM  layers 
which,  in  addition  consist  of  multiple  differem  FM  layers 
(three  in  our  case,  Co/Ni/Co).  To  interpret  or  predict  the 
behavior  of  these  at  first  sight  more  complicated  systems  it  is 
useful  to  recall  the  mechanism  from  which  an  oscillation 
with  a  FM  layer  thickness  originates. 

Bruno  shows  that  the  coupling  problem  can  be  described 
in  terms  of  the  reflection  of  electron  waves  at  the  potential 
steps  at  the  various  interfaces  in  the  FM/NM/FM  sandwich.’ 
Here,  the  nonzero  exchange  spitting  of  the  conduction  bands 
in  the  FM  layers  is  responsible  for  a  difference  in  potential 
step  heights  for  spin-up  and  spin-down  electrons.  This  causes 
the  reflection  amplitude  to  be  spin  dependent  resulting  in  a 
magnetic  coupling.  The  coupling  strength  is  larger  for  larger 
differences  between  the  reflection  amplitudes  for  spin-up  and 
spin-down  electrons.  An  oscillatory  dependence  of  the  cou¬ 
pling  strength  on  the  thickness  of  the  FM  layers  is  then,  as 
Bruno  argues,  simply  a  result  of  multiple  reflections  of  elec¬ 
tron  waves  within  the  FM  layers.*  A.s  in  the  case  of  light 
waves  incident  on  a  (multi)layer,  the  effective  reflection  am¬ 
plitude  of  a  layer  (in  our  case  a  FM  layer)  is  a  result  of  the 
constructive  and  destructive  interferences  of  the  forward 


(transmitted)  and  backwards  (reflected)  traveling  waves  and 
depends  upon  the  interplay  between  the  layer  thickness,  the 
wavelength  of  the  incident  wave,  and  the  wavelength  within 
the  reflecting  medium.  The  latter  is  determined  by  the  elec¬ 
tronic  structure  of  the  FM  layers  and  follows,  in  the  large 
thickness  limit,  from  the  relevant  extremal  Fermi  surface 
(FS)  spanning  vectors  of  the  FM  layer.  From  this  “electron- 
optics”  picture  it  is  thus  clear  that  if  a  FM  layer  is  composed 
of,  for  example,  a  multilayer  made  of  several  different  FM 
layers,  the  effective  reflection  amplitude  of  such  a  multilayer 
(and  thus  the  coupling)  will  oscillate  with  the  thickness  of 
any  of  the  constituent  FM  layers.  This  is  exactly  the  case  for 
our  experimental  system. 

We  have  studied  a  molecular-beam-epitaxy-grown  (001) 
Co/'Ni/Co/Cu/Co/Ni/Co  sandwich  in  which  the  two  Co  layers 
adjacent  to  the  Cu  spacer  as  well  as  the  Cu  spacer  itself  were 
deposited  in  the  form  of  wedges  oriented  perpendicularly 
with  respect  to  each  other.  This  allowed  for  independent  in¬ 
vestigation  of  the  Cu  and  Co  layer  thickne.ss  dependence  of 
the  coupling  acro.ss  Cu(OOl)  in  a  single  sample.  In  this  way 
experimental  artifacts  are  avoided  that  are  related  to  changes 
in  (i)  deposition  conditions,  (ii)  substrate  quality,  and  (iii) 
layer  thickness — changes  that  otherwise  would  have  oc¬ 
curred  ii  a  series  of  separate  samples.  Especially  slight 
changes  in  a  presumably  fixed  Cu  spacer  layer  thickness  in 
an  experiment  of  varying  magnetic  layer  thickness  would 
cause  problems  in  our  case  since  the  coupling  strength  is 
extremely  sensitive  to  the  precise  Cu  thickness  because  of 
the  presence  of  a  short  period  oscillation  with  a  period  of 
about  2.6  ML  Cu.  Note  that  the  latter  problem  was  not  en¬ 
countered  in  the  study  of  the  sputtered  Fe/Cr  (100)  samples 
of  Okuno  and  Inomata*’  since  only  the  long  Cr  period  was 
present  in  their  samples. 

Two  samples  (referred  hereafter  as  samples  1  and  II) 
have  been  investigated.  The  typical  composition  of  the  mag¬ 
netic  layers  in  the  samples  was  as  follows:  .30  A  Co/l.S  A 
Ni/Co  wedge  (2.3  A/mm).  Further  compositional  details  and 
information  regarding  the  structure  of  the  layers  as  obtained 
from  low  energy  electron  diffraction  experiments  can  be 
found  in  Ref.  5. 

The  antiferromagnetic  (AF)  coupling  behavior  was  in- 
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Co  thickness  (A) 


FIG.  1.  The  strength  of  the  interlayer  excli.nngc  coupling  in  the  first  and 
second  AF  peak  as  a  function  of  the  Co  thickness  for  sample  II. 


vestigated  by  measuring  hysteresis  loops  via  the  longitudinal 
magneto-optical  Kerr  effect.  The  behavior  as  a  function  of 
the  Cu  thickness  displays  a  superposition  of  a  long  and  a 
short  period  oscillation,^  in  accordance  with  earlier 
observations.’*'’^  The  presence  of  the  short  period  in  both 
samples  indicates  that  these  samples  are  of  high  structural 
quality.  The  dependence  on  the  Co  thickness  of  the  strength 
of  the  first  two  AF  maxima  (at  A  Cu  and  "*19  A  Cu)  for 
sample  11  is  shown  in  Fig.  1.  An  oscillatory  like  behavior  with 
an  apparent  period  of  6-7  A  is  observed  in  all  experimental 
scans.  From  the  electron-optics  picture  of  Bruno  it  is  imme¬ 
diately  clear  that  this  value  is  a  property  solely  of  Co.  With 
varying  Co  thickness  the  effective  reflection  amplitude  of  the 
Co/Ni/Co  FM  layer  (and  thus  the  coupling)  is  modified  in  an 
oscillatory  fashion  with  a  period  determined  by  the  relevant 
wavelength  in  the  Co  layer.  According  to  Bruno  the  latter  is 
determined  by  the  extremal  spanning  vector  along  the  F-A" 
line  [(100)  growth]  in  the  spin-down  FS  of  fee  Co.  This 
vector  yields  a  period  of  3.5  ML  or  6.2  A  Co  which  is  in  very 
good  agreement  with  the  present  experiment.  However,  the 
functional  shape  of  the  experimentally  obtained  variation 
with  Co  thickness  does  not  resemble  a  fully  regular  oscilla¬ 
tory  behavior.  Considering  for  example  the  behavior  of  the 
second  AF  peak,  the  lower  curve  in  Fig.  1 ,  two  clear  peaks 
are  visible  whereas  around  the  position  where  the  third  peak 
is  expected  three  smaller  peaks  occur  with  a  spacing  of  about 
2  A.  This  behavior  seems  in  contradiction  with  theory.  In 
particular  from  the  aliasing  effect  one  would  expect  that  be¬ 
cause  of  the  sampling  at  discrete  Cu  planes,  periodic  varia¬ 
tions  in  coupling  strength  should  only  occur  on  a  scale  larger 
than  2  ML  (3.6  A).  This  is  true  in  the  ideal  situation.  How¬ 
ever,  in  the  present  experiment  two  Co  wedges  are  involved 
which  may  not  be  identical  but  may  differ  slightly  in,  e.g., 
their  slope.  In  this  respect  we  remark  that  with  scanning 
Auger  electron  spectroscopy  (AES)  the  slopes  were  deter¬ 
mined  to  be  equal  within  10%  accuracy.  In  order  to  evaluate 
the  effect  of  unequal  Co  wedges  on  the  experimentally  ob¬ 
served  behavior  and  in  particular  if  it  is  possible  to  explain 
variations  in  coupling  strength  on  a  scale  of  1  ML  Co,  we 


have  extended  the  model  of  Bruno'  to  our  experimental  ge¬ 
ometry  and  performed  a  number  of  simulations.  Before  pro¬ 
ceeding  with  the  results  we  briefly  describe  the  steps  that  we 
have  undertaken  to  adapt  the  model  to  our  situation. 

First,  to  account  for  unequal  wedges  Eq.  (4)  in  Ref.  1  is 
generalized  to  the  case  of  unequal  FM  layers.  As  is  clear 
from  Ref.  1  this  can  be  performed  by  a  Taylor  expansion  of 
the  first  Eq.  in  Ref.  1.  In  principle  this  step  is  sufficient  to 
evaluate  if  rapid  variations  in  coupling  strength  may  arise 
from  unequal  wedges.  Second,  to  account  for  the  effect  of 
the  two  additional  FM  layers  which  are  coupled  to  the  Co 
wedge  the  model  is  extended  to  the  case  that  each  FM  layer 
is  composed  of  an  arbitrary  number  of  layers,  i.e„  to  describe 
the  system  FM(;/FM‘]/'--/FMi'/spacer/FM';/FM'^/-"/FM';  with 
k  and  /  integers  denoting  the  number  of  FM  layers  of  which 
FM  layers  a  and  b  are  composed,  respectively.  To  our 
knowledge  the  latter  step  can  only  be  made  easily  within  the 
free-electron  approximation.  Within  this  approximation  it  is 
straightforward  to  calculate  the  effective  reflection  amplitude 
of  each  FM  multilayer.  Continuity  of  the  wave  functions 
(plane  waves)  and  their  derivative  at  the  interfaces  directly 
enables  one  to  write  down  a  recursion  relation  for  the  reflec¬ 
tion  amplitude  of  an  arbitrary  multilayer.  Using  this  relation 
instead  of  the  Fabry-Perot  formula  given  by  Bruno  [Eq.  (5) 
in  Ref.  1]  allowed  us  to  calculate  the  Co  thickness  depen¬ 
dence  of  the  coupling  for  the  situation  in  which  the  slopes  of 
the  Cu  wedges  differ  and  their  starting  point  do  nut  coincide. 

The  results  of  several  calculations  for  19.86  A  Cu,  i.e., 
for  the  strength  of  the  second  AF  peak,  arc  shown  in  Figs, 
2(a)-2(c).  The  calculated  coupling  strengths  are  normalized 
to  the  limit  of  infinite  Co  wedge  thickness.  In  Fig.  2(a)  the 
behavior  is  shown  for  the  ideal  case  of  two  identical  Co 
wedges.  Here  the  aliasing  effect  is  demonstrated  for  the  Co 
dependence.  The  fundamental  period  \  =  Tr/^|=2.49  A  per¬ 
taining  to  the  Fermi  wave  vector  kj-  of  the  spin-down  fee  Co 
FS,  yields  after  aliasing  (with  1.805  A  Co  ML  thickness)  a 
period  of  6.1  A.  In  Fig.  2(b)  the  ideal  case  is  again  calcu¬ 
lated.  However,  for  this  calculation  the  situation  that  a  Co 
layer  consists  of  a  nonintegral  number  of  monolayers  (in¬ 
complete  coverage)  is  also  calculated.  This  is  done  from  a 
linear  combination  of  the  coupling  across  two  independently 
patchy  interfaces.  Incomplete  coverage  is  thus  treated  as  fol¬ 
lows:  We  define  J{n,tn)  as  the  coupling  strength  for  the 
combination  of  n  integral  number  of  Co  monolayers  in  Co 
wedge  A  and  m  monolayers  in  Co  wedge  B.  The  coupling 
J'{t/^,t]i)  for  the  situation  that  the  thicknesses  tf,  and  /u  at 
Co  wedge  A  and  B,  respectively,  are  a  nonintegral  number  of 
monolayers  is  calculated  from 

^'(fA,/B)=-/(«.w)(l  •  7a)(1 -/n)+./(«,m+ 1 ) 

X(1  -/a)/h+‘/(«+ 

X/A(i  '■/»)+•/(«+  l,w+  I 

Here,  /,yu)  represent  the  fractional  coverages  defined  by 
l  and  Ib=»i+/i,  with  1.  Considering  Fig. 

2(b)  it  is  clear  that  even  for  the  ideal  case  of  equal  wedges, 
fractional  coverages  result  in  additional  peaks  like  the  small 
one  between  the  third  and  fourth  monolayer  (±b  A).  Such 
features  are  a  direct  result  of  the  asymmetric  Co  layer  thick- 
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no,  2.  Frce-cluutron  uulculutions  of  the  Co  thicknus<<  dependence  of  the 
coupling  strength  for  30  A  Co/15  A  Ni/Co/iy.86  A  Cu/Co/15  A  Ni/30  A  Co. 
1'he  vulues  ure  normalized  to  tlie  strength  of  iniinite  Co  thickness  limit. 
Calculation  parameters  are  k  J"=l.47l  A  \k  26!  A  il:|‘'“=l.363 
A^',  *}'^‘'=l,362  A  *  wi=i,3g9  A'l  (Kef,  lO), 

ness  combinations  [(«,«  +  I)  and  («+•  It  thus  appears 
that  for  the  present  case  in  which  two  active  layers  arc  in¬ 
volved  one  is  not  allowed  to  make  a  linear  interpolation 
[such  as  in  Fig.  2(u)J  between  the  situation  in  which  both  Co 
layers  arc  n  ML  thick  (n,n)  and  the  situation  in  which  both 
Co  layers  are  n  + 1  ML  thick  [(/i  +  I ,«  + 1 )].  The  experimen¬ 
tally  observed  rapid  variations  in  coupling  strength  may 
originate  from  this  phcnomf'non.  In  an  attempt  to  tit  a  frcc- 
cicctron  calculation  to  the  experimental  strength  dependence 
of  the  second  AF  peak  (Fig,  I)  we  have  tried  a  number  of 
conibinatioiis  for  the  wedge  slopes  and  starting  points  of  the 
Co  wedges.  Figure  2(c)  shows  a  calculation  in  which  the  Co 
wedge  slopes  differed  by  about  l()%  from  the  AES  deter¬ 
mined  value  of  2..3  A/mm  viz,  2.5  A/mm  for  Co  wedge  ri  and 
2. 1  A/min  for  Co  wedge  B.  In  addition  wedge  A  has  been 
given  an  offset  of  0.5  A  with  respect  to  wedge  B.  From  the 
combinations  we  have  tried  it  appeared  that  the  first  two 
peaks  are  relatively  insensitive  to  modifications  of  the  wedge 
parameters  so  that  their  separation  remains  a  good  measure 
for  the  oscillation  period.  The  behavior  at  the  larger  Co 
thicknesses  appears  more  susceptible.  From  Fig,  2(c)  it  is 
clear  (hat  the  third  and  fourth  perk  may  even  disappear.  In¬ 
stead  three  smaller  peaks  appear  with  a  spacing  which  is 
considerably  smaller  than  the  6.2  A  oscillation  period.  The 
qualitative  agreement  with  the  experiment  is  striking,  sug¬ 
gesting  that  the  originally  proposed  interference/beating  ef- 


Co  thickness  (A) 

Flo.  3,  Frcc-clcctroii  calculation  of  the  Co  thickness  dependence  of  the 
coupling  .strength  for  the  lirst  AF  peak,  i.e.,  for  30  A  Co/l5  A  Ni/Co/7.22  A 
Cu/Co/l5  A  Ni/30  A  Co.  Tlic  values  are  normalized  to  the  strength  of 
infinite  Co  thickness  limit. 

fects  in  Ref.  5  may  not  be  necessary  to  explain  the  behavior 
at  the  larger  Co  thicknesses.  We  did  not  attempt  to  obtain  a 
belter  fit  by  varying  more  parameters,  e.g.,  by  introducing  a 
difference  in  the  thicknesses  of  the  two  Ni  layers  which  were 
adjacent  to  the  Co  wedges.  One  should  realize  that  the 
present  model,  although  it  explains  many  of  the  observed 
features,  is  a  free-electron  approximation  and  therefore 
seems  inappropriate  to  make  a  comparison  with  the  experi¬ 
ment  on  a  detailed  level.  This  is  also' reflected  by  the  calcu¬ 
lation  shown  in  Fig.  3  representing  the  behavior  for  the  first 
AF  peak  (calculation  at  1.22  A  Cu),  Here,  the  same  Co 
wedge  parameters  were  used  as  those  to  obtain  the  reason¬ 
able  fit  for  the  second  AF  peak  [Fig.  2(c)].  The  simulation 
does  not  display  the  smaller  sharp  features  at  the  higher  Co 
thicknesses  such  as  observed  in  the  experiment  [the  upper 
curve  in  Fig.  1].  Instead  the  variations  are  more  gradual. 
What  does  agree  arc  again  the  important  features.  Apart  from 
the  ones  we  already  mentioned  it  is  seen  that  the  relative 
oscillation  amplitude  for  the  first  AF  peak  is  smaller  than 
that  for  the  second  AF  peak,  (compare  Figs.  3  and  2(c)).  This 
is  in  agreement  with  the  experiment  where  the  peaks  as 
afunction  of  the  Co  thickness  are  more  pronounced  for  the 
.second  AF  peak  than  for  the  first  AF  peak  (Fig,  1), 
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Cumulative  interface  roughness  and  magnetization  in  antiferromagnetically 
coupled  NiCo/Cu  multilayers 

X.  Meng,  X.  Blan,  R,  Abdouche,  W,  B,  Muir,  J.  O.  Strom-Olsen,  Z,  Altounian, 
and  M.  Sutton 

Centre  for  the  Physics  of  Materials  and  Department  of  Physics,  McGi'l  University,  3600  University  Street, 

Montreal,  Quebec  H3A  2TS,  Canada 

Tumulative  interface  roughness  and  its  influence  on  the  magnetization  process  in 
antiferromagnetically  coupled  (Ni8oCo2o/Cu)XA/  multilayers  is  studied.  In  these  multilayers,  Cu  and 
Ni8oCo2o  thicknesses  are  fixed  at  20  and  15  A,  respectively,  in  order  to  obtain  the  antiferromagnetic 
coupling  at  the  second  oscillation  peak  of  giant  magnelorcsistance  (GMR)  versus  Cu  thickness. 

Low-angle  x-ray  reflectivity  measurements  show  that  cumulative  interface  roughness  increases  with 
increasing  bilayer  number  N.  In-plane  magnetization  hysteresis  measured  with  both  SQUID  and 
surface  magneto-optic  Kerr  effect  (SMOKE)  magnetometers  are  compared,  When  the  cumulative 
interface  roughness  is  significant,  SMOKE  hysteresis  loops,  which  arc  sensitive  to  the  top  5  or  6 
magnetic  layers,  display  a  nonlinear  plateau  region  at  small  fields.  Comparison  of  low-angle  x-ray, 
and  SMOKE  results  show  that  interfaces  of  relatively  high  quality  in  top  layers  only  exist  for 
sputtered  multilayer  with  N<1Q. 


INTRODUCTION 

Reports  of  antiferromagnetic  (AF)  interlayer  coupling 
and  the  associated  giant  magncturcsistancc  (GMR)  in  Cu- 
spaced  ferromagnetic  multilayers,  such  as  Co/Cu,*'^ 
NiFe/Cu,^  NiFeCo/Cu,‘*  and  NiCo/Cu,^’*  have  stimulated 
great  interest  in  these  materials.  Within  each  magnetic  layer, 
demagnetizing  fields  due  to  the  layer’s  shape  anisotropy  sta¬ 
bilize  the  in-plane  easy  axes.  The  AF  coupling  of  neighbor¬ 
ing  magnetic  layers  results  in  net  zero  magnetization  in  the 
multilayers  at  zero  field.^’  The  application  of  in-plane  fields 
align  the  magnetic  moments  through  in-plane  rotation.  Be¬ 
low  saturation  in  the  absence  of  any  in-plane  anisotropy 
there  is  a  linear  relation  between  the  magnetization  M  and 
the  applied  magnetic  field  H‘J 


Where  J  is  the  AF  coupling  constant  between  two  neighbor¬ 
ing  magnetic  layers,  t/^  ami  M,  are,  respectively,  tlic  thick¬ 
ness  and  saturation  magnetization  of  each  magnetic  layer. 
Therefore,  J  can  be  obtained  from  magnetization  hysteresis 
loops. 

Theoretical  analysis  based  on  the  RKKY  model  predicts 
that  the  AF  coupling  is  weakened  by  the  introduction  of  in¬ 
terface  roughness,**  whereas  experiments  explicitly  .show  that 
interface  roughness  introduced  by  changing  the  sputtering 
parameters  can  enhance  the  GMR  effect.**  In  this  paper,  we 
report  specifically  on  the  effects  of  cumulative  interface 
roughness  on  the  magnetic  properties  of  AF-coupled  multi¬ 
layers.  The  cumulative  interface  roughness  is  the  accumula¬ 
tion  of  small  intrinsic  interface  roughness  in  each  layer; its 
effects  become  more  pronounced  when  the  number  of  bilay¬ 
ers  increases.  Magnetization  measurements  from  a  SQUID 
magnetometer,  which  measures  the  effects  of  the  overall  in¬ 
terface  roughness,  are  compared  to  surface  magneto-optic 
Kerr  effect  (SMOKE)  measurements,  which  are  sensitive 
only  to  the  top  few  layers  where  the  cumulative  interface 
roughness  reaches  its  maximum  value.  SMOKE  measure¬ 


ments  for  multilayers  with  a  different  bilayer  number  can, 
therefore,  show  direct  information  on  the  effects  of  cumula¬ 
tive  interface  roughness  on  the  magnetization  process  in  AF- 
couplcd  multilayers. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Previous  experiments**''’  have  shown  that  Ni)(()Co2()/Cu 
multilayers  exhibit  an  oscillatory  GMR  as  a  function  of  Cu 
.spacer  thickness  and  a  well-defined  simple  AF  ordering  ♦br 
Cu  spacer  thickness  at  20  A.  In  the  present  work  (Ni)j()Co2()15 
AyCu2o  A)XAf  multilayers  with  50-A  NiK()Co2()  buffer  layer 
were  deposited  on  Si  wafers,  by  dc  magnetron  sputtering  at 
room  temperature.  The  base  pressure  before  deposition  was 
2X 10"’  Torn  With  a  sputtering  pre.ssure  of  8.0  inT  of  argon, 
the  deposition  rates  determined  from  the  measured  thickness 
of  single  films  by  low-angle  x-ray  reflectivity  measurements 
were  1.5  A/s  for  NiHi)Co2o  and  1,6  A/s  for  Cu.  A  series  of 
samples  with  N  varying  from  8  to  lOO  were  prepared.  Ia)w- 
angle  x-ray  reflectivity  measurements  were  performed  for 
layer  and  interface  characterizations  and  for  estimating  the 
cumulative  interface  roughness  as  a  function  of  the  bilayer 
number  N.  The  room-temperature  in-plane  magnetization  of 
the  samples  was  measured  using  a  SQUID  magnetometer. 
The  magnetization  of  the  top  few  layers  was  studied  using 
SMOKE  magnetometer. 

Figure  1  shows  low-angle  x-ray  reflectivity  results  for 
the  typical  samples  with  different  bilayer  number  N.  All 
samples  exhibit  clear  first-order  superlattice  Bragg  peaks  al¬ 
though  the  electronic  contrast  between  the  two  constituent 
layers  is  very  small.  With  increasing  N,  the  second-order 
superlattice  Bragg  peaks  are  gradually  damped,  suggesting 
an  increase  of  interface  roughness.*'  Clear  thickness  oscilla¬ 
tions  (or  lattice  fringes)  between  superlattice  Bragg  peaks  are 
observed  for  samples  with  M<\5.  For  a  finite  thickness 
(<  loot)  A)  of  the  film,  suppressing  ol  the  lattice  fringes  with 
increasing  N  is  also  partially  correlated  to  the  increased  outer 
surface  roughness.'^  The  low-angle  x-ray  reflectivity  has 
been  analyzed  using  an  optical  model.'*  From  the  fit  to  the 
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FIG.  1.  Low-angle  0-20  x-ruy  diffraction  spectra  of  u  selected  series  of 
(NiidiCOiii  15  A/Cu  2(1  A)xA/  multiliiy'jrs.  For  clarity,  the  curves  have  hecn 
displaced  vertically. 


data  tlie  interface  roughness  and  the  outer  surface  roughness 
can  be  derived.  Figure  2  shows  that  the  outer  surface  rough¬ 
ness  O’,  increases  ntonotonically  with  increasing  N.  Intensi¬ 
ties  of  second-order  superlatticc  peaks,  which  decrease  with 
increasing  N,  is  also  shown  in  Fig.  2. 

Figure  3tu)  shows  the  overall  in-planc  magnetizatioti 
measured  with  a  SQUID  magnetometer  for  a  (Nin()Co2()15 
A/Cu2o  A)X45  multilayer  having  moderate  cumulative  inter¬ 
face  roughness.  Slight  deviation  from  linear  magnetization  is 
observed  near  a  critical  field  Hf.  Figure  3(b)  shows  the  mag¬ 
netization  of  the  top  fe'w  layers  measured  using  SMOKE. 
The  deviation  from  u  linear  curve  is  more  pronounced  than  it 
is  for  tlic  SQUID  curve  which  represents  the  average  mag¬ 
netization  of  the  whole  multilayer.  Since  SMOKE  measure¬ 
ments  were  made  using  the  6328-A  Hc-Nc  la,scr  which  has  a 
penetration  depth  of  approximately  200  A,  the  SMOKE  hys¬ 
teresis  loop  typically  represents  the  magnetic  property  of  the 
top  5  or  6  bilayers  of  multilayer. 

For  s.amples  with  Ai  =  8  both  SQUID  and  SMOKE  mea¬ 
surements  shew  linear  M~H  relations  below  saturation 
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FIG.  2.  Dependence  of  ir,  iiii.l  /  on  N .  Here  o;,  i.s  Ihc  oiitersurfi'cc  rougli- 
ncf.s,  and  /  Ihc  intensity  of  second-order  superlatiicc  Hragg  peaks. 


FIG.  3.  Magnetization  of  a  typical  (NiooCo^o  15  A/Cu  21)  A)X45  sample 
measured  by  (a)  SQUID  (normalized  to  Af  ,),  and  (b)  SMOKlt  (urbilrary 
unil).  It  is  indicated  that  the  nonlinearity  of  the  mugnelizution  curve  cun  be 
observed  near  u  critical  Held  ll f . 

fields,  The  saturation  moment  A/,,  of  the  15-A  NiH(|Co2o  layer 
is  about  620  emu/cm‘\  which  yields  a  value  of  7~5.8X 
crg/cm^  for  the  second  AF  coupling  peak  in  Nin(|Co2o/Cu 
multilayers. This  value  is  much  smaller  than  the  strength  of 
the  second  AF  coupling  peaks  found  in  other  Cu-based 
multilayer  .systems,^"'’  indicating  a  very  weak  AF  coupling 
between  adjacent  Ni^,|Co2(i  magnetic  layers  across  20-A- 
thick  Cu  .spacer  layers.  The  Af ,,  values  measured  with  the 
SQUID  magnetometer  do  not  depend  on  N,  This  implies  that 
ti;e  intermixing  at  the  interfaces  is  not  changing  significantly 
with  increased  cumulative  interface  roughness. 

Figure  4  shows  SMOKE  measurements  for  different  hi- 
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FIG.  4.  SMOKE  mugnctizalion  mca.suremcnis  of  samples  with  different 
bilayci  nunibcr.s;  .'a)  Af=8,  (b)  /V=15,  and  (c)  V- l(K).  'INvo  crilical  lields, 
i.e.,  siilurelion  lields  /f,  and  flip  ficld.s  Ilf,  arc  indicated  in  the  figures. 


J.  Apfjl,  Phys.,  Vol.  76,  No.  10,  15  Novertrber  1994 


Meng  et  al. 


7085 


layer  numbers.  Figure  4(a)  shows  that  the  magnetization  re¬ 
lation  is  nearly  linear  below  saturation  fields  for  the  sample 
with  N=8  where  the  interfaces  are  presumably  flat.  Figure 
4(b)  shows  the  result  for  the  sample  with  /V=l.‘i,  where  a 
plateau  region  with  a  relatively  small  slop'’  Is  observed  ai 
low  fields,  and  failure  of  the  linear  M~H  relation  is  clearly 
seen.  As  the  bilayer  number  N  increases  up  to  100,  the  cu¬ 
mulative  interface  roughness  is  considerably  large,  and  the 
plate.".u  region  becomes  more  striking  as  indicated  in  Fig. 
4(c).  From  low-angle  x-ray  reflectivity  analyses  and  SMOKE 
measurements,  we  conclude  that  the  nonlinear  M-H  behav¬ 
ior  in  samples  with  large  N  are  related  to  cumulative  inter¬ 
face  roughness  which  becomes  significant  as  the  bilayer 
stacking  increases. 

In  some  layered  structures  with  nonideal  interfaces,  ter¬ 
raced  interface  roughness  results  in  an  extrinsic  biquadratic 
coupling  between  ferromagnetic  layers  in  the  presence  of 
intrinsic  bilinear  coupling. Although  the  nonlinearity  of  the 
M-H  curve  observed  in  Nin(,Co2i>/Cu  multilayers  could,  in 
principle,  be  explained  by  an  additional  biquadratic  coupling 
term,  a  preliminary  calculation  indicates  that  the  coefficient 
of  this  term  is  positive.  However,  previous  studies  have 
shown  the  sign  of  the  biquadratic  coupling  to  be 
negative. In  a  multilayer  with  cumulative  interface 
roughness,  the  profile  correlation  among  consecutive  inter¬ 
faces  increases  toward  the  top  of  multilayer,"’  which  distin¬ 
guishes  this  type  of  roughness  from  other  structural  imper¬ 
fections  (e.g„  the  layer’s  terraced  thickness  fluctuation,  etc.). 
We  consider  that  such  a  cumulative  roughness  may  produce 
a  local  magnetic  anisotropy  that  is  likely  to  be  related  to  the 
interface  and  surface  strains.  Qualitatively,  the  two  critical 
points  (i.e.,  Hj  and  /f,,)  identified  in  an  M-H  loop  for  a 
rougher  sample,  as  illustrated  in  Fig.  4(c),  should  correspond 
to  the  strong-  and  weak-coupling  limits  of  the  exchange  with 
respect  to  the  anisotropy.’'’  Modeling  such  an  extrinsic 
roughness-related  anisotropy  is  undertaken  in  order  to  inter¬ 
pret  quantitatively  ihe  unusual  magnetization  behavior. 

CONCLUSIONS 

We  have  studied  the  cumulative  interface  roughness  and 
its  effect  on  magnetization  in  AF-coupled  multilayers 


(NixoCo2,)15  A/Cu15  A)x/y  using  x-ray  reflectivity  and 
SMOKE.  Both  experiments  show  that  interface  roughness 
increases  with  an  increasing  number  of  bilaycr  period. 
SMOKE  measurements  are  sensitive  to  the  roughest  region 
of  the  sample,  namely  the  top  several  layers.  Relatively  flat 
interfaces  only  exist  in  sputtered  multilayers  with  bilaycr 
number  iV<10  for  which  SMOKE  magnetization  curves  are 
linear  below  .saturation  fields  as  predicted  from  Eq.  (1).  As 
superlattice  periods  increase,  deviation  from  linearity  in 
M-H  curves  gradually  becomes  large,  which  can  be  attril' 
uted  to  a  roughness-related  extrinsic  anisotropy. 

We  acknowledge  the  financial  support  from  the  Natural 
Sciences  and  Engineering  Rc.search  Council  of  Canada,  and 
Fonds  FCAR  du  Quebec. 


'S.  S.  I’.  I’urkln,  1*.  Uhiidrti.  and  K.  1’.  Roehi:.  I’hys.  Rav.  I.ctl.  66,  21.S2 
(l‘i')l). 

■“D.  H.  Miisca,  !•'.  I’eltoff.  A.  rcrl,  1’.  A.  .Seliroedcr,  W.  1’.  I’rim,  Jr.,  laid  R. 
Ijilooo,  J.  Miigii.  Miigii.  Muter  94,  LI  (I'Wl). 

'S,  S.  1‘.  rarkiii,  Appl,  I’liys.  luilt.  60,  .S12  (1W2), 

''M.  Jimito,  'I'.  Kuiidii,  S.  (ioto,  S.  Ikunasltinia,  laid  ii.  Uehiyanui,  Jpn.  J. 
Appl.  fliys.  ii,  L1.J4R  (1W2). 

'X.  ttiun,  J.  U.  Slriini-Ulsen,  /.  Allouniuii,  Y.  iluui.  and  K.  W.  ('oehninc, 
Appl,  IMiys,  Lett.  62,  .LS2.S  (I'W.t), 

'’X.  Ulaii,  J.  O,  Slriini-Olsen,  /.  Allimniiai,  U.  D.  Guuliii,  C.  V.  Stiiger,  and 
J.  A.  Avclur.  I’hys,  Rev,  U  SO,  .St  14  (1W4), 

Nguyen  Vmi  Duu,  A.  Fort,  1’.  filienn,  M,  N.  Biilbich,  J.  M.  Uriito,  Ci. 
C'rcuieel,  A,  Friudericli,  S.  Uiidjoudj,  II.  llurdciiuint,  laul  J.  Miissius,  J, 
I'hys.  tl’uris)  ColUiq,  49,  CS-IO.LS  (I9HS). 

"R.  Cochwirn,  I’hys.  Rev,  U  44,  W.M  (1991), 

"li.  Ii.  l■’ullcr^on,  D.  M.  Kelly,  J.  Ciuliaiiel,  and  1.  K.  Sehuller,  I’hy.s.  Rev. 
Ixlt.  6«,  8.49(1992), 

‘"A.  I’.  I’ayue  and  U.  M.  Clemens.  I’hys.  Rev,  B  47.  2289  (1993), 

"F.  J.  Iuimelu,s,  H.  I).  He,  uiid  R,  Clark,  I’hy#,  Rev,  B  43,  1229()  ( 1991). 
'^Y.  Huai,  R.  W.  Coehrane,  laid  M.  SuUiai,  I’hys.  Rev.  U  48,  2.408  (199,1), 
''j.  C.  Slonczcwski,  I’hys.  Rev,  Ixlt.  67, 1172  (1991), 

*'*M.  Kiilirig.  R,  Schiil'er,  A.  lluherl,  R.  Mosler.  J.  A.  Wolf,  S,  Dcnaikritov, 
and  I’,  (irut)crg,  I’hys,  .Status  Soh.li  A  125,  01.4  (1991). 

’'li.  Rodinncq,  K.  Dainesnil,  I’.  Maaglii,  and  M.  Heanioa.  I’hys.  Rev.  B  48, 
.1.4.S0  (1991). 

'"'1.  0.  Oiu.  J.  I’carsoa,  and  S.  D,  Bader,  J.  Appl.  I’hys,  73,  .470.4  (1991). 


7086  J.  Appl.  Phys.,  Vol.  76,  No.  10,  15  November  1994 


Meiig  0t  at. 


Coercivity  and  magnetization  process  versus  dipolar  coupling 
in  Ni8oFe2o/Cu/Co/Cu  spin  valves 

R.  Kergoat  and  J,  Miltat 

Lahoratoirc  dc  Physique  des  Solides,  Universiie  Paris  Sud-CNRS,  Orsay,  Prance 

T,  Valet  and  R.  Jerome 

LCK-THOMSON,  Lahoratoirc  des  Technologies  Magnetiques,  Orsay  Prance 

The  elaboration  of  four  different  snn'ple  types,  namely,  isolated  Nil-'e  or  Co  layers  in  their  Cu 
environment  and  full,  exchange  decoupled,  [Cu/NiFe/Cu/Co/Cu]  periods  with  either  the  Co  or  NiFc 
layers  in  the  vicinity  of  the  free  surface  has  allowed  for  a  detailed  study  of  the  magnetization  process 
of  the  constitutive  layers  of  one  period  of  a  ‘‘hard-soft'’-type  spin  valve.  The  domain  distribution 
and  magnetization  fluctuations  within  domains  have  been  monitored  by  Kerr  microscopy,  The 
experiments  point  to  a  strong  influence  of  dipolar  coupling  on  the  properties  of  the  soft  permalloy 
layer,  with  a  dramatic  increase  of  the  NiFc  fllm  coercive  field  with  respect  to  the  corresponding 
quantity  in  an  isolated  NiFc  layer.  The  macromagnetization  fluctuations  detected  in  the  NiFe  layer 
appear  most  likely  linked  to  fluctuations  of  low  amplitude  occurring  in  the  Co  layer  in  the  vicinity 
of  the  NiFe  coercive  field. 


I.  INTRODUCTION 

A  recent  study'  of  magnetiziition  reversal  in  ferromug- 
nctically  exchange  coupled  '■NiN,|Fe2,j/Cu/Co]  sputtered  mul¬ 
tilayers  revealed  the  existenie  of  strong  magnetization  fluc¬ 
tuations  in  the  soft  layer  of  I'lose  artificial  stacks  consisting 
of  piled-up  hard  and  soft  magnetic  layers  separated  bv  a 
nonmagnetic  .spacer.  Fluctuations  were  ascribed  to  the  exist¬ 
ence  of  a  random  distribution  of  the  cubic  anisotropy  axes  in 
the  polyciystalline  Co  layers.^  On  the  other  hand,  previous 
experiments  in  exchange  uncoupled,  hard-soft-type,  three- 
layer  [PtCo/SiO;,/NiFe]  structures-^  pointed  to  the  influence 
of  dipolar  interactions  on  the  magnetic  properties  of  the  soft 
layer.  Moreover,  a  field  dependent  magnetostatic  coupling 
was  also  found  to  operate  between  the  two  soft  layers  of  a 
[NiFcCo/Au/NiFe]  .sandwich  film  and  mediated  by  the  rip¬ 
pling  of  magnetization,^ 

Since  a  significant  incroa,sc  of  the  Fcrmalloy  coercivity 
seems  to  be  a  common  ob.servation  in  the  [NimiFea/Cu/Co] 
system,-*'''’  a  property  detrimental  to  the  u.se  of  such  systems 
as  low  field,  high  magnetoresistance  sensors,  the  ultin  ate 
aim  of  this  study  is  to  weigh  the  respective  influences  of 
exchange  and  dipolar  couplings  on  this  phenomenon.  The 
present  work,  however,  is  limited  to  an  analysis  of  the  mag¬ 
netization  proce.ss  and  coercivity  under  conditions  of  a  sole 
mugnetostutic  coupling. 

II.  EXPERIMENT 

Experiments  carried  out  for  this  work  include  VSM 
magnetometry  and  Kerr  optical  microscopy.  Two  different 
types  of  .samples  have  been  studied.  Samples  of  the  first  spe¬ 
cies  are  made  of  sputtered  [50  A  Cu/M/30  A  Cu]  layers 
gro'vvii  over  a  50  A  Cr  buffer  deposited  on  ,100)  Si  sub¬ 
strates,  where  M  is  either  a  1()0-A  thick  NiKi)Fe2()  or  a  .SO-A 
Co  layer.  Such  samples  are  u.stful  to  separateJy  investigate 
the  magnetic  domain  structures  of  a  singte  layer,  whether 
hard  (Co)  or  soft  (NiFe).  In  these  reference  samples,  the 
environment  of  each  isolated  magnetic  layer  is  identical  to 
that  found  in  the  more  complex  stacks  described  hereafter. 
The  tw('  other  samples  are  composed  by  one  period  of  a  spin 


valve,  re.speclivcly  [Si(l()())/.50  A  Cr/50  A  Cu/lOO  A 
Ni,^„Fc2(/100  A  Cu/50  A  Co/3()  A  Cu]  and  the  .symmetrical 
stacking,  i.e.,  [Si  (10()/.5()  A  Cr/5()  A  Cu/50  A  Co/lOO  A 
Cu/lOO  A  Nin()Fe2(/3()  A  Cu],  In  these  artificial  structures, 
the  Cu  .spacer  thickness  has  been  chosen  to  be  sufficiently 
large  in  oruu;  to  solely  retain  a  dipolar  coupling  between  the 
magnetic  layfirs.  Besides,  since  no  magnetic  field  was  ap¬ 
plied  during  the  sputtering  process,  virtually  anisotropy-free 
samples  were  obwined. 

For  each  sample,  following  the  application  of  a  satura¬ 
tion  field  along  a  selected  in-plunc  direction,  a  domain  pat¬ 
tern  is  first  nucleated  under  reverse  field  H,  the  magnitude  of 
which  is  stuck  dependent.  The  pattern  is  then  observed  under 
two  different  illumination  conditions.  For  instance,  in  the 
figures  labeled  (a),  the  truce  of  the  plane  of  incidence  for  the 
probing  light  is  parallel  to  the  saturation  field.  A  first  differ¬ 
ence  image  (pattern  minus  saturated  state)  provides  a  picture 
of  the  domain  distribution  with  a  magnetization  either  paral¬ 
lel  or  antiparallel  to  H,  A  90°  rotation  of  the  sample  or  of  the 
plane  of  incidence  followed  by  a  second  difference  image 
(saturated  state  minus  pattern)  reveals,  since  the  plane  of 
incidence  is  now  perpendicular  to  the  average  magnetization 
direction  in  each  domain,  the  magnetization  fluctuations 
within  domains  [figures  labeled  (b)], 

In  samples  incorporating  a  single  NiFe  magnetic  layer, 
magnetization  reversal  occurs  through  the  nucleation  of  large 
latei-il  size  domains,  typically  a  few  hundred  microns  wide. 
For  instance,  two  domains  with  opposite  magnetizations  are 
shewn  in  Fig.  1(a)  (//“-2  Oe).  The  nonuniformity  of  the 
contrast  in  the  domain  with  magnetization  parallel  to  the 
saturated  state  (the  white  domain)  already  points  to  the  ex¬ 
istence  of  magnetization  fluctuations  within  domains,  a  fact 
confirmed  by  the  observations  in  Fig.  1(b).  Due  to  the  weak 
contra.st  observed  in  Fig.  Kii),  the  existence  of  only  small 
amplitude  fluctuations  is  inierred.  The  coercive  field  amounts 
to  »«1,5  Oe  [Fig.  1(c)]  wli.,re;i.^  the  tilted  shape  of  the  hys¬ 
teresis  loop  may  be  ascribed  to  the  existence  of  a  range  of 
nucleation  fields  within  a  sample  with  a  fairly  macro.scopic 
lateral  size  (cm  range)  and/or  correlated  to  the  ripening  of 
magnetization  fluctuations. 
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(c)  H  (Oc) 


(a)  H--2  0C  lOlim  ■<-; — >■  (b) 

H— I  l.p. 


no.  I.  INvo  similar  doniuin  structurus  guncriitcd  under  reverse  11  field 
(W~-2  Oe),  observed  in  u  single  Nll'e  magnetic  film  bounded  by  two  Cu 
layers,  (u)  Plane  of  Ineldcnec  (b)  i.p.lH;  (e)  is  the  corresponding 

hysiercsl.s  loop. 


I'lQ.  2.  IV/u  siniilur  doniuin  slruetiif.'s  generated  under  reverse  H  field 
(//~-.17  Oe),  ob.served  in  u  single  Co  inugneile  tilm  liounded  by  two  Cu 
layers,  (a)  Plane  of  Incidence  i.p.yil;  (b)  i.p.lH;  (c)  is  the  corresponding 
hysteresis  loop. 


A  much  more  irregular  paflern  is  observed  under  reverse 
field  in  sampies  consisting  of  a  single  (fee)  Co  magnetic 
layer  [Fig.  2(a)].  Figure  2(b)  exhibits  the  intcn.sity  modula¬ 
tions  inside  a  domain  of  nonreverse  magnetization  [light 
grey  shade  domains  in  Fig.  2(a)],  as  recorded  at  the  onset  of 
magnetization  reversal  [“•-37  Oc  to  be  compared  to 
Oc:  Fig.  2(c)].  When  compared  to  Fig.  1(b),  much 
more  pronourced  image  intensity  variations,  hence  wide  am¬ 
plitude  magnetization  fluctuations,  arc  observed  in  the  iso¬ 
lated  Co  layer.  [The  overall  morphology  of  these  fluctuations 
appears  consistent  with  previous  observations  in  ferromag- 
nctically  coupled  multilayets,'  although  the  .spatial  wave¬ 
length  of  the  fluctuations  proves  to  be  smaller  in  the  present 
case  of  a  single  Co  layer.] 

In  samples  made  of  a  full  spin-valve  period,  the  thick¬ 
nesses  of  the  various  layers  have  been  tailored  such  as  to 
solely  gain  information  on  the  reversal  of  the  top  magnetic 
layer  in  a  Kerr  experiment  (penetration  depth  of  the  light  of 
the  order  of  200  A).  Conversely,  VSM  experiments  are  .sen¬ 
sitive  to  both  magnetic  layers.  Hysteresis  loops  measured 
from  the  symmetrical  structures  are  qualitatively  identical 
[Figs.  3(c)  and  4(c)l  although  the  coercive  fields  of  the  Co 
layers  vary  appreciably,  probably  a  niicrostructurc  related 
phenomenon.  The  typical  shapes  of  the  hysteresis  loops 
clearly  indicate  that  the  two  magnetic  layers  arc  exchange 
uncoupled.  Both  VSM  measurements  and  Kerr  imaging  ex¬ 
periments  reveal  strong  changes  in  the  magnetic  properties 
of  the  NiFc  layer.  A  significant  increase  of  the  NiFe  coercive 
field  is  first  detected  (S-H  Oe,  a  value  deduced  from  the  mi¬ 
nor  hysteresis  loop  of  Fig,  3c,  to  be  compared  to  the  1,5  Oe 


value  found  in  a  single  NiFc  layer).  Hence,  independent  of 
the  variations  in  the  Co  layer  coercive  field,  the  coercive 
field  of  the  NiFc  layers  amounts  to  4-5  times  the  value 
typical  of  an  isolated  layer.  Besides,  Kerr  imaging  shov,'s  that 
magnetization  reversal  now  takes  place  in  the  NiFe  layer 
through  the  nucleation,  under  reverse  field,  of  considerably 
smaller  size  domains.  Domain  nueleutiun  proves  quusihumo- 
geneous,  followed  by  some  degree  of  domain  collapse  and 
merging  whereas  the  typical  domain  size  does  not  exceed  a 
few  microns.  For  instance,  Fig,  3(a)  exhibit,'-  in  a  H^  ~  14 
Oc  rcvcr.se  field,  a  finely  subdivided  domain  pattern  to  be 
compared  to  the  coarse  structure  in  Fig.  1(a)  periuining  to  an 
isolated  NiFe  layer.  Notwithstanding  the  change  in  the  Co 
layers  coercive  field  values,  the  domains  observed  in  Fig, 
3(a)  prove  to  be  still  larger  than  those  encountered  in  the 
hard  (Co)  layer  of  a  full  period  [Fig,  4(a)].  The  average  do¬ 
main  size  in  a  full  stuck  always  appears  smaller  than  the 
corresponding  quantity  in  a  single  Co  layer  [Fig.  2(a)].  The 
sii'.c  of  the  .smallest  domains  observed  is  comparable  with  the 
spatial  resolution  of  the  Kerr  microscope,  namely  »='3()0()  A. 
Thus,  ihey  are  made  of  onl)  a  few  exchange  coupled  grains 
in  these  viitually  untextured  samples  with  grain  sizes  ranging 
from  500  to  1000  A.  Magnetization  fii’ctuations  of  extremely 
high  amplitude  (as  large  as  ‘'“±d()°)  may  be  detected  in  the 
NiFe  layer  under  proper  illumination  and  polarization  condi¬ 
tions  [Fig.  3(b)].  The  correlation  between  the  patterns  in 
Figs.  3(a)  and  3(b)  becomes  more  explicit  when  looking  at 
Fig.  3(a)  at  glancing  angle  after  rotating  the  Kerr  micrograph 
by  yo".  Magnetization  fluctuations  of  very  low  amplitude  are 


7088  J.  Appi,  Phyc.,  Vol.  76,  No.  10, 15  November  1994 


Kergoat  et  al. 


-V 


H-.14  0C  10 


FIG.  3.  IVo  iiimilar  domain  .structurc.s  generated  under  reverse  H  Held 
(//»•- 14  Oe),  observed  in  the  NiFc  iaycr  of  one  spin-vaive  Cu/Co/Cu/ 
NiFc/Cu  full  period,  (a)  Plane  of  incidence  i.p.||H;  (b)  i.p.±H:  (c)  is  the 
corresponding  hy.stcrcsis  loop  including  the  minor  loop  of  the  NiFc  layer. 


(a)  H--75  0e  10^ 

5^P« 

Flo.  4.  INvo  similar  domain  structure.s  geiionitcil  tinder  reverse  H  Held 
(W~-75  Oe),  observed  in  the  Co  layer  of  one  spin-valve  Cu/NiFe/Cu/ 
Co/Cu  full  period,  (a)  Plane  of  incidence  i.p.||H;  (b)  i.p.LH;  fe)  is  the  cor¬ 
responding  hysteresis  loop. 


first  detected  in  the  Co  layer  for  applied  field  values  as  small 
as  -15  Oe,  a  low  value  in  comparison  with  the  coercive  field 
of  the  Co  layer  but  close  to  the  NiFe  layer  coercive  field 
["'-14  Oe  in  Fig.  3(c)],  Fluctuations  of  higher  amplitude  are 
seen  for  larger  field  values,  e.g.,  -75  Oe  [Fig.  4(b)],  a  value 
close  to  the  coercive  field  of  the  Co  film. 

III.  DISCUSSION  AND  CONCLUSION 

A  clear  increase  of  the  coercivity  of  a  “hard-soft”-typc 
stack  as  a  function  of  decreasing  spacer  thickness  was 
brought  into  evidence  by  the  work  of  Hill  and  McCullough.’ 
For  the  system  considered,  any  coupling  effect  seems  to  van¬ 
ish  for  spacer  thicknesses  above  *‘2000  A.  Such  an  experi¬ 
ment  was  not  reproduced  here.  However,  the  thickness  of  the 
Cu  spacer  layers  used  in  this  work  clearly  lie  above  the 
threshold  for  indirect  exchange  coupling'’  and  safely  under 
the  limit  of  dipolar  coupling  to  be  inferred  from  Ref.  3,  It 
follows  that  the  magnetization  fluctuations  detected  in  the 
NiFe  layer  may  only  be  assumed  to  be  linked  to  the  fluctua¬ 
tions  of  moderate  amplitude  detec'i'd  in  the  Co  layer  for  field 
values  close  to  the  coercive  field  of  the  NiFe  layer  in  a 
“hard-soft”  environment.  In  more  general  terms,  the  ob¬ 
served  phenomena  appear  to  result  from  an  interplay  be¬ 
tween  microstructure  and  dipolar  coupling  across  the  100- A 
Cu  spacer  layer.  A  random  3D  (2D)  orientation  of  the  cubic 
anisotropy  axes  in  a  nontextured  ([111]  textured)  Co  layer  is 
bound  to  induce  magnetization  inhomogjncitics  in  the  hard 
layer,  hence  magnetization  divergences  which  act  as  sources 
of  stray  field.  One  may  be  reminded  that,  at  least  in  its  hej' 
phase,  the  quality  factor  KUttM]  of  cobalt  is  less  than,  but 


close  to  1.  Therefore,  a  regime  of  strong  correlations  be¬ 
tween  anisotropy  driven  magnetization  fluctuations  and  dipo¬ 
lar  interactions  is  anticipated  to  establish  itself,  even  in  a 
single  Co  film,  as  illustrated  in  Fig.  2. 

In  addition,  the  sputtering  process  promotes  columnar 
growth,  implying  a  high  degree  of  coherence  between  the 
cubic  axes  of  the  fee  Co  and  fee  NiFc  layers.  Mavnetization 
fluctuations  in  the  soft  layer  thus  should  aiisc  not  only  from 
magnetostatic  interactions  between  the  .soft  and  hard  layers, 
but  also  from  the  distribution  of  cubic  anisotropy  axes  in  the 
soft  layer,  with  potentially  different  responses  as  a  function 
of  texturing. 

Because  of  an  anticipated  strong  correlation  regime,  per¬ 
turbation  approaches  may  hardly  be  considered  as  relcvap;. 
Although  this  work  fails  to  provide  some  modeling  of  the 
observed  phenomena,  it  clearly  demonstrates  the  existence  cf 
macrofluctuations  with  a  specific  spatial  wavelength  ’•rnge 
which  appeals  to  a  comparison  with  numericai  simul.atioa 
data  in  disordered,  dipolar  and/or  exchange  coupled  media. 
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Observation  of  large  biquadratic  coupling  of  FeCo  through  Mn  (invited) 
(abstract) 

M.  E.  Filipkowski,®'  C.  J.  Gutierrez, J.  J.  Krebs,  and  G.  A.  Prinz 

U.  S.  Naval  Reseiirdi  Laboratory,  Washington  DC  20375-5000 

A  new  system,  exhibiting  unusually  large  interlayer  biqniutnuic  exchange  coupling,  has  been 
discovered,  consisting  of  single  crystal  FcCo/Mn/FeCo  sandwiches  epitaxially  grown  on  GaAs 
substrates.  Normalized  m{H)  curves  yield  a  remanent  .ncment  of  approximately  0.5  for  all  cases 
studied,  with  a  number  of  examples  havine  satuiation  fields  as  large  as  several  Tesla.  This  implies 
a  biquadratic  coupling  constant  as  large  o>-  larger  than  many  known  bilinear  coupling  constants. 

None  of  the  normalized  m{H)  data  exhibits  a  remanence  of  less  than  0,5,  indicating  the  absence  of 
comparable  contributions  from  liilinear  coupling.  Angular  dependent  FMR  at  9  GHz  implies  a 
fourfold  anisotropy  of  opposite  sign  to  that  measured  for  single  FeCo  layers,  whereas  FMR  at  35 
GHz  agrees  in  sign  with  the  single  layer  anisotropy.  Detailed  analysis  of  this  contradiction  shows 
that  this  is  an  apparent  anisotropy  reversal  which  emerges  within  the  theory  of  FMR  in  the  presence 
of  large  biquadratic  coupling,  requiring  values  of  the  coupling  constant  in  excess  of 
ergs/cm^,  where  the  coupling  term  in  the  energy  is  written  This  large 

biquadiatic  coupling,  together  with  the  .absence  of  bilinear  coupling,  appears  to  contradict  existing 
theories  of  interlayer  exchange. 
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Magnetic  dipole  mechanism  for  biquadratic  interlayer  coupling  (abstract) 

S.  Demokritov®' 
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E.  Tsymbal,  P,  Grunberg,  and  W.  Zinn 

IFF,  Forschungszentrum  Juiicli,  Julich,  Germany 

Ivan  K.  Schuller 

University  of  California,  San  Diego,  La  Jolla,  California  92093 

A  mechanism  resulting  in  biquadratic  interlayer  coupling  is  proposed  and  analyzed  theoretically. 

This  mechanism  is  connected  with  the  magnetic  dipole  field,  created  by  magnetic  layers  with 
roughness.  This  field  decays  exponentially  with  the  distance  from  the  layer,  but  it  shows  oscillating 
behavior  in  the  lateral  direction.  The  scale  of  both  exponential  and  oscillating  dependencies 
corresponds  to  the  scale  of  the  interface  roughness  and  can  reach  20-30  nm.  The  oscillating 
variation  of  the  field  makes  90°  alignment  of  the  magnetization  energetically  favorable  in  analogy 
to  the  Slonczewski’s  mechani.sm.‘  Computer  simulations  and  estimates  show  that  this  mechanism 
can  provide  a  coupling  strength  of  the  order  of  0.01  erg/cm^  for  Fe  films  with  1  nm  interlayer 
thickness.  The  part  of  the  work  done  in  Moscow  and  Jiielich  was  supported  by  Collaborative 
Research  Grant  CRG  921170  of  the  NATO  Scientific  Exchange  Programmes.  Work  at  UCSD  was 
supported  by  the  U.  S.  National  Science  Foundation.  One  of  us  (E.Ts.)  is  pleased  to  thank  the 
Alexander  von  Humboldt  Foundation  for  support. 
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Polarized  neutron  reflectivity  studies  of  biquadratic  coupiing 

in  [Fe/Cr]  (10^)  and  [Fe/Ai]  (100)  superiattices  and  fiims  (invited)  (abstract) 
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Sensiiivity  to  magnetic  atoms  and  low  intrinsic  absorption  characterize  the  interaction  o*'  neutrons 
with  ma;ter.  Consequently,  polarized  neutron  reflectivity  pro''ioes  a  unique  means  of  performing 
depth-resolved  vector  mannetometry.  We  have  used  this  technique  to  determine  the  magnetization 
depth  profiles  of  Fc/Cr  supflattices.  Superiattices  of  bilayer  composition  [55  A  Fe/17  A  Cr],  grown 
at  523  K,  exhibit  biquadratic  coupling  with  large  saturation  fields  (~3  kOe),  while  those  groven  at 
293  K  are  ferromagnetically  ordered.  We  have  directly  measured  the  evolution  of  the  coupling  angle 
between  adjacent  Fe  layers  as  a  function  of  applied  field  and  will  di.scuss  how  bilinear,  biquadratic, 
and  external  field  terms  produce  the  ob.served  order.  The  weaker  coupling  found  in  the  Fe/Al  system 
makes  possible  the  investigation  of  a  range  of  .spin  configurations  at  temperatures  that  do  not 
endanger  .’.he  sample.  We  have  mapped  the  phase  diagram  of  a  [42  A  Fe/12  A  Al/39  A  Fe]  (100) 
trilayer  and  find  evidence  of  biquadratic  coupling  at  low  temperatures  and  fields  (c.g.,  when  H  ~  180 
Oe,  the  Fe  layer  spins  relax  away  from  ferromagnetic  alignment  below  7’’=  170  K).  Our 
measurements  agree  qualitatively  with  energy  minimization  calculations  and  the  results  of  bulk 
magnetometry. 


‘'Present  address;  Naval  Research  Laboratory,  Washington,  DC  2(l89'i. 
'’'Present  address;  Southwest  Texas  State  University,  San  Marco.s,  Texas 
78666. 
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Monte  Carlo  histogram  calculation  of  the  critical  ex^ponents 
of  an  FexMgi_;(Cl2  Ising  model  (invited) 
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95806  Cergy-Pontoise  Cedex,  France 

In  a  previous  work,  a  realistic  three-dimensional  3-D  Ising  model  of  FeCl2  was  studied.  It  consists 
of  triangular  lattice  planes  stacked  along  the  c  axis  of  the  crystal,  with  the  following  interactions:  a 
nearest  neighbor  (nn)  ferromagnetic  one  competing  with  a  next-nearest-neighbor  (nnn) 
antiferromagnetic  interaction,  which  causes  some  degree  of  frustration  in  the  plane,  the  planes  being 
weakly  coupled  by  an  antiferromagnetic  interaction.  In  fact,  the  latter  is  a  superexchange  interaction, 
and  we  have  taken  into  account  all  the  equivalent  superexchange  paths  in  the  sense  of  the  Anderson 
rule,  which  amounts  to  12  neighbors  in  each  one  of  the  adjacent  planes.  In  this  work  we  present  the 
preliminary  results  of  a  study  of  the  critical  exponents  of  this  model  using  the  Monte  Carlo 
histogram  method  and  finite  size  scaling.  The  interest  of  such  study  lies  in  the  layered  structure  of 
this  system,  which  might  have  an  effect  on  its  effective  dimensionality  at  the  transition  point,  and 
also  in  the  effects  of  frustration,  as  well  as  those  of  superexchangc  interactions  on  the  critics! 
exponents.  We  also  show  the  results  obtained  by  the  same  method,  on  the  critical  exponents  of  the 
diluted  system  in  the  zero  and  low  magnetic  field. 


I.  INTRODUCTION 

FeCl2  and  FeBr2  are  prototype  systems  for  the  study  of 
magnetic  phase  transitions  since  a  long  time  ago.  They  show 
the  outstanding  feature  of  leing  associated  to  the  different 
steps  in  the  progress  of  the  knowledge  of  this  field.  After  the 
first  results  showing  their  metamagnetic  character,'  much  ef¬ 
fort  has  been  done  to  describe  their  critical  behavior.  In  par¬ 
ticular,  the  experimental  works  of  Jacobs  and  Laurence^"’ 
and  Vettier'’  have  given  a  detailed  description  of  their  phase 
diagram  in  a  magnetic  field.  Neutron  scattering 
experiments'^'^  have  provided  us  with  the  values  of  the  rel¬ 
evant  interaction  constants. 

Some  theoretical  Hamiltonian  models  showing  this  kind 
of  metamagnetic  phase  transition  have  also  been  proposed. 
Harbus  and  Stanley’  have  performed  a  high  temperature  se¬ 
ries  expansion  on  a  simple  cubic  lattice  Ising  model  with 
in-plane  ferromagnetic  coupling  and  antiferromagnetic  cou¬ 
pling  of  the  planes  (the  “meta”  model)  and  on  the  “nnn 
model”*'  consisting  of  a  simple  cubic  Ising  lattice  with  iso¬ 
tropic  antiferromagnetic  nearest  neighbors  (nn)  and  ferro¬ 
magnetic  next-nearest-neighbors  (nnn)  interactions. 

Landau,®  in  a  Monte  Carlo  study  of  antiferromagnetic 
Ising  simple  cubic  and  simple  square  lattices  with  nn  antifer¬ 
romagnetic  and  nnn  ferromagnetic  coupling,  has  also  found  a 
tricritical  behavior. 

However,  all  these  models  considered  only  the  simplest 
lattice  structures  (square  and  simple  cubic),  without  taking 
into  account  other  features  appearing  in  FeCL  and  FeBr2: 
high  anisotropy,  triangular  lattice  planes,  superexchange 
paths  along  c  axis,  and  in-plane  frustration  due  to  nnn  anti¬ 
ferromagnetic  interaction. 


In  1979,  Aharony  and  Fishman  .showed  that  an  aniso¬ 
tropic  antiferromagnetic  system  with  bond  dilution  in  a  uni¬ 
form  magnetic  field,  has  the  same  critical  behavior  as  that  of 
the  random  field  Ising  model  (RFIM).“’  This  statement  was 
later  extended  by  Cardy  to  anisotropic  antiferromagnets  with 
site  dilution  in  a  uniform  magnetic  field  (DAFF).“  This  fact 
made  FeCl2  and  FeBr2  regain  interest,  as  they  constituted  an 
excellent  material  for  the  experimental  investigation  of  the 
RFIM. 

Since  then,  a  great  experimental  effort,  as  well  as  many 
theoretical  studies,  have  been  done.  For  instance,  Soukoulis 
et  al.  and  Crest  et  al.  have  tested  the  equivalence  between 
DAFF’s  and  RFIM  in  two  and  three  dimensions*’*'^  in 
simple  square  and  simple  cubic  lattices  with  isotropic  nn 
interactions.  Diep  c/a/.*‘*  and  Galam  et  al}^  have  analyzed 
the  exi.stence  of  a  tricritical  point  (TCP)  as  a  function  of 
dilution  in  a  DAFF  consisting  of  a  simple  cubic  lattice  with 
isotropic  nn  antiferromagnetic  and  nnn  ferromagnetic  inter¬ 
actions.  Recently,  a  simulation  on  a  highly  diluted  (50%) 
simple  cubic  lattice  with  isotropic  antiferromagnetic  nn  in¬ 
teraction  was  performed  by  Nowak  et  al.'^'  with  special  at¬ 
tention  paid  to  the  high  field  region. 

In  spite  of  all  this  effort,  many  questions  still  remain 
open.  For  instance,  while  the  existence  of  long  range  order 
(LRO)  is  admitted  for  a  three-dimensional  (3-D)  RFIM,*’’*** 
it  is  still  under  discussion  for  some  DAFF’s  because  of  the 
long  relaxation  times  involved.*'*'’* 

Experimental  studies  show,  in  general,  that  the  state  of 
the  system  at  a  particular  point  of  the  temperature-field  (T,H) 
space  depends  on  the  process  used  to  take  the  system  to  that 
point.  It  seems  rea.sonablc  to  suppose  that  some  of  the  un¬ 
clear  aspects  found  when  comparing  theoretical  with  experi¬ 
mental  results  may  stem  from  the  particularities  of  the  real 
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system.  For  instance,  the  expected  LRO  as  well  as  the  shape 
of  the  magnetic  domains  (if  any)  formed  while  this  (LRO)  is 
being  established,  must  be  related  to  the  kind  of  lattice  con¬ 
sidered,  its  spatial  anisotropy,  the  existence  of  frustrated  or 
competing  interactions,  its  percolation  threshold,  etc. 

In  a  previous  work,^^  we  have  studied,  by  Monte  Carlo 
simulations,  the  critical  behavior  of  a  FeCl2  model.  This 
model,  though  quite  simple,  kept  the  outstanding  features  of 
the  system:  high  spatial  anisotropy  (triangular  lattice  planes 
stacked  along  the  c  axis),  the  superexchange  paths  for  the 
interplane  interaction,  competing  interactions,  and  frustration 
in  the  plane.  The  results  we  have  obtained  with  such  a  model 
are  in  excellent  qualitative  and  quantitative  agreement  with 
experimental  ones. 

Based  on  such  a  good  description  of  the  pure  system,  in 
a  recent  work  we  addressed  our  study  to  some  of  the  experi¬ 
mental  results  on  the  diluted  system  that  were  not  well  un¬ 
derstood.  In  particular,  we  studied  the  existence  of  a  TCP  and 
its  behavior  with  dilution.  We  also  studied  the  character  of 
equilibrium  temperature  loops  in  a  constant  held  (whether 
they  5  reversible  or  not)  and  the  existence  of  a  LRO  for  a 
held-cooling  (FC)  process.  mentioned  above,  irrevers¬ 
ibilities  in  temperature  loops  have  been  experimentally  re¬ 
ported.  We  have  analyzed  *hi.4  fact  by  performing  short  simu¬ 
lations  on  our  hnite  systems,  showing  that  such 
irreversibilities  correspond  to  a  nonequilibrium  effect.  We 
have  also  investigated  the  experimental  result  stating  that  the 
magnetization  issued  from  a  FC  process  (mpc)  is  greater  than 
that  issued  from  a  field-heating  (FH)  one  We  have 

determined  the  irreversibility  line  Ircm  the  .hrst  temperature, 
where  mFc>»iFH  ^  FC  process,  and  we  tried  to  elucidate 
the  kind  of  magnetic  domains  formed  in  this  irreversibility 
region  that  are  responsible  for  that  result. 

We  are  now  interested  in  determining  the  critical  expo¬ 
nents  of  this  system.  Different  questions  may  be  asked  on 
this  topic.  First,  one  may  think  that  the  layered  structure  of 
this  system  might  affect  its  effective  dimensionality,  even  in 
the  pure  case.  Concerning  the  diluted  system,  the  Harris 
criterion^^  states  that  when  the  specific  heat  exponent  of  the 
puro  system  is  a>0,  a  small  dilution  may  modify  tiie  critical 
behavior.  In  addition,  renormalization  group  e  expansion 
treatments^'’  show  that  a  sharp  transition  may  still  exist,  but 
with  exponents  different  from  those  of  the  pure  case.  Finally, 
the  application  of  a  small  uniform  field  to  the  diluted  system 
in  the  strong  concentration  limit  allows  us  to  model  an  ex¬ 
perimentally  studied  RFIM. 

The  article  is  organized  as  follows:  in  Sec.  II  we  sum¬ 
marize  the  results  obtained  on  these  systems  in  our  previous 
works;  in  Sec.  Ill  we  describe  the  technical  details  concern¬ 
ing  the  present  work;  in  Sec.  IV  we  present  the  results  on  the 
critical  exponents.  Finally,  in  Sec.  V  we  present  our  conclu¬ 
sions  and  discussions  on  forthcoming  work. 

II.  PHASE  DIAGRAM  OF  THE  Fe^  Mgi_;,Cl2  SYSTEM 
A.  Description  of  the  model 

Figure  1(a)  shows  the  crystalline  structure  of  the  system 
determined  by  Wyckoff.^^  The  Hamiltonian  of  the  system 
may  be  wr>;;en^®  as 
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FIG.  t.  (u)  Crystalline  structure  of  FcCl2.  (Ref.  25)  #,  Fc^*;  O,  Cl",  (b) 
Top  view  of  the  12  neighbors  of  a  Fc^*  ion.  □,  the  considered  ion;  •, 
neighbors  in  the  adjacent  plane  below. 


(nn>  <nmi> 

-y' S  Wi.  (1) 

<nn')  i 

where  =  ±  1  is  an  Ising  spin;  (nn)  and  (nnn)  denote  the  sum 
over  the  nearest  and  next-nearest  neighbors  in  the  plane,  re¬ 
spectively,  and  (nn')  indicates  the  sum  over  the  interacting 
spins  belonging  to  adjacent  planes.  As  the  latter  is  a  super¬ 
exchange  one,  we  have  taken  into  account  all  the  equivalent 
magnetic  paths  for  the  coupline  of  iron  planes  via  the  chlo¬ 
rine  ones.  Following  Anderson’s  rule,  this  leads  to  12  neigh¬ 
bors  in  each  one  of  the  neighboring  planes  as  is  shown  in 
Fig.  1.*^ 

In  order  to  simulate  a  given  quenched  disorder,  '.ve  chose 
the  sites  at  random  and  assigned  to  each  site  /  one  of  the 
values  of  the  corresponding  occupation  variable  = 
with  a  probabilitv  ,  =  d)  =  p,  until  we  got  Ni,-pXN 

“vacancies”  {N  being  the  total  number  of  sites  and  p=l-  x 
the  desired  amount  of  dilution). 

The  values  of  the  interaction  constants  have  been  taken 
from  Vettier’s  work.’’  As  wr,  have  discussed  in  a  previous 
work,^^  those  values  have  been  obtained  ntting  experimental 
data  to  a  Hamiltonian  that  is  different  from  Eq.  (1).  Thus,  the 
relevant  quantities  arc  the  ratios  of  the  interaction  constants, 
and  not  their  absolute  values.  To  simplify  the  comparison 
with  experimental  results  on  the  diluted  system,  we  have 
normalized  these  constants  in  the  following  way.  we  have 
performed  simulations  on  the  pure  system,  varying  the  val¬ 
ues  of  the  interaction  constants  but  keeping  their  ratios  fixed, 
until  we  reproduced  the  value  of  given  by  Vettier.’’  Hence, 
we  have  a  ferromagnetic  nn  interaction 7]  =  6.74  K,  in  com- 
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FIG.  1.  Detailed  cuts  of  the  phase  diagram  along  planes  A' ==  const.  AF:  antiferromagnetic  phase;  SP:  saturated  paramugneiiu  phase;  P:  paramagnetic  phase;  M: 
mixed  region,  (a)  a=1,  •At,  OA|.  (b)  a=U.<I,  •  FH,  O  FC,  □  Ai,  ♦  hf.  (c)  a=().8,  •FH,  O  FC,  ♦AT,  □  Ai.  (d)  a=0=7,  •  FH,  O  irreversibility  line, 
♦A  t,  DAI. 


petition  with  a  frustrated  antiferromagnetic  nnn  one, 
^2=  ~  1  -0 1  K,  and  a  superexchange  antiferromagnetic  inter¬ 
plane  interaction,  J'  =  -0.07  K. 

In  the  following  we  will  use  the  notation 

h  =  gt.(,BH  /  kg. 

B.  Summary  of  previous  results 

In  general,  we  studied  the  following  quantities;  global 
magnetization  per  site  m ;  staggered  magnetization  along  the 
c  axis  OTs,;  energy  per  site  £';  specific  heat  c;  susceptibility 
staggered  susceptibility  ;^s, ;  and  EdwaHs- Anderson  order 
parameter  q.  We  also  keep  the  last  configuration  of  the  lattice 
obtained  at  each  point  of  the  (T,h,x}  space  for  further  analy¬ 
sis. 

For  the  pure  system,  we  have  shown  that  the  transition  is 
continuous  for  low  fields,  but  becomes  first  order  at  a  Iric- 
ritical  temperature  T,  that  can  be  estimated  as  the  tempera¬ 
ture  where  hysteresis  in  field  loops  disappears.  We  have 
found  the  ratio  between  the  TCP  temperature  and  the  Neel 
temperature  to  be  TJTf^^O.ST,  in  excellent  quantitative 
agreement  with  the  experimental  value  T,/Tni=0M6.^ 
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The  diluted  .system  was  studied  by  means  of  simulations 
of  loops  in  iemperature  (FC-FH)  at  a  constant  field  and 
loops  in  the  magnetic  field  at  a  constant  temperature  (/i  j- 
h  i).  We  have  determined  the  phase  diagrams  in  the  (T,h,x) 
spare  for  concentrations  a  =  0.9, 0.8, G.7,  Our  results  show  the 
existence  of  a  'I'CP  that  is  shifted  to  low  temperatures  as 
dilution  increa.ses.  The  values  obtained  for  T,  as  well  as 
tho.se  obtained  for  ,  compare  quite  well  with  experimental 


TABLE  I.  Variation  of  and  as  a  function  of  dilution,  Comparison  with 
experimental  values. 


X 

rf'tK) 

1 

20.5 

19.9 

24 

22.9 

o.y 

16.5 

15 

20.5 

20 

0.8 

1.1 

12 

17  6 

16.75 

0.7 

>J 

7 

1.1.6 

14 

‘Reference  27. 
'’Refe  ence  28. 
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ones.^’'^®  The  width  of  the  hysteresis  cycle  is  also  found  to 
decrease  with  dilution. 

Figure  2  summarizes  these  results.  It  shows  cuts  of  the 
phase  diagram  for  different  values  of  concentration  x. 

Table  I  gives  the  comparison  of  our  results  with  experi¬ 
mental  ones  obtained  by  Wood  and  Day^’  and  Bertrand 
et 

We  have  also  studied  fast  FH-HFC  cycles  to  simulate,  on 
a  finite  system,  the  long  relaxation  times  observed  experi 
mentally,  and  we  have  found  that,  for  tow  fields,  the  cycle  is 
still  reversible,  while  for  /j~/jo(a:),  irreversibilities  appear 
giving  rise  to  mFc>WFH>  agreement  with  experimental 
results.^'  The  irreversibility  line  r|„,  defined  as  the  highest 
temperature  where  mFc=wiFH>  ‘s  coincident  with  r^.(/i)  for 
low  fields,  but  lies  above  it  as  the  field  approaches  in 
agreement  again  with  experimental  measurem;nts.  This  line 
is  shown  in  Fig.  2  for  the  jc =0.3  case. 

We  have  also  investigated  the  shape  of  ‘he  magnetic  do¬ 
mains  formed  in  the  irreversible  region.  Here  the  domains 
look  like  distorted  pipes  that  are  placed  one  beside  the  other, 
trying  to  keep  an  antiferromagnetic  order  along  the  c  axis.  In 
each  plane,  clusters  of  opposite  orientation  are  separated  by 
vacancies  in  order  to  avoid  losing  exchange  energy.^® 


III.  CRITICAL  EXPONENTS 
A.  Technical  description 

The  Monte  Carlo  liistogram  method^''"-’'  is  known  to  be 
a  very  accurate  way  to  determine  critical  exponents.  It  does 
not  need  a  previous  knowledge  of  with  an  overwhelming 
precision,  as  it  was  the  case  with  traditional  Monte  Carlo 
calculations  of  critical  exponents. 

We  have  used  our  previous  results  on  this  system  to 
locate  the  temperature  To  where  the  Monte  Carlo  simulation 
is  performed.  We  have  calculated  the  following  quantities: 
staggered  magnetization, 


(2) 


where  i,j  are  the  subscripts  in  the  plane  and  k  is  the  sub¬ 
script  corresponding  to  the  c  axis.  In  the  following,  we  will 
consider  systems  of  equal  number  of  sites  in  each  direction, 
and  we  will  denote  their  sizes  by  Z,  XL  XL. 

Energy  per  spin, 

specifii;  heat, 

(4) 

staggered  susceptibility, 

(5) 

first-order  cumulant  of  the  order  parameter. 


/  ^  In  fflst  \  {t>hJL) 
\(?(lMflT)7  (/«„> 


second-order  cumulant  of  the  order  parameter, 


Id  ln(wsi‘)\ 
\dil/kBT)l 


-(£). 


(6) 


(7) 


The  mean  values,  which  are  functions  of  m^^  and  of  powers 
of  E,  may  be  calculated  as  a  cont  nuous  functions  of  tem¬ 
perature  using  the  histogram  obtained  at  T,)  as  follows;'^' 


l^:E''{f)(E)H(E)cxp[~£iK  L] 
l^H(E)iixp[-^K  E]  ' 


(8) 


where  H(E)  is  the  histogram  measured  at  T,,  and  (/)(£)  are 
the  mean  values  of  the  corresponding  function  of  /«s,  calcu¬ 
lated  at  T,)  for  each  fixed  value  of  the  energy. 

For  large  values  of  the  system  of  linear  size  L,  these 
quantities  are  expected  to  scale  with  L  as  follows: 


V^ccL~'>y 

(9) 

V2°^E~^'y 

(10) 

c„  =Co  +  C,L"^‘' 

"mux  '  * 

(11) 

(12) 

(13) 

T,(L)  =  T,(oo)-t-C^L“''‘'. 

(14) 

Having  a  certain  knowledge  about  the  location  of  T^.  helped 
us  to  neglect,  in  this  first  approach,  corrections  to  scaling.  In 
addition,  as  our  smalle.st  size  is  L  =  12,  corrections  to  finite 
size  scaling  have  also  been  neglected. 

We  have  estimated  v  independently  from  Eqs.  (9)  and 
(10).  With  these  values,  we  calculate  y  from  Eq.  (12).  We 
have  then  estimated  T(.(<»)  by  extrapolating  Eq.  (14)  for  each 
observable.  Using  this  value  of  T,.('»),  we  calculate  p  from 
Eq.  (13).  The  Rushbrooke  scaling  law  a-\-2p+y-2  allows 
us  to  obtain  a.  Finally,  using  the  hyperscaling  relationship, 
we  can  estimate  the  effective  dimension  of  this  model,  d-(2 
-  a)!  V. 


B.  Analysis  of  results 
1.  The  pure  system 

We  have  performed  a  Monte  Carlo  histogram  calculation 
for  lattices  of  linear  sizes  L  =  12,  18,  24,  and  30  at  the  tem¬ 
perature  T(,  near  the  Tf^  obtained  in  our  previous  study.  Fig¬ 
ure  3(a)  shows  the  finite  size  scaling  study  of  staggered  mag¬ 
netization  cumulanls  done  over  the  first  three  lattices.  The 
value  obtained  is  r'=0.59±0.03. 

Figure  3(b)  shows  the  fit  of  Eq.  (12)  to  our  data.  We  get 
a  value  7=1.19±0.08. 

The  determination  of  p  needs  an  estimation  of  the  c.'iti- 
cal  temperature  of  the  infinite  lattice.  It  has  been  extrapolated 
from  the  behavior  of  the  extrema  of  different  observables  as 
a  function  of  L"'^".  We  have  found  23.12±0.03  K.  The  fit 
shown  in  Fig.  3(c)  gives  /3=0.27±0.()4, 

Using  the  Rushbrooke  rclat'onship,  we  obtain  a=0,27 

±0.10. 
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With  these  values,  the  hyperscaling  relationiihip  gives  an 
effective  dimensionality  of  d^n~232.  This  shows  that  the 
layered  structure  of  the  system  does  not  affect  its  effective 
dimension,  even  in  the  case  of  a  quite  weak  interlayer  coi  • 
pling. 

The  set  of  critical  exponents  obtained  above  does  not 
exactly  correspond  to  that  of  the  3-D  Ising  model,^"*  although 
some  of  them  are  rather  close  to  it  within  the  error  margin. 
Surprisingly,  this  set  is  found  to  be  similar  tc  the  results 
obtained  for  the  frustrated  3-D  Heisenlierg  spin  systems.’^”’'’ 


2.  The  diluted  aystem 

In  this  first  approach,  we  have  studied  a  system  with  a 
small  dilution  /;=0.1.  The  results  shown  have  been  obtained 


for  systems  of  linear  sizes  L  =  12,  18,  24,  and  30.  The  fit  of 
V|  and  Vi,  shown  in  Fig.  4(a)  gives  1'= 0.56 ±0.03.  lower 
than  the  value  obtained  for  the  pure  system. 

From  the  fit  shown  in  Fig.  4(b),  we  get  y=1.07±0.09, 
again  lower  than  the  value  obtained  above. 

The  extrapolated  value  for  the  temperature  of  the  infinite 
diluted  lattice  is  r/^(oo)=20.27±0.03  K,  which  gives  13=0.36 
±0.07  [Fig,  4(c)]. 

When  applying  a  uniform  magnetic  field  to  the  diluted 
system,  the  correlation  length  exponent  is  clearly  increased. 
On  the  contrary,  the  other  exponents  are  less  affected,  for  the 
studied  fields,  h=0.25  K  and  /i=0.5  K,  which  correspond  to 
a  quarter  and  a  half  of  the  co.  responding  threshold  field  for 
this  dilution. 

Figure  5(a)  shows  the  fit  of  Eqs.  (9)  and  (10),  which 
gives  0.68 ±0.005  for  the  case  /i=0.25  K.  The  fit  of  Eq. 
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(12)  [Fig.  5(b)]  gives  1.18+0.07,  which  is  similar  within 
the  error  margin  to  the  zero  held  case. 

The  determination  of  the  remaining  critical  exponents 
proves  to  be  more  difficult  in  the  nonzero  magnetic  field.  In 
fact,  the  value  of  obtained  by  extrapolation  has  a  con¬ 
siderable  uncertainty.  We  obtain  ;3=0.36±0.07  and  we  dc- 
rivi3  from  the  Rushbrookc  scaling  law,  a=0.1±0.04  for 
h  =-0.25  K. 

For  /t=0.5  K,  the  values  of  v  and  y  remain  unchanged 
(see  Table  II).  As  discussed  above,  the  uncertainty  on 
is  so  large  to  prevent  us  from  determining  />. 

IV.  CONCLUSION 

We  have,  performed  a  preliminary  study  of  the  critical 
exponents  of  a  Fe^Mgi_^Cl2  model.  We  have  observed  that 
the  small  degree  of  frustration  due  to  nnn  in-plane  antiferro- 


TABLE  II.  Summary  of  critical  exponents  for  the  four  cases  studied. 


X 

h 

V 

7 

P 

a 

1 

0 

0.59(3) 

1.19(8) 

0.27(4) 

0.27(10) 

0,9 

0 

0.56(3) 

1,07(9) 

0.40(5) 

0,13(2) 

0.9 

0.25 

0.680(4) 

1.18(7) 

0.36(7) 

0.10(4) 

0,9 

0.5 

0.69(5) 

1.15(18) 

... 

magnetic  interaction  and  dominant  nn  in-plane  interactions, 
as  well  as  the  superexchange  between  planes,  are  enough  to 
cause  a  deviation  of  the  critical  exponents  from  those  of  the 
3-D  Ising  model,  even  in  the  pure  case.  These  exponents  are 
closer  to  those  of  3-D  frustrated  systems  (antiferromagnetic 
stacked  triangular  lattices  with  Hei.senberg  spins)  than  those 
of  the  nonfrustrated  3-D  Ising  model. 

We  have  also  found  that  for  this  sy.steni  of  weakly 
coupled  layers,  the  effective  dlmcrision  remains  3.  As  soon 
as  additional  disorder  is  added  to  the  system  by  means  of 
simple  dilution,  critical  divergences  arc  reduced.  This  is  seen 
by  examining  the  values  of  v,  y,  and  a  given  in  Table  11. 

When  applying  a  uniform  magnetic  field  the  diluted  sys¬ 
tem  is  expected  to  behave  like  a  RFIM  However,  the  re.sults 
obtained  do  not  correspond  to  tho.se  piedicted  for  the  3-D 
RFIM,**"^*’  This  work  shows  that  it  is  not  obvious  that  the 
Fe^Mgi_jfCl2  system  belongs  to  the  RFIM  universality  class. 

Further  work  concerning  higher  dilutions  at  different 
fields  is  in  progrc.ss. 
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Simultaneous  suilace  and  bulk  magnetic  properties  investigations 
by  using  simultaneous  gamma,  x-rays  and  conversion  electron 
Mossbauer  spectroscopy:  Method  and  experimental  results 

A,  S.  Kamzin,  L.  A.  Grigor’ev,  and  A.  R  Ioffe 

Fliy.'iico-Tcchnical  Instituu;  RAS,  St.  I’clcruhurg  Rii.ssiii 

The  surface  and  bulk  phase  transitions  in  a  microscopic  antiferroinagnctic  Fc^BO,,  crystal  was 
investigated  by  means  of  new  method;  Simultaneous  gamma  rays,  x-rays,  and  electron  Mossbauer 
spectroscopy  (A.  S,  Kamzin,  V,  P,  Rusakov,  and  L.  A.  Grigor'ev,  in  Proceedings  of  the  Iniernational 
Conference  “Physics  of  transition  metals,”  lJSSR-1988,  Part  2,  p.  271;  A.  S.  Kamzin,  and  L.  A. 
Grigor’ev,  Pisnia  Zh.  Tekh,  Fiz.  16,  38  (I'AJd)  [Sov.  Tech.  Fiz.  Lett.  16,  417  (IWO)J),  which  makes 
it  possible  to  study  simultaneously  the  surface  and  volume  properties  of  a  bulk  crystal. 


I.  INTRODUCTION 

At  the  spin-reorientation  phase  transition  (SRPT),  it  was 
observed  that  (!)  the  first-orditr  SRPT  tran;dtion  in  the  vol¬ 
ume  of  the  crystal  is  accompanied  by  .second-order  reorien¬ 
tation  of  .spins  on  the  surface  of  crystal;  (2)  toward  the  sur¬ 
face  of  the  crystal  the  temperature  interval  of  the  SRPT  are 
increasing  and  no  displacement  of  the  center  of  the  transition 
region  is  observed;  (3)  outside  the  SRPT  region,  the  direction 
of  the  magnetic  moments  on  the  surface  are  different  from  in 
the  volume  of  the  crystals,  and  differences  arc  increasing  to 
the  surface  in  the  limit  of  the  “transition”  layer, 

It  was  found  that  (1)  the  Neel  temperature  fur  the  surface 
is  lower  than  for  the  bulk;  (2)  there  exists  a  surface  layer  of 
“critical"  thickness,  within  which  the  transition  temperature 
7’^(/-)  increases  with  a  distance  from  the  surface  and  reaches 
at  the  lower  (from  the  surface)  boundary  of  the  “critical” 
layer  the  value  of  Neel  temperature  for  the  volume  of  the 
crvstal. 

In  order  to  understand  surface  phenomena,  so  as  to  de¬ 
termine  how  surface  and  bulk  properties  are  relateo  to  each 
other,  it  is  necessary  to  investigate  the  surface  of  bulk  crys¬ 
tals  in  comparing  with  investigations  of  volume  properties  of 
that  nuUcrial,  as  well  as  the  profiles  of  the  properties  (layer 
by  layer  analy;;is)  of  the  surface  layer.  For  this  aim  the  ex¬ 
perimental  methods  are  very  useful,  which  give  us  the  pos¬ 
sibility  to  study  the  surface  and  the  bulk  prttperthis  ttf  mas¬ 
sive  crystals  simultaneously.  We  have  shown'  that  the 
Mossbauer  effect  measurements  are  simultaneous  by  detect¬ 
ing  gamm.i  rays  in  the  transmission  geometry,  and  conver¬ 
sion  x-rays  and  conversion  electrons  in  the  backsca'.tering 
mode  f.rc  very  suitable  in  each  case. 

in  the  present  paper,  we  describe  (1 )  new  method  (simul- 
taneoiis  gamma  rav;s,  x  rays,  and  electron  Mossbauer  spec¬ 
troscopy),  which  have  been  offered  and  used  in  Ref.  1  and 
that  gives  us  the  possibility  to  investigate  the  surface  and 
bulk  properties  simultaneously;  (2)  results  of  investigations 
of  tlu;  surface  magnetic  system  behavior  at  the  phase  transi¬ 
tions  (the  Neel  temperature  as  well  as  the  spin-teorieutation 
phase  transition)  in  the  i.  ilk  of  crystal. 


II.  METHOD  OF  SIMULTANEOUS  GAMMA  RAYS,  X 
R.AY.3,  AND  ELECTRON  MOSSBAUER 
SPECTROSCOPY 

In  the  “clas.sical'’  Mossbauer  spectroscopy  (MS)  in  the 
transmission  mode  (TMS)  the  y  rays  permeating  the  sample 
are  detected,  thus  giving  information  on  the  whole  volume  of 
the  bulk  .samples,  After  absorption,  the  deexcitation  radiation 
of  nucieation  in  the  absorber  are  the  y  rays,  the  conversion, 
and  Auger  electrons  (CED),  and  charactei  istic  x  rays  (CX). 
Mossbauer  spectroscopy  CX  (CXMS)  allo'vs  us  to  study  the 
properties  of  a  few  /um  thick  layer  of  a  bulk  crystal.  In  the 
ca.se  of  Mossbauer  speetr.ascopy  with  detection  CE  (CEMS). 
the  information  is  extracted  from  a  —300  nm  (for  Fc'''')  sur¬ 
face  layer  on  the  bulk  sample. 

The  method  of  simultaneous  gamma  rays,  x  rcys,  and 
electron  Mossbauer  spectroscopy  proposed  in  Ref.  1  com¬ 
bines  these  three  modSlications  of  Mbs.sbauer  effect  measure¬ 
ments,  The  universal  detector’  and  Mossbauer  spectrometer 
constructed  around  the  universal  uetectoi  (Fig.  1)  makes  it 
possible  to  obtain  the  Miissbancr  spectra  immediately  by  de¬ 
tecting  the  y  rays,  characteristic  x  rays,  and  secondary  elec¬ 
trons,  thereby  simultaneously  studying  the  properties  of  the 


I'Ki.  1.  UnivLTsal  ilctcclor  anil  blnek  iliajjrain  iit  tlic  sy.sli'in  I'nr  Ihi’  .sinint- 
liiiR-mis  j;amma,  x  rays,  amt  clcc'nm  Miissliimcr  speclrnsciipy. 
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volume  and  surface  layers  of  bulk  crystal.  The  y  rays  etnitted 
by  a  Mbssbauer  source  (S)  pass  through  the  sample  (C), 
through  a  hole  in  the  heater  (H),  and  are  detected  in  chamber 
G.  The  sample  is  located  in  chamber  E,  and  CE  emitted  from 
the  sample  are  detected  right  in  that  chamber.  The  CX  rays, 
after  leaving  the  sample,  pass  through  a  beryllium  foil  (W) 
that  separates  counters  E  and  A",  and  are  detected  in  chamber 
X.  Therefore  chamber  E  detects  only  the  conversion  elec¬ 
trons,  counter  X  detects  only  the  conversion  x  rays,  and 
chamber  G  detects  only  gamma  quanta.  This  method  of  in¬ 
vestigation  was  later  called  simultaneous  triple  radiation 
Mossbauer  spectroscopy.’ 

It  is  known  that  the  energy  of  an  electron  that  has  go  out 
from  the  sample  depends  on  the  distance  from  the  surface  of 
the  atom  in  which  this  electron  was  formed.  Our  electron 
counter  has  quite  a  good  resolution,  and  by  using  discrimi¬ 
nators  (SCA  in  Fig.  1)  we  have  the  possibility  to  choose  the 
electrons  in  a  definite  energy  group  ■*“'’  Taking  into  account 
the  probability  that  an  electron  reaches  the  surface  of  the 
crystal,  it  is  possible  to  investigate  the  properties  of  a  thin 
layer  located  at  a  definite  depth  from  the  surface.  When  a 
proportional  detector  is  employed,  the  location  of  il'e  layer 
and  its  thickness  are  not  determined  as  accurately  as  with  the 
electrostatic,  or  magnetic  energy  analyzer.  However,  a  pro¬ 
portional  detector  is  much  more  efficient,  and  thus  has  cer¬ 
tain  advantages. 

It  is  not  difficult  to  detect  electrons  at  room  temperature, 
but  difficulties  arises  when  the  measurements  arc  made 
above  or  below  room  temperature,  because  the  sample  is 
located  inside  counter  E.  In  the  universal  detector,  the  fur¬ 
nace  heats  only  the  sample,  but  nM  the  ambient  gas.  This  is 
achieved  by  the  multilayer  heat  insulation  of  the  heater  and 
also  by  its  housing  on  needle  supports.  Liquid  nitrogen  vapor 
passes  along  the  heat  guide  to  take  measurements  at  the  re¬ 
gion  below  room  temperature.  Thus,  we  have  possibility  for 
measurements  in  the  interval  from  100-750  K,  with  the  ac¬ 
curacy  of  0.03°-0.2'’,  depending  on  the  measuicmcnts  re¬ 
gion. 

To  diminish  the  dead  time  of  the  storage  system  (MCS) 
we  set  the  input  puise  duratior  less  than  two  buffer  counters 
with  checking  before  .switching.’  The  form  of  moMon  of  the 
Mossbauer  source  is  controlled  by  the  standard  feedback 
(FG)  signal.  We  have  offered’  to  use  an  other  opt'onal  con¬ 
trolling  signal  (CC),  which  is  generated  by  adding  the  error 
signal  averaged  over  100-1000  periods  to  the  current  error 
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t  !(.i.  2.  Experimental  plm.s  of  the  angle  0  vci.'.us  temperature  in  the  volume 
(SJ)  and  surface  layers  of  the  EciDO,,  crystal.  Layer  thicknc.ss  (±10  iim); 
0-40  iim  (O);  50-90  ntn  (V);  and  I50-2(X)  iim  (x). 
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signal.  A  given  motion  is  provided  with  the  accuracy  of  not 
greater  than  0.0.1%. 

The  impoitant  advantage  of  the  method,  of  simultaneous 
gamma  rays,  x  rays,  and  electron  Mbs.sbauer  spectroscopy'  is 
that  information  from  the  bulk  and  surface  of  a  macroscopic 
crystal  is  extracted:  (1)  simultaneously  under  identical  con- 
ditioiKu  of  the  sample;  (2)  by  using  one  method  of  investiga¬ 
tion  (the  Mossbauer  effect),  which  makes  it  possible  to  com¬ 
pare  e;:pcriniental  results  on  surface  and  bulk  properties 
strictly. 

III.  INVESTIGATION  OF  THE  SURFACE  /^ND  BULK 
SPIN-REORIENTATION  PHASE  TRANSI'i  ION 
IN  ANTIFERROMAGNET  FeaBOj 

We  have  studied  the  magnetic  structure  and  SEPT  in  a 
surface  layer  and  in  a  volume  of  a  bulk  cryslal  FciilOf,  by 
using  the  new  experimental  method  described  above  in  Sec. 
11  and  in  Ref.  1, 

Surface  studies  were  conducted  on  crystals  chemically 
polished  for  ~5()  h  at  room  temperature  in  1:1  inixtuics  of 
HiP04  and  H2SO4  acids.  The  experimental  Mossbauer  spec¬ 
tra  obtained  below  and  above,  the  SRPT  temperature 
7'«  =  ~415  K  consist  of  two  sextuplets,  corresponding  to 
iron  ions  in  8d  and  4f  positions.  In  the  SRPT  region,  experi¬ 
mental  .spectra  consist  of  the  superposition  of  lines  observed 
at  the  temperaturf'  i)clow  and  above  the  SRPT  temperature. 
The  lines  corresponding  to  different  phases  are  well  re¬ 
solved,  which  makes  it  possible  to  investigate  the  behavior 
of  the  magnetic  moments  of  each  position  and  phase." 

The  angle  0  determining  the  direction  of  the  magnetic 
moments,  with  respect  to  the  wave  vector  of  the  y  rays,  were 
found  from  the  ratios  of  the  intensities  oi  the  second  and  first 
(fifth  and  sixth)  lines  of  the  Zeeman  sextuplets,  using  for¬ 
mula  =  sin^fy)/3(l +COS  1'.’).  The  temperature  de¬ 

pendence  of  this  angle  is  displayed  in  Fig,  2. 

It  is  evident  from  Fig,  2  that  the  magnetic  moments  in 
the  volume  of  ti  c  crystal  arc  oriented  only  the  fvo  values,  0 
or  7r/2.  In  the  SRPT  temperature  range,  these  two  phases 
coexist.  This  results  prove  convincingly  that  SRPT  in  liic 
volume  of  Fe-tBO,,  crystals  occurs  as  a  first-order  phase  tran¬ 
sition  in  a  tempi' -ature  range  from  7'i  up  to  T'-j. 

The  magnetic  moments  011  the  surface  layers  outside  the 
legion  of  SRPT  tilt  away  from  the  directions  along  which  the 
moments  arc  oriented  in  the  volume  of  crystal.  The  tilling 
angle,  increases  as  the  surface  or  the  SRPT  is  approached.  In 
the  SRPT  region,  in  a  surface  layer,  the  angle  0  varies  con¬ 
tinuously  from  one  value  to  another. 

The  theorctiea’i  studying  of  the  problem  of  a  spin- 
reorientation  phase  transition  (SRPT)  on  a  .surface  showed 
that  the  shape  of  the  temperat!;!''.  hy.slercsis  loop  must 
change,*'  Comparison  with  theorctica',  results*'  reveals  that  the 
experimental  data  are  in  good  agreement. 

IV.  THE  SURFACE  AND  BULK  MAGNETIC 
PROPERTIES  OF  THE  ANTIFERROMAGNET  FOsBO, 
NEAR  THE  NEEL  TEMPERATURE 

Analysis  of  the  experimental  spectra  of  Fe^BO,,  near  the 
Neel  temperature  showed  that  they  cun  be  divided  into  four 
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FIO.  3.  Phase  diagram  of  FsjBOj  near  the  Nee!  temperature,  One-boundary 
line  Tv(L)\  2-r,(Z.):  and  '3  -Tn(L). 


characteristic  groups:'”  M,  IV,  S,  and  P  (see  Fig.  3,  where  L 
is  distance  from  the  surface).  The  M  spectra  consi.st  of  two 
Zeeman  sextuplets,  P  spectra — of  vv'o  quadruple  doublets. 
This  means  that  the  material  in  the  M  region  is  magnetic,  in 
the  P  region — in  the  paramagnetic  state.  In  region  W,  the 
widths  of  the  outer  lines  of  the  sextuplets  increases  up  to  the 
Ti^{L),  the  width  of  the  inner  lines  do  not  change.  The  ex¬ 
perimental  .spectra  observed  in  the  S  region  consist  of  a  su¬ 
perposition  of  lines  of  the  paramagnetic  doublets  of  the  P 
phase  on  the  spectra  of  the  W  phase.  .\s  the  temperature 
increases  from  1^(1)  to  Ti^{L),  the  intensities  of  outer  lines 
decrease  and  at  the  Tp/{L)  these  lines  vanish.  In  those  tem¬ 
perature  intervals,  intensity  of  inner  linc'i  increases. 


In  summary,  analysis  of  the  experimental  results  has 
shown  that  as  the  temperature  increase  in  some  sections 
paramagnetic  regions  arise  directly  on  the  surface  of  the 
crystal.  As  the  crystal  is  heated  further,  the  paramagnetic 
regions  on  the  surface  expand  and  penetrate  deeper  into  the 
crystal.  At  a  certain  temperature  below  the  Neel  point  for  the 
bulk  of  the  crystal,  the  entire  surface  becomes  paramagnetic, 
and  with  increasing  temperature,  deeper  layers  transform  into 
the  paramagnetic  phase.  At  the  Neel  point  the  magnetic  order 
destroys  the  entire  remaining  volume  of  the  crystal.  Thus, 
there  exist  a  surface  layer  of  “critical”  thickncs,s,  in  which 
the  transition  temperature  increases  with  a  distance! 
from  the  surface  and  reaches  at  the  tower  (from  the  surface) 
boundary  of  the  “critical”  layer  the  value  of  T/^,  correspond¬ 
ing  to  the  volume  of  the  crystal. 
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Magnetic  properties  of  Fe^Cu-i.x  granular  alioy  fiims 

Peng  Chubing,  Chen  Haiying.  Li  Guozhong,  and  Dai  Daosheng 
Dvpurtment  of  Physics,  Pckiiif’  University,  lieijinf’  100871,  People's  liepublic  of  China 

The  magnetic  properties  of  the  Fej.CU|.  granular  system,  as  functions  of  iron  particle  si/e,  were 
studied.  Using  high  resolution  transmission  electron  microscopy,  iron  particle  si/e  was  determined 
to  be  ranged  from  1-4  nm  in  as-deposited  samples  as  A-=().0r>-().34.  Magnetic  measurements 
revealed  that  samp!es  exhibit  supcrparamagnetic  relaxation  below  300  K  as  .v=so,22.  At  1.3  K,  the 
average  magnetic  moment  per  each  iron  atom  is  reduced  as  the  average  number  N  of  iron  atoms  in 
a  particle  is  le.ss  than  450,  and  approaches  the  value  of  bulk  iron  as  /V^bOO.  Moreover,  the 
temperature  dependence  of  magnetization  for  Fe-Cu  granular  alloys  was  found  to  obey  the  Uloch’s 
7’^^^  law  below  300  K.  as  a  >0.22.  Wc  suggest  that  spin  wave  excitations  of  long  wavelength  occur 
due  to  the  weak  exchange  coupling  among  iron  particles  as  a>').22.  This  behavior  was  conlirmed 
by  the  ferromagnetic  resonance  .study. 


I.  INTRODUCTION 

The  studies  of  surface  magnetism  of  ferromagnetic  ma¬ 
terials  have  discovered  that  the  magnetic  moment  of  surfiice 
atoms  such  as  Fe(llO)  and  Ni(lll)  is  enhanced.''^  This  be¬ 
havior  was  also  observed  in  multilayered  thin  films  (c.g.. 
Fe/Ag,’''*  Co/Pd,'’  and  Co/Pt"*''').  It  is  very  interesting  whether 
magnetic  moment  of  the  ferromagnetic  particles,  such  as  Fc, 
Co,  and  Ni,  is  enhanced  when  its  size  is  reduced.  In  recent 
experiments,’"''  the  magnetic  behavior  of  Fe  and  Co  clu.sters 
containing  several  tens  to  hundreds  of  atoms  has  been  inves¬ 
tigated  by  using  the  Stern-Gerlach  method.  It  was  found  that 
the  average  effective  moment  in  Fe  and  Co  clusters  was  be¬ 
low  that  of  bulk  Fe  and  Co,  respectively.  Chien  el  have 
studied  the  magnetic  properties  of  iron  particles  in  the 
Fe-  Si02  granular  films,  and  pointed  out  that  the  coercivity 
of  those  lilms  was  enhanced.  It  was  also  reported  that  the 
ferromagnetic,  superpuramagnetic,  spin-glass,  and  cluster- 
glass  behaviors  exist  in  granular  alloys.'^  In  this  paper,  the 
magnetic  properties  of  Fc,.Cui_,,.  granular  films,  including 
supcrparamagnetic  behavior,  effective  exchange  coupling, 
and  the  low-dimensional  effect,  were  discus.sed. 

II.  EXPERIMENTS 

Fe^CU)-,.  films  were  prepared  by  thermal  co¬ 
evaporation  method  in  a  vacuum  of  2X10"’  torr  onto  gia.ss 
.substrates  cooled  by  liquid  nitrogen.  Thicknesses  of  lilms  are 
about  500  nm.  The  iron  volume  fraction  a  was  determined  to 
be  0.06,  0.10,  0.13,  0.16,  0.20,  0.22,  0.24,  0.26,  0.28,  0.30, 
and  0.34  by  electron  energy  spectrum  analyses.  The  structure 
of  films  was  characterized  by  electron  diffraction  and  high 
resolution  transmission  electron  micrograph  (TEM).  Magne¬ 
tization  curves  for  all  samples  at  different  temperatures  were 
measured  by  a  LDJ  9500  vibrating  sample  magnetometer 
(VSM).  The  ferromagnetic  resonance  measurements  for 
samples  with  a  =0.16  and  0.30  were  carried  out  by  using  an 
electron  paramagnetic  resonance  spectrometer  working  at 
A-band  (9.8  GHz)  at  room  temperature. 

III.  RESULTS  AND  DISCUSSIONS 

Figure  1  displays  the  electron  diffraction  pa’.,.rn  and 
central  dark-held  micrograph  for  Fco  22Cu,|  7,,  film.  In  the  dif- 


fractitm  pattern,  (111),  (200),  (220),  and  (311)  reflections  of 
fee  Cu  and  (200),  (211),  and  (220)  reliections  of  bcc  Fe 
appear,  indiruiting  that  iron  particles  have  precipita'od  from 
the  film  and  form  I'u  bcc  structure.  In  ihc  TEM  image,  one 
can  .see  that  iron  particles  arc  very  small,  about  2,3  nm  in 
diameter,  and  dispersed  homogeneously  in  the  film. 

Figure  2  shows  magnetization  curves  for  Fe,Cui  films 
with  A =0,10,  0.16,  and  0.22.  It  is  seen  that  samples  exhibit 
superparamagne.,;'.  relaxation  below  room  temperatures  as 
a>5().22.  In  the  supcrparamagnetic  state,  the  effective  mag¬ 
netic  moment  for  Fe-Cu  .samples  in  the  magnetic  field  77 
at  temperature  /'  is  given  by"’ 


I'ICi.  I.  lUL'ctrim  ililTriiction  jiiiltcrn  iiiul  diirk-lielil  micrograph  I'or  as- 
prcparcil  film.  'I'lic-  initi  cluslcr.'i  arc  indicated  liy  arrows. 


7102  J.  Appl.  Phys.  76  (10),  15  November  1994 


0021  -a979/94/76(10)/71 02/3/$6,00 


to)  1994  American  Institute  of  Physics 


FIG.  2.  Eficctivc  magnetic  moment  per  iron  atom  as  a  function  of 
magnetic  ficid  for  Fe-Cu  films  with  ,v  =0,10,  0.16,  and  0.22  at  r=160,  2.%, 
and  300  K,  respectively.  The  .solid  lines  are  the  theoretical  curves  obtained 
with  Eq.s,  (l)-(2)  with  D  =  11.3  A,  (r=  1,0.5  for  A' =0,10;  /)  =  1.3.6  A,  <r=1.10 
foi  a=().16  and  Zj  =  22  A,  and  (r=1.2.‘).5  for  a=0.22. 


Meff^J  /iL(v)f{v)dv,  (1) 

where  L{v)  is  the  classical  Langevin  function,  f{v)  is  the 
cizo  distribution  function,  v  is  the  volume  of  iron  particles, 
and  is  the  magnetic  moment  per  iron  atom  in  a  cluster.  For 
simplicity,  the  lognormal  distribution  function  for  spherical 
iron  particles  with  diameter  D  is  assumed, 

/(D)  =  cxpt-(ln£>-lnD)2/2(ln  (^)^y^I2^\n  cr.  (2) 

By  fitting  the  experimental  data  using  Eqs.  (1)  and  (2),  the 
average  diameter  D  and  the  width  cr  arc  estimated.  For  the 
a:=0.22  sample,  D=22  A  and  fr=  1.155,  in  agreement  with 
the  TEM  observation,  From  the  D  value,  the  average  number 
of  iron  atoms  in  a  cluster  for  Fe--Cu  samples  can  be  de¬ 
termined  and  listed  in  Table  I. 

Figure  3  plots  the  average  magnetic  moment  /u  at  1 .5  K 
as  a  function  of  the  average  number  N  for  Fe-Cu  samples.  It 
can  be  .seen  that  the  magnetic  moment  of  iron  atoms  in¬ 
creases  rapidly  with  N  as  fV<450,  and  approaches  2.2/ifl  as 
Ai>600.  This  reduction  of  fi  as  /V<450  may  result  from  the 
d-s  electron  hybridization  on  the  interfaces  between  Fe  par¬ 
ticles  and  the  Cu  matrix.'^  Since  the  ratio  of  surface  iron 
atoms  to  volume  increases  with  the  decreasing  particle  size, 
the  average  magnetic  moment  of  iron  clusters  is  hence  re¬ 
duced. 

Figure  4  gives  the  temperature  dependence  of  magneti¬ 
zation  pdj)  for  Fe,.Cu;  sampl'-,:  v/ith  x=0.10,  0.13,  0.22, 
and  0.28,  As  jc<0.22,  /j(T)  decreases  linearly  with  the  in¬ 
creasing  temperature  below  the  blocking  temperature.  Such  a 
linear  dependence  of  magnetization  is  often  associated  with 
two-dimen,sional  (2-D)  magnetic  behavior.  At  x=0.28,  yu(r) 
can  be  fitted  to  the  equation 


TABLE  I.  The  average  number  N  of  iron  atoms  in  a  cluster  at  caob  volume 
fraction  x. 
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FIO,  3.  The  size  dependence  of  the  magnetic  moment  per  iron  atom  for 
Fc-Cu  film  at  7’=  1.5  K, 

=  (3) 

which  describes  the  thermal  spin-wave  excitations  (Bloch’s 
7'^^^  law).  Obviously,  it  is  hardly  possible  to  excite  a  long- 
wavelength  spin  wave  in  an  individual  iron  particle  with  size 
of  about  3,0  nm.  As  iron  concentration  a-  is  l.-rger  than  aboui 
0.24,  a  magnetic  percolation  effect  sets  in.  By  fitting  the 
experimental  data  to  Eq.  (3),  the  Bloch  constant  B  is  ob¬ 
tained  to  be  1.34X10'"*  This  B  value  is  much  larger 
than  that  for  the  bulk  iron  (about  3.5X10"®  We  sug¬ 
gest  that  an  effective  exchange  interaction  among  single¬ 
domain  iron  particles  appears  for  a  Fe-Cu  granular  system 
with  X  ^0.28,  leading  to  the  excitation  of  a  long-wavelength 
spin  wave  in  the  whole  film.  Since  the  Bloch  constant  is 
related  to  the  exchange  energy  constant,  then  we  deduce  that 
the  effective  exchange  constant  is  about  one  order  less  than 
that  of  the  bulk  iron.  There  is  other  evidence  that  may  sup¬ 
port  the  above  suggestion.  Figure  5  shows  resonance  field 
vs  the  orientation  (p/j  of  the  applied  dc  map,.,ctic  for 
Fe-Cu  samples,  with  a -0.16  ai'.d  0.28  at  300  K.  For  the 
a=0.16  sample,  the  magnitude  of  is  almost  independent 
on  the  orientation,  reflecting  very  little  sfiapc  anisotropy. 
This  very  small  angular  variation  of  results  from  the 
uniform  precession  of  individual  iron  particles  with  spherical 
shape  in  the  film.  However,  at  a  =0.28,  the  77, value  in- 


lincs  arc  the  fitted  curves. 
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FIG.  5.  The  resonance  Held  H,„  as  a  function  of  angle  tfin  between  the  dc 
magnetic  field  and  the  film  plane  for  Fc-Cu  granular  films,  with  a:-0.16 
and  0.28, 


creases  rapirfly  with  the  4>u  value.  This  variation  corresponds 
to  the  behavior  of  a  ferromagnetic  thin  film  dominated  by 
shape  anisotrope,'  -'  confirming  the  existence  of  effective  ex¬ 
change  interaction  among  iron  particles. 

IV.  CONCLUSIONS 

The  structural  and  magnetic  properties  of  Fe_,Cui_jr 
granuhtr  alloys  have  been  studied.  The  superparamagnetic 


behavior  exiM:^  in  o  i'C^Cui_^  granular  sy.stem  below  300  K 
as  jt^O.22.  At  1.5  K,  the  average  magnetic  moment  of  iron 
atoms  decreases  rapidly  as  iron  particle  size  decreases.  This 
behavior  is  understood  by  the  hybridization  of  the  ri-v  elec¬ 
tron  on  the  surface  of  iron  cluster  The  appearance  of  iong- 
w£ivek-ngth  spin  wave  excitalinns  at  low  temperature  and  the 
ferromagnetic  resonance  experiment  confirm  that  the  weak 
exchange  coupling  exists  among  iron  particles  as  w>0.22. 
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New  possibilities  offered  by  high  resolution  Fourier  transform  spectroscopy 
in  studying  magnetic  phase  transitions 

M.  N.  Popova 

Institute  of  Spectroscopy,  Russian  Academy  of  Sciences,  142092  Troitsk,  Moscow  Ref’ion,  Russia 

High  resolution  optical  absorption  spectra  of  an  intrinsic  ion  or  Er^'  probe  were  measured  in 
cuprates  RjCunO,  and  R2BaCuO-;  related  to  high  T^.  superconductors  of  the  123  type  and  in 
low-dimensional  nickelates  R2BaNi05,  We  have  registered  for  the  tirst  time  phase  transitions,  some 
of  them  not  detectable  by  other  methods,  in  RiBaCuO^  with  R=Y,  Lu,  Nd,  Dy,  Yb,  and  Lu,  in 
R2BaNi05,  with  R=Nd,  Sm,  Eu,  Dy,  Ho,  Tm,  and  Lu.  Coe.xistence  of  two  different  magnetic  phases 
in  YiBaCuOj  and  Lu2BaCu05  in  a  broad  temperature  range  was  demonstrated.  Fine  splitting  of  the 
low  temperature  magnetic  phase  transition,  possibly  caused  by  the  interaction  of  critical 
fluctuations,  has  been  observed  in  Dy2BaCuO.^.  Lt)W-dimcnsional  correlations  at  temperalares 
higher  than  the  temperature  of  three-dimensional  (3-D)  magnetic  ordering  have  been  analyzed  in 
quasi-2D  compounds  R2CU2O5  and  quasi- 1-D  R2BaCu05.  We  developed  the  method  of  the 
probe  in  a.  series  of  i.sostructural  f-d  compounds  to  select  the  right  magnetic  structure  of  an  ordered 
d  subsystem  from  several  structures  that  fitted  neutron  .scattering  data  equally  well. 


I.  INTRODUCTION 

The  method  of  the  rare  earth  (RE)  spectroscopic  probe 
has  earlier  been  shown  to  complement  substantially  other 
methods  of  studying  magtietic  pha.se  transitions  (see,  e.g., 
Ref.  l).The  internal  magnetic  field  that  appears  due  to  mag¬ 
netic  ordering  in  a  .system  splits  the  Kramers  doublets  of  a 
RE  ion.  The  detection  of  an  appropriate  spectral  line  splitting 
versus  temperature  delivers  information  on  a  magnetic  order¬ 
ing  in  a  system.  'Typically,  the  spectral  resolution  of  grating 
spectrometers  used  foi  such  studies  is  0.5-1  cm  '  in  the 
visible.'  As  we  have  shown  recently,'^  inhomogeneous  width 
of  some  RE  spectral  lines  may  be  as  small  as  0.007  cm"'. 
The  most  intense  allowed  in  free  ion  optical  transitions  lie  in 
the  infrared  and  occupy  broad  spectral  regions  for  a  majority 
of  RE'’  ions.  It  is  advantageous  to  register  such  spectra  by  a 
Fourier  transform  spectrometer  rather  diari  by  a  classical 
one.'’ 

In  this  paper,  by  the  example  of  the  RE-transition  metal 
magnetic  compounds  related  to  high-7\.  superconductors,  we 
demonstrate  that  high  resolution  Fourier  transform  spectro.s- 
copy  combined  with  some  special  technique  proposed  by  os'* 
broadens  considerably  the  method  of  a  RE  spectro.scopic 
probe  and  offers  new  po.ssibilities  in  studying  magnetic  com¬ 
pounds.  The  work  of  the  author  's  group  is  summarized. 

IL  SAMPLES  AND  EXPERIMENT 

We  have  carried  out  the  spectral  studies  of  R^CuiO,'''*’ 
(here  R  stands  for  rare  earth  or  yttrium),  RjBaCuOs”"'’  and 
RjBaNiOj  {R-l.u,Yb)’'’  magnetic  cuprates  and  nickelates, 
which  are  related  to  high-7',,  superconductors  of  the  123 
type.  It  is  interesting  also  to  study  these  compounds  in  con¬ 
nection  with  the  problem  of  low-dimensional  magnetism. 
There  are  CuO  planes  in  the  structure  of  R2CU2O5  (R  =  Y,T1')- 
Lu,Sc,In),  with  intraplane  Cu-Cu  distances  considerably 
smaller  than  interplane  ones.  The  so-called  "green  pha.ses” 
R2BaCu05  (R  =  Y,Sm-Lu)  and  “brown  phase”  NdiBaCuO-; 
of  R-Dii~Cu-0  superconducting  ceramics  contain  isolated 


Cu" '  ions  not  interconnected  by  direct  bonds  through  oxy¬ 
gen.  Various  Cu-O-O-C.i  or  Cu-O-R-O-Cu  superex¬ 
change  paths,  low  dimensional  in  particular,  may  dominate 
in  the.se  compounds,  depending  on  a  particilar  R  '  ion. 
R2BaNiO|;  with  R  =  Lu  and  Yb  are  isostructural  to  the  green 
phases,  while  the  other  members  of  this  family  with  R  =  Y, 
Nd-Gd,  Dy-Tm  (also  studied  by  us''*'’''’)  have  a  completely 
different  structure,  containing  nsolated  -Ni-O-Ni-  chains. 

Polycrystalline  samples  of  the  mentioned  compounds, 
pure  or  with  1  at.  %  of  erbium  introduced  as  a  spectral  probe, 
were  prepared  from  oxides  by  solid  state  reaction  in  air.  The 
powder  .samples  were  carefully  ground,  mixed  with  ethanol, 
and  put  on  the  sapphire  platelet  directly  before  the  window 
of  the  InSb  detector.  The  whole  assembly  was  in.side  an  op¬ 
tical  cryostat,  cither  in  liquid  helium  or  in  cold  helium  vapor. 
Near  infrared  spectra  due  to  optical  transitions  in  the  intrinsic 
R”  ion  or  Er’'*  probe  were  registered  at  2-120  K,  with  a 
spectral  resolution  down  to  O.t'b  cm  '  employing  the 
BOMEM  DA3.0()2  Fourier  transform  spectrometer.  In  fact, 
we  measured  diffuse  transmittance  spectra.  Absorption  spec¬ 
tra  were  then  calculated  by  the  appropriate  computer  pro¬ 
gram.  The  width  of  some  spectral  line:;  in  our  samples  at  2  K 
was  as  small  as  0.1  cm  '. 

III.  DETECTION  OF  MAGNETIC  PHASE  TRANSITIONS 

High  resolution  spectrum  of  R’^  Kramers  ion.  in  a  crys 
tal  is  extremely  sensitive  to  the  changes  of  the  local  magnetic 
field  at  the  place  of  this  ion.  This  gives  us  a  possibility  to 
register  unamiriguously  magnetic  phase  transitions,  even 
those  iK)t  detectable  by  other  methods  and,  in  some  cases,  to 
determine  their  nature.  We  have  found,  for  the  first  time, 
magnetic  ordering  in  Y2BaCu05,^  LihEaCuO,," 
NdjBaCuO,,'-'  R.BaNiO,,  with  R  =  Lu.  Nd,'  Sm,  Eu. 
Dy,  Ho,  and  Tm,'^  and  specified  the  temperatures  /',.  of 
appropriate  phase  transitions.  Spin  reorientation  first- 
order  phase  transitions  not  known  before  have  been 
detected  in  Y.BaCuO,.'''"’  Dy.HaC'uO,,'’  Eu.BaC’uOs, 
and  Yb2BaCu0.v" 
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FIG,  1,  U)w-frequcncy  part  of  the  1,1/2  absorption  of  the  Er’* 

probe  in  Y2BaCu05  at  different  temperatures. 

On  the  other  hand,  our  spectral  method  permits  us  to 
verify  the  interpretation  of  magnetic  susceptibility  (jk-)  and 
specific  heat  (c)  measurements.  Thus,  we  have  shown  that 
the  maxima  in  c(T)  and  x{T)  curves  for  Lr^BaCuOj  and  in 
the  curve  for  Er2BaNiO.:,  which  had  been  attributed  to 
phase  transitions  within  the  erbium  magnetic  subsystem, 
were,  in  fact,  caused  by  the  population  changes  within  the 
ground  Er^'*'  Kramers  doublet  split  by  an  exchange  interac¬ 
tion  with  an  ordered  d  subsystem. 

IV.  COEXISTENCE  OF  TWO  DIFFERENT  MAGNETIC 
PHASES 

In  the  region  of  first-order  spin  reorientation  phase  tran¬ 
sition,  two  magnetic  phases  coexist,  usually,  in  a  small  inter¬ 
val  of  temperatures.  The  spectrum  is  a  superposition  of  two 
different  spectra  with  temperature-dependent  relative  intensi- 
lies.  High  spectral  resolution  and  precise  temperature  control 
(^0.02  K)  enabled  us  to  separate  these  spectra  and  to  regis¬ 
ter  the  temperature  dependence  of  their  intensities.®'" 

We  have  found  that  in  Y2BaCu05  and  Lu2BaCu05,  two 
different  magnetic  phases  coexi.st  in  a  broad  range,  starting 
from  the  temperature  of  spin  reorientation  transitio.n 

K  for  Y2BaCu05,  =  K  for  Lu2BaCuO,,),  and 
down  to  the  lowest  measuring  temperature  of  2  Evi¬ 
dently,  various  links  Cu-O-O-Cu  compete  with  each  other 
in  these  compounds. 

Figure  1,  .showing  the  lowest-frequency  lines  in  the 
**^15/2“^  "*^13/2  spectral  transition  of  the  Er^'  probe  in 
Y2BaCu05  at  different  temperatures  illustrates  our  research. 
The  line  splitting  above  16.5  K  manifests  magnetic  ordering 
of  copper  magnetic  moments.  At  about  12.5  K,  the  spectrum 
changes  abruptly.  These  changes  are  best  seen  for  the  high- 
frequency  line  in  Fig.  1 ,  namely,  two  components  of  the  split 
line  diminish  in  their  intensity,  white  a  new  line  appears 
between  them.  Such  a  behavior  cannot  be  explained  by 
population  redistribution  withili  the  sublevels  of  the  split 
Er^  *^  ground  Kramers  doublet,  when  changing  the  tempera 
ture.  It  clearly  shows  the  appearance  of  a  new  magnetic 
phase  with  a  different  exchange  field  for  the  Er®’*'  probe.  It  is 
worth  mentioning  that  neither  magnetic  susceptibility  nor 
specific  heat  measurements  suggested  any  magnetic  phase 
transition  in  Y2BaCu05. 
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FIG.  2  Reduced  splittings  of  ll'-:  Er'*  probe  spectral  lines  in  Y.Cu.O^  and 
Er2Cu;.05 . 


V.  SPECTRA  OF  PROSE  AND  MAGNETIC 
STRUCTURE  OF  d  SUBSYSTEM 

We  have  shown  that  in  the  cuprates  studied  (1)  the  split¬ 
tings  of  the  Er®^  probe  spectral  lines  are,  mainly,  due  to  the 
interaction  with  a  d  magnetic  subsystem,  while  the  interac¬ 
tion  with  /  ions  (RE  ions)  contributes  little;  (2)  Er-Cr  inter¬ 
actions  are  highly  anisotropic.  On  these  grounds,  we  pro¬ 
posed  the  method  of  the  Er-^'*'  probe  in  a  series  of 
isostructural  f-d  compounds  to  select  the  right  magnetic 
structure  of  an  ordered  d  subsystem  from  several  structures 
that  fitted  neutron  scattering  data  equally  well.  This  method 
has  been  tested  on  R2CU2O5  cuprates,®’’  where  reliable  neu¬ 
tron  .scattering  data  exist  and  applied  to  some  of  the 
R2BaCu05  compounds."  The  analogous  work  nn  the 
R2BaNi05  chain  nickelates  is  in  progress  now. 

Vi.  LOW-DIMENSIONAL  MAGNETIC  CORRELATIONS 
ATT>Tc 

For  T>r,.  the  splittings  of  spectra)  lines  Ap  do  not 
vanish — a  “tail”  is  obs''.rvcd  due  to  short  range  order.  We 
have  compared  the  dependences  Ap  {TIT^.)  for  the  Er®‘ 
probe  in  two  R2CU2O5  compounds  with  identical  structure  of 
copper  magnetic  moments  (ferrrmagnetically  ordered 
ab  planes  coupled  antiferromagnetically  with  one  another, 
fjiQyy  aligned  along  the  b  axis),  but  with  strongly  different  7,, 
temperatures,  namely,  in  Er2Cu205  (7,. =28  K)  and  Y2CU2O5 
(7p=14  K).’’'®  Figure  2  shows  these  dependences.  Both  de¬ 
pendences  have  a  point  of  inflection  at  7=  7,. ,  but  the  “tail” 
is  about  two  limes  ionger  for  the  second  one.  This  fact  can  be 
naturally  explained  if  v  e  assume  that  two-dimensional  (2-D) 
magnetic  correlations  within  isolated  CuO  planes  take  place 
below  the  same  temperature  in  both  compounds,  while 
Er2Cu205,  where  these  planes  interact  through  magnetic 
Er®^  ions  orders  three  dimensionally  at  a  two  times  higher 
temperature  than  Y2CU2O5  with  nonmagnetic  Y^  ‘  ions. 

We  have  observed  in  NdiBaCuO,  an  unusually  long 
“tail”  extending  until  about  107,.,  and  have  explained  ii  by 
quasi-l-D  magnetism  in  this  compound."  Such  an  explana¬ 
tion  was  confirmed  later  by  'he  neutron  scattering 
measurements.*’ 

Various  manifestations  of  low-dimensional  magnetic 
correlations  have  been  observed  in  the  spectra  of  the  erbium 
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probe  in  Ho2BaCu05  and  EriBaCuOj,’"'^’  Yb2BaNi05,  and 
Lu2BaNi05.'’  Probably,  the  most  interesting  phenomenon  is 
connected  with  different  temperature  behavior  of  the  spectra 
from  two  different  structural  positions,  Erl  and  Er2  in  these 
compounds.  While  the  spectral  lines  of  Erl  are  markedly 
split  only  below  those  of  Er2  demonstrate  a  long  “tail” 
of  residual  splitting  at  T>  7’,, .  We  suppose  that  the  Er2  ions 
are  inside  dominant  magnetic  chains  and  experience  the  es¬ 
tablishment  of  short  range  order  within  a  chain  at  7’s>r,. , 
while  Erl  ions  interconnect  the  chains  and  announce  the  3-D 
ordering  at  T^. . 

VII.  SPLITTING  OF  MAGNETIC  PHASE  TRANSITION 
IN  DyjBaCuOg 

DyiBaCuOj  is  a  compound  with  well-separated  tem¬ 
peratures  for  an  ordering  of  d-  and  /-magnetic  subsystems. 
While  the  magnetic  subsystem  of  copper  orders  at  '/’;vi-2() 
K,  that  of  dysprosium — at  found**  that 

the  low  temperature  phase  transition  in  Dy2BaCuO,  is  split 
into  two  first-order  transitions  that  follow  one  another  with 
the  interval  of  0.2  K.  Such  a  phenomenon  may  be  cau.sed  by 
the  interaction  of  critical  fluctuations  in  a  double  f-d  system 
with  a  strongly  different  exchange  for  two  subsystems.***  To 
clarify  the  question,  further  experimental  and  theoretical 
work  is  necessary, 
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How  does  mean-field  theory  work  in  magnetic  muitilayer  systems? 
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Phase  transition  and  critical  phenomena  in  magnetic  multilayer  systems  are  studied  in  terms  of 
Ginzburg-Landau  mean-field  theory.  Detailed  calculations  arc  carried  out  for  a  system  consisting  of 
a  layer  of  finite  thickness  coupled  to  a  semi-infinite  bulk  magnet.  Correlation  functions  are  derived 
and  the  shift  in  critical  point  with  the  overlayer  thickness  and  coupling  between  the  neighboring 
layer  is  evaluated.  A  new  critical  exponent  i>=  1  is  derived  for  the  divergence  of  the  effective 
extrapolation  length  at  the  interface  with  temperature  and/or  layer  thickness. 


1.  INTRODUCTION 

Magnetic  multilayers  are  known  to  be  very  useful  for 
magneto-optical  recording. The  state-of-the-art  technolo¬ 
gies  are  so  sophisticated  as  to  resort  to  the  ditfciencc  among 
the  critical  points  in  the  individual  layers  and  the  detailed 
temperature  dependences  of  magnetization  and  anisotropy. 
Among  the  problems  that  have  been  raised  from  the  experi¬ 
mental  side  in  the  recent  years,  we  would  like  to  call  the 
attention  to  the  shift  of  tite  critical  point  and  new  critical 
phenomena  in  magnetic  multilayer  .structures  coming  from 
the  finite  thicknesses  of  the  individual  layers.  For  example, 
in  the  bilayer  system  for  the  magneto-optical  recording,  the 
thickness  of  the  layer  with  in-plane  anisotropy  is  typically  of 
order  of  100  A.^  Therefore,  the  thin  layer  can  neither  be 
treated  simply  as  the  surface  to  the  bulk  medium,  nor  be 
approximated  as  a  semi-infinite  bulk,  both  of  which  have 
been  studied  extensively. One  has  to  treat  a  system  con¬ 
sisting  of  a  layer  with  finite  thickness  coupled  to  a  semi¬ 
infinite  bulk.'^‘‘^ 

Since  this  structure  is  the  simplest  one  that  exhibits  the 
most  important  aspects  of  multilayer  structures,  we  concen¬ 
trate  on  it  in  the  present  study.  The  geometry  of  the  system  is 
schematically  shown  in  Fig.  1.  The  magnetic  constants  arc 
taken  to  be  uniform  in  the  individual  subsystems  and  to 
change  abruptly  at  the  interface. 


II.  FORMALISM  AND  RESULTS 


The  Ginzburg-Landau  frcc-cnergy  functional'^  for  the 
present  system  under  an  external  field  can  he  given  as 


dxii 


^  '  4 

A:m''  +  -  B  <m  - 


1  Idm]- 

+  J  c/X||  J  ^ 


/ 


(lz+  I  r/Xjj-C'ih  nr{z-=L) 


Antn"+  ,  B itn'^  - H 


1  j  dm 
+  :r  C.  -- 

2  “  i)z 


dz. 


(I) 


with  the  following  interface  condition; 


/«(X||,Z=  4-())  =  »|(X||,2=  -0). 


(2) 


The  thieknc-SH  L  will  be  kept  finite  but  large  on  the  scale 
of  the  atomic  lengths,  The  areas  of  the  surfaces  and  the  in¬ 
terface,  on  the  other  hand,  are  taken  to  be  infinite.  The  coef¬ 
ficients  of  the  quadratic  terms  arc  given  by 


A^—A  2!  7’—  Ti.i), 


(3) 


where  and  7',. 2  are  the  mean-field  critical  points  for  the 
layer  in  the  infinite-thickness  limit  and  the  semi-infinite  bulk, 
respectively,  and  A\  and  A 2  arc  positive  constants.  The  co¬ 
efficients  Bj  and  C,  for  i  =  1  and  2  are  taken  to  be  positive 
with  weak  temperature  dependences.  The  parameter  k  is 
adopted  to  describe  the  surface  condition  of  the  thin  layer.  In 
the  present  paper,  we  consider  the  case  of  7',.i>7’,.2  and 
\>().  The  free-energy  functional  studied  up  to  toe  present'*”'' 
can  be  obtained,  puttinr  /.  =  ()  in  (1), 

The  differential  ciiuations  for  the  correlation  functions 
are  derived  from  (1)  and  (2)  as 


2 

^1 

thin  layer 

A2  B2  C2 

bulk 

l''Ki.  I.  (Icomctry  iif  the  p.'csciil  .systen:  .1  thin  layer  einipleil  to  :■  .scini- 
iiilinile  hulk. 
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(4) 


- +  rt-S(Q||:z,z')=^<S(2-z').  0<^<L, 

^^5(Q||  :z,2')  , 

- ^ - +  r?5(Q||;z,z')  =  0,  z<0, 

for  z'>0,  and 

^2S(Q||  \z,z') 


dz 


(?^V(Q||  12,2') 


1 - +  y,5(Q||;2,2')  =  0,  0<z<L, 
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(5) 


- +  r2‘?(Qii  )=  ^  ^<0- 

for  2'<0,  where 

S(r,r'}  =  j  ■^2^j--iS(Qii;z,z')exp[iQii‘( X|| - xj ) ] , 

^  =  ^  +2||- 
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The  boundary  oonditions  are 
^iS(Q|i:z,z') 
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•  1“  +0  '  -0 

It  is  not  difficult  to  obtain  the  solutions  to  the  above  equations,  and  the  conelation  function  is  given  explicitly  for  (4), 

_  _J _ (C,y,-C2y2)c>ip(~yi2)  +  (C,y,  +  C2y2)vxp(y,z) _ 

;2,2  )  -  (C , y,  +  c,y,)( y,  +  \ " ‘)/( y, -X" ‘)-(C, y,  -  Cjr2)exp( -  2 y,/. ) 


[  y.  +  X"' 

x|exp[-yi(2Z,-2')]+  "f  exp(-y,2') 


(9) 


for  0^2,  z'^L. 

At  first  glance,  the  above  correlation  function  in  the  layer  becomes  singular  at  the  critical  point  7[.i.  Ciis  finds,  however, 

1  (Ciyi-C^,y2)exp[-yi(2L+2-2')] 


2yi  (C,yi  +  C2y2)(yi  +  >r‘)/(y|-A.'')-(C|y|-C2y2)exp(-2y.Z-) 


=/: 


dk  -cxp[ik(L+z-z')-tiffi  +  i(/i]  1 


cos[X„(2  -  z')j 


272  (X^  +  -^)2!  si!i(Xi  +  »,  +  6i2)  '  2  l+d(hldk^d(l,ldk'' kl^-y]' 


(10) 


and  three  other  similar  relations,  where  the  summation  is  on 
the  solutions  of  the  following  equation: 


A:L-ttan  ‘•-,7—  + tan  '  XX  =  «7r,  torn --1,2, 

C:y2 


(11) 


graphically  solved  in  Fig.  2,  =  tan'^'(A:/C2y2)  and 

(^2 -tan” ‘(XX),  The  integi.il  terms,  which  show  singularities 
at  T^.],  cancel  completely  with  each  other,  and  thus  the  cor¬ 
relation  function  .'i(Q||;2,2')  in  (9)  is  equiv.'lent  to 


5(Qii;2,2') 


1  COs[/'''„(2-2')]-CO.s[X„{2-l  2')  +  2t9|  j 

1 2  IT^ijdkTdO^dl 


X  — J - ^ 

^<1+  Y\ 


1  sin(X„2-l- 6ii).sin(X„2'  + <?,)  ^  1 

'C\  ~'i^^7/^^62ldk  ^  i^,Tyf ' 

(12) 


The  above  complete  cancellation  among  the  integral 
terms  is  the  mechanism  responsible  for  the  .shift  of  critical 
point  i.n  the  layer  of  finite  inickness. 

Tlic  correiation  function  in  rea'  space  is  ihcii  givcii  as 
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FIG.  2.  Graphical  Mulutions  for  (11):  Solid  curves  arc  from  (11);  the  dashed 
line  is  for  y-kL. 


5(r.r') 


2  y,  sin(/c„z4- fl,)sui(<:„z' +  6)|) 
L^dQJdk-^de^ldk 


XG,,.i(X||-X|I,fe^  +  ^r').  (13) 


where  the  function  Gj(r,t)  is  defined  in  Ref.  6.  The  critical 
point  is  determined  by  +  =  from  (13).  As/:i>0,  it  is 

now  clear  that  T^<T^i. 

Incorporating  the  definitions  of  the  correlation  lengths 
and  ^2  in  (7),  one  arrives  at  the  following  equation  for  the 
critical  point  : 


cot"'  V 


A^C 


■(•cot“ 


202 


(14) 


Comparing  with  (12)  in  Ref.  8,  it  becomes  clear  that  the  first 
term  on  the  right-hand  side  in  the  above  equation  expresses 
the  effect  of  interfaeial  coupling.  Therefore,  the  shift  of  criti¬ 
cal  point  of  a  layer  depends  on  the  magnetic  properties  of  the 
neighboring  layer  to  which  it  is  coupled  in  a  fashion  given  in 
the  above  relation.  The  critical  point  is  also  the  tempera¬ 
ture  at  which  spontaneous  magnetic  ordering  occurs  in  the 
thin  layer.  We  note  that  this  coincidence  is  not  trivial  in  the 
present  inhomogeneous  system. 

As  the  minimal  pole  approaches  zero  and  the 

critical  point  is  then  restored  to  T<,|,  as  it  shoo’d  be  by  defi¬ 
nition. 

As  for  the  correlation  function  v/ithin  the  semi-infinite 
bulk,  it  is  found  that  the  effect  from  the  thin  layer  to  the 


semi-infinite  bulk  can  be  expressed  effectively  by  an  ex¬ 
trapolation  length  2-  effective  extrapolation  length  at 
the  interface  in  the  present  system  shows  a  clear  temperature 
dependence,  forming  a  contrast  to  the  ones  in  previous 
studies'*"*’  and  that  on  the  top  surface  of  the  present  structure. 
Furthermore,  it  diverges  with  a  new  exponent  v, 

L.2~\^-Trr,\-\  T-^T^,  (15) 

with  v-l,  where  T^<T^.^  is  given  by 

Lv/AKr,,-r*)/C,-cor‘  \^/A;(7„-7’*)/Cl.  (16) 

This  critical  exponent  should  be  compared  with  the  well- 
known  u=5  for  the  correlation  length, 

The  divergence  of  the  effective  extrapolation  length  can 
also  be  observed  as  the  thickness  of  the  layer  increases, 
while  the  temperature  is  fixed.  The  critical  exponent  is  also 
i>=l  in  the  present  mean-field  theory. 

It  can  be  shown,  within  the  present  approach,  that  as  the 
thickne*"*^  L  of  t'le  layer  approaches  infinity,  the  effective  ex- 
trapolaiion  length  becomes  CjixIC^.  It  diverges  it 
with  the  critical  exponent  for  the  correlation  length. 
Therefore,  the  divergence  of  the  interfaeial  extrapolation 
length  with  the  exponent  1^=1  is  a  characteristic  pheno.n- 
enon  in  systems  where  a  layer  with  finite  thickness  is 
coupled  into  the  structure,  such  as  the  one  discussed  in  the 
present  paper. 

III.  SUMMARY 

Magnetic  mukilayer  structures  are  studied  within  the 
Ginzburg-Landau  free-energy  functional  formalism.  The 
shift  of  critical  point  is  discussed,  and  the  effects  from  the 
finitencss  of  layer  thickness  and  from  the  coupling  between 
neighboring  layers  are  clarified  for  a  system  consisting  of  a 
magnetic  overlayer  on  a  bulk  ferromagnet.  The  present  result 
is  expected  to  be  important  for  the  practical  multilayer-disk 
design. 
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Magnetic  properties  of  the  one-dimensional  Heisenberg  compounds 
(;  -X-anil‘nium)8[CuCl6]Ct4;  X=Br,  I 

Gayatri  Vyas  and  Leonard  W.  ter  Haar®^ 

Departmeni  of  Chanistry,  Univer.siiy  of  Texas,  LI  Paso,  Texas  7096S-05I3 

Recent  x-ray  diffraction  studies  have  suggested  that  (3-Cl-anilinium)K[CuCl,,]Cl4  exhibits 
compressed  [CuClf,]'*  i'ctahedra.  We  report  here  the  s/nthesis  of  the  (3-Br-anilinium)x[CuClftjCl4 
and  (3-I-anilinium)x[CuCl(,]Cl4  analogs.  Their  magnetic  behavior  is  quite  similar  to  one  another,  and 
in  compari.son  to  the  cliloro  compound,  the  only  similarity  is  that  they  all  exhibit  chain  magnetism, 
as  evidenced  by  their  broad  maxirim  in  the  region  of ‘>-12  K.  The  hromo  and  iodo  compounds  do 
not  exhibit  the  field  dependence  of  '.he  chloro  compound,  and  in  this  respect,  the  chlom  compound 
remains  unique.  For  all  three  compounds,  magnetic  susceptibility  data  can  be  an,ilyzcd  by  the 
antiferromagnetic  one-dimensional  Heisenberg  model. 


I.  INTRODUCTION 

Bright  yellow  needle-like  crystals  with  the  composition 
{3-chloro-anilinium)xCuCli,|  were  first  reported  to  consi.st  of 
discrete  [CuClJ'*  ‘  ions  in  a  tetragonal  compressed  octahe¬ 
dral  coordination  geometry.'  We  subsequently  reported  an 
independent  x-ray  structure  determination  at  2‘>8  K  that  re¬ 
produced  this  apparent  compression,  and  provided  structure 
determinations  at  150  and  1 10  K,  carried  out  in  two  indepen¬ 
dent  laboratories,  that  revealed  no  significant  changes  con¬ 
cerning  the  compression  versus  elongation  dilemma.^  To 
date,  all  crystal  structure  rleterminations  (293-110  K)  have 
revealed  a  tetragonally  compressed  octahedron  with  four 
long  Cu-Cl  bonds  of  intermediate  length  (2.6  A)  and  two 
short  Cu-C'l  bonds  of  2.28  A.  The  [CuClJ'*'  ions  form  a 
linear  chain  through  axial  Cl-Cl  contacts  (3.99  A)  between 
the  [CuCl,,]''"  ions,  with  the  axis  of  tetragonal  compression 
parallel  to  the  axis  of  chain  propagation. 

In  addition  to  the  low-temperature  structure  determina¬ 
tions,  we  demonstrated  with  low  •temperature  (vlown  to  1.7 
K)  sing.le  crystal  magnetic  susceptibility  a.nd  RF'R  data  that 
the  material  revealed  a  complex  magnetic  problem  with  .sev¬ 
eral  key  questions  concerning  Jahn-Teller  related  Lattice  dy¬ 
namics  and  di.sorder.*  More  recently,  low-temperature  elec¬ 
tronic  spectral  data  have  been  invoked  in  conjunction  with 
the  magnetic  and  EFR  data  to  suggest  that  at  the  local  level, 
each  [CuCl|,]‘'~  ion  is  tetragonally  elongated,  and  that  the 
axis  of  elongation  is  “antiferrodislortively”  disordered  over 
two  possible  sites,  thereby  leading  to  the  crystallographically 
determined  bond  lengths  that  correspond  to  intermediate 
long  bonds  averaged  over  ttie  unit  cell  and  suggestive  of 
compressed  geometry.’’  These  possibilities  have  stimulated 
additional  synthetic,  theoretical,  spectroscopic,  magnetic, 
and  EPR  studies  In  this  paper,  we  report  the  synthesis  and 
magnetic  characterization  of  (3-bromo-anilinium)xCu(’i„| 
and  (3-iodoanilinium)xCuCl||,. 

II.  EXPERIMENT 


ethanol  .solutions.  Second  crops  of  ciystals  typically  yielded 
higher  quality  product,  Both  products  arc  bright  yellow 
needic-like  crystals.  Elemental  analysis,  Atlantic  Microlab; 
C4KH5(,Cl|()Br(,NxCu,  expected  (actual)  H  3.13  (3.08),  C 
31.99  (31.99),  N  6,22  (6.21),  Cl  19.67  (19.63),  Br  35.47 
(35.42);  C4„H5,,C1u)1kNkCu,  expected  (actual)  H  2.59  (2.52), 
C  26.47  (26.51),  N  5.14  (5.11),  Cl  16.28  (16.30),  I  46.61 
.''46.30). 

All  attemots  to  perform  a  single  crystal  x-ruy  structure 
determination  have  so  far  been  unsuccessful.  The  habit  of  the 
aeicular  crystals  is  that  of  bundled  fibers,  thereby  rendering 
most  cry.stals  as  loo  small  for  diffraction,  or  too  fragile  with 
respect  to  cleavage  when  trying  to  cut  the  larger  crystals  to 
size.  X-iay  powder  diffraction  has  been  utilized  to  character¬ 
ize  the  materials  for  comparison  to  the  chloro  derivative. 
Data  were  collected  on  a  Rigakn  02000  and  a  Scintag 
XPS2()0t)  at  293  K.  Powder  spectra  for  the  bromo  and  iodo 
derivative.*;  were  superimposable  and  were  fit  to  a  tetragonal 
cell:  (3-Br-aniiinium).iCuCli,|,  U’=8.92  A,  c=  11.38  A; 
(3-l-anilinium)xCuCi|(!,  ./=’8,92  A,  c  =  1  1 .38  A. 

Magnetic  susceptibility  measurements  on  freshly  pre¬ 
pared  powder  samples  were  collected  in  the  temperature 
range  1.7-300  K  using  a  Quantum  Design  SQUlD-basod 
magn.dometcr  utilizing  modifications  and  procedures  de¬ 
scribed  elsewhere.'’  Data  were  coi’iected  for  temperature  in¬ 
dependent  magnetism  (A'-Br:  - I012X  10  emu/mol;  and 
A'=l:  - 1 124X 10  emu/mol)  using  Pa.scal’s  eomstants  for  the 
diamagnetic  components’’  and  a  T.l.P.  per  Cu(II)  ion  of 
60X10  •’  emu/niole,  Fi'»urus  in  this  paper  are  based  on  the 
molecular  weights  of  1 802,3  g/mo|  (Br)  and  2178,3  g/mol 

(I). 

RESULTS  AND  DISCUSSION 

All  of  the  crystal  structure  detertTiinations'’‘  m  (3-Cl- 
anilinium)x[CuCl(,]Cl4  liavc  indicated  that  discrete 
3-chloroanilinium  ions,  uncoordinated  chloride  ions,  and 
[CuCl,,]''  ions  comprise  the  iricliiiic  unit  cell.  The  [CuC'l,.,]'’ 
ions  arc  linked  into  a  quasilinear  chain  by  way  ol  axial 
ri-Ci  intcraclirtiis;  this  lattice  arrangement  leads  to  the  char¬ 
acteristic  chain  ii’agnctism  that  l,!ts  now  been  repeatedly 
verified.'  ’  Since  vre  have  only  been  able  to  collect  pov.dcr 
diffractioii  data  for  .he  bromo  and  iodo  derivatives,  the  no¬ 
table  observation  is  that  the  jjowder  diffraction  pattern  of  the 


{3'Br-anilinii!m)xCuCl||,  and  (3-l-anilinium)xCiiCl|,) 
were  prepared  by  stoichiometric  reaction  of  the  appropriate 
3-X-anilini.  with  CuC’l2'2H2D  in  saturated  60/40  HCI/ 


"’.'Vuthor  to  w’noiii  all  L'oricnpiindoiu’v'  slieuld  he  addrc.sscd. 
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FIG.  1,  View  perpendicular  to  the  chain  structure  in  (3-X-an- 
ilinium))[CuCl«]Cl4;  the  supcrexchange  pathway  is  the  Cu-CI"‘Cu-Ct 
contact. 

chloro  derivative  (triclinic)  is  noticeably  more  complex  than 
the  ditfraction  patterns  of  the  bromo  and  iodo  derivatives 
(which  are  superimposable  on  one  another  within  experimen¬ 
tal  error).  In  view  of  the  elemental  analyses,  which  confirm 
that  the  molecular  composition  of  all  three  compounds  cor¬ 
responds  to  the  general  formula  (3-X-anilinium)g[CuClJCl4, 
the  tetragonal  unit  cell  parameters  for  the  bromo  and  iodo 
derivatives  equate  to  a  smaller  unit  cell  w  ith  a  smaller  vol¬ 
ume  and  a  higher  symmetry. 

On  this  basis,  the  general  packing  arrangement  of  the 
[CuClg]'*"  ions  in  the  bromo  and  iodo  derivatives  is  expected 
to  be  similar  to  the  chloro  compound,  i.e.,  a  quasilincar  chain 
arrangement  similar  to  the  chain  structure  of  (3-Cl-un- 
ilinium)|j[CuClJCl4,  shown  in  Figs.  1  and  2.  The  copper- 
copper  separation  along  the  chain  is  8.SS  A  in  the  chloro 
compound.  Antiferromagnetic  superexchange  interactions 
along  such  a  chain  arise  from  the  -Cl(7')-Cu- 
Cl(7)-Cl(7')-Cu-Cl(7)-pathway,  where  the  only  close  con¬ 
tact  from  an  axial  Cl(7)  is  to  another  axial  Cl(7')  on  a  neigh¬ 
boring  complex  along  the  chain  direction.  This  contact  has 
been  shown  to  be  temperature  dependent  [3.995  (293  K)/ 
3.805  (110  K)],  as  a  result  of  thermal  contraction  of  the  unit 


FIG.  2.  Picking  view  along  the  chain  axU  in  (S-X-aiiiliniumlstCuCljjCh. 
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cell,^  and  could  very  well  lead  to  a  temperature-dependent 
Heisenberg  exchange.  This  distance  is  slightly  greater  than 
the  van  der  Waal’s  contact  of  3.c0  A.®  The  next  closest  con¬ 
tacts  for  the  axial  chlorides  are  to  the  uncoordinated  chlo¬ 
rides  at  over  4.0  A, 

Since  the  structure  of  the  [CuCl,,]'''  ion  may  be  a  time- 
averaged  structure  in  which  the  four  “long”  equatorial 
Cu-Cl  bonds  (of  intermediate  length,  2,6  A)  are  actually  an 
average  of  two  long  Cu-Cl  bonds  of  2.9  A  and  two  short 
bonds  of  2.3  A;  then  the  crowded  equatorial-coordinated- 
chloride  to  organo-chloro  distance  of  3,45  A  may  be  easilv 
affected  by  chemical  modificaticn  of  the  aniline  m.-tasub- 
stituent.  With  the  bromo  and  iodo  derivatives,  we  have  ef¬ 
fected  such  a  change.  With  the  larger  organo-halogens,  the 
overall  structure  has  clearly  adjusted  in  order  to  accommo¬ 
date  the  larger  atoms.  Given  that  the  general  nature  of  the 
lattice  packing  is  preserved,  the  tetragonal  a  axis  (8.92  A)  for 
both  the  bromo  and  iodo  derivatives  may  reflect  a  Cu-Cu 
separation  along  the  chain  axis  that  is  increased,  relative  to 
the  8.55  A  of  the  chloro  compound,  Precisely  how  the  larger 
organo-halogens  result  in  a  structure  of  higher  symmetry 
must  await  a  complete  structure  determination. 

The  magnetic  susceptibility  data  provide  the  strongest 
evidence  that  the  quusichain  structure  in  (3-Cl-an- 
ilinium)tj[CuCl(jCl4  is  also  present  in  the  bromo  and  iodo 
compounds.  SQUID-based  temperature-dependent  magnetic 
susceptibility  data  were  collected  for  the  bromo  and  iodo 
derivatives,  with  applied  magneti',  flelds  in  the  range  0.1  mT 
to  1.0  T,  and  in  the  temperature  range  1.7-300  K.  Represen¬ 
tative  data  for  the  bromo  derivative  are  plotted  in  Fig.  3  as 
Xm>  1/A'm.  and  /■tcff“2.828(;i['„r)‘^^  the  iodo  data  arc 
nearly  identical.  Several  dominant  features  are  noteworthy. 
The  Xm  of  the  bromo  material  exhibits  a  susceptibility  maxi¬ 
mum  at  a  temperature  of  11.5  K  (iodo:  10.5  K)  and  drops 
from  near  1.8  B.M.  at  300  K  toward  0.4  13, M.  near  2  K. 
These  data  are  in  qualitative  agreement  with  the  previous 
susceptibility  studies  on  the  chloro  compound  and  suggest 
the  presence  of  antiferromagnetic  exchange  interactions  in  a 
one-dimensional  magnetic  system. 

In  view  of  the  observation  that  a  quasichain  structure  is 
maintained  for  the  bromo  and  iedo  d*.  ■  ivatives,  it  is  reason¬ 
able  to  lit  the  susceptibility  data  to  tlie  uniform  5  -  ^  Heisen¬ 
berg  spin  chain,  given  by  the  Hamiltonian 

SrSj, 

‘•‘I 

where  ./;y  is  the  isotropic  intrachain  exchange  parameter.  The 
theoretical  treatment  of  such  a  uniform  chain  was  first  pro¬ 
vided  by  Bonner  and  Fisher.’  Hall**  later  provided  a  useful 
analytical  expression  for  the  temperature  dependence  of  the 
magnetic  susceptibility  as 

.Vdf=  {Ng'^fxl/kiiT)[A  +Bx  +  Cx^]l[  1  +  Djt -i  Ex'^ 

+  /-V],  (1) 

where  the  coefficients**  are  given  as  A  =0.25,  =  0. 149  95, 
C  =  0.300  94,  D=  1.9862,  £  =  0.688  54,  £  =  6.0626, 
andx-\J\/k^T-,  N  is  Avogadro’s  number,  /x  is  the  Bohr  mag¬ 
neton,  k  is  the  Boltzmann  constant,  and  g  is  the  gyroniag- 
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KIG,  3.  Magiicrlo  datu  for  (3-Br-iiiiiliiilum)^[CuClj]Cl4:  curves  are  drawn  using  '.he  bcsl-(it  parameters  Riven  In  the  text  (O — Xm  i  ^ — ^/Xm  <  i-3 — Mttr). 


netic  ratio  for  th''^  electron.  In  let  chain  interactions,  denoted 
27',  can  be  accounted  for  by  applying  a  molecular  field  cor¬ 
rection  to  the  c;<prc.ssion,  thus  obtaining 

Afeort^AfUF/Xi  (2) 

where  7'  is  the  interchain  exchange  parameter  and  z  is  the 
number  of  nearest  ncighi  tors.  A  best  lit  of  the  Xceu  expression 
to  the  Xm  dultt  using  nonlinear  regtession'^  yielded  bc.st-fii: 
fitting  parameters  for  branw.  7  =  -  6 . 9  cm '  .  27 '  =  -  1 . 64 
em“  ,  %  impurity=0.20  and  <,'"2.13;  and  for  iodo‘.  J 
=’-6.6  cm“*,  5:7'  = -1,35  cm  '',  %  impurity -0.26  and 
g  =  2.13.  The  impurity  fitting  parameter  was  obtained  by 
adding  a  monomeric  Curie  term  to  Eq.  (2);  this  helps  to 
account  for  ilie  Curie  tail  evident  in  the  data. 

The  solid  line  in  Fig.  3  is  generated  with  the  best-fit 
parameters;  it  is  in  excellent  agreement  with  the  temperature 
dependence  and  the  position  of  the  maximum,  us  culcidated 
according  to  the  Bonner-Fisher  model  (A:i)F„,„,/|7| 
=  1.2828),  The  best-lit  values  for  g  are  in  excellent  agree¬ 
ment  with  the  EPR  g  value  of  2.14  Unlike  the  chloro  com¬ 
pound,  the  bionio  and  iudo  derivatives  do  not  exhibit  mag¬ 
netic  field  dependence  below  10  k  They  do,  however, 
always  exhibit  the  impurity  tail  clearly  seen  in  Fig.  3.  Sev¬ 
eral  sample  preparations  have  been  used  to  demonstrate  that 
the  tail  is  essentially  independen.t  of  the  sample  preparation 
technique  or  crystal  quality.  It  lias  often  been  surmised  that 
such  effects  can  then  be  ascribed  to  finite  chain  effects  be¬ 
cause  short  finite  chains  with  an  odd  number  of  spins  would 


have  a  diverging  susceptibility  at  low  temperatures.  It  is  clear 
however,  that  the  magnitude  of  the  bromo  and  iodo  exchange 
energies  are  less  then  the  -9.3  cm"‘  found  for  the  chloro 
compound,  with  that  of  the  iodo  material  being  slightly  less 
than  that  of  the  bromo  material.  The  decrease  in  the  magni¬ 
tude  of  the  exchange  energy  corresponds  well  with  the  ex¬ 
pected  increased  distance  of  the  Cu~Cl“-Ci-Cu  superex- 
chunge  pathway,  given  that  the  larger  organo-halogens 
increase  this  distance,  as  suggested  by  the  powder  diffraction 
data.  Single  crystal  stud.ies  continue  to  be  addressed. 
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Comparison  of  two-dimensional  Heisenberg  and  two-dimen&ional  XY 
mode!  behaviors  in  Pd(1 .2  at.  %  Fe)  films 

J.  D.  McKinley 

Physics  Department  and  Rice  Quantum  Institute,  Rice  University,  Houston,  Texas  77251-IH92 

Multilayer  Pd/Pd(1.2  at.  %  Fe)/Pd  thin  films  were  prepared  by  dc  magnetron  sputtering  and 
characterized  with  dc  SQUID  magnetometry.  Evidence  for  two-dimensional  (2D)  Heisenberg  and 
2D  XY  model  behaviors  was  found  in  tv'o  different  regions  of  temperature.  In  these  temperature 
regimes,  our  data  agree  with  the  predieied  form  for  magnetization  M  and  susceptibility  x  ‘is 
functions  of  field  and  temperature.  Both  mod  el’s  susceptibilities  were  found  to  fit  our  data.  M  and 
X  exhibit  discontinriities  at  magnetic  layer  thickness-dependent  temperatures  which  separate  the 
different  model  behaviors. 


I.  INTRODUCTION 

The  Pd/Pd{1.2  at.  %  Fe)/Pd  random  quenched  thin  film 
trilayers  were  originally  prepared  as  a  model  .sy.stcm  for 
studying  twi>-Jimensional  HcLsenberg  model  magne¬ 

tism  in  a  single  magnetic  layer. We  v/cre  motivated  by 
previous  studies  of  bulk  dilute  Fe-doped  Pd  alloys^''*  showing 
Fe  concentrations  in  Pd  above  0.1  at.  %  to  be  3D  Heisenberg 
f'erromagnets;  dimensional  reduction  should  result  in  two- 
dimensional  behavior.  Thick  Pd  layers  pro'-ide  good  crystal 
growth,  prevent  oxidation  in  the  Pd{Fc,)  l.':ycr,  and  emsure 
"bulk”  lattice  constants  in  the  magnetic  layer.  The  Pd(i''e) 
magnetic  layer  thickness  L  was  varied  over  the  range  5  k<L 
<500  A.  Polycry.stalline  Pd(300  A)/Pd(Fe)  (L  A)/Pd{300  A) 
films  were  grown  on  Si(lll)  substrates  at  room  temperature 
using  dc  magnetron  sputtering,  at  rates  of  ~1  A/s  in  a  UHV 
chamber  in  pressures  F<5X  10““'  Torr.  The  films  were  char¬ 
acterized  in  a  purallel  applied  field  using  a  dc  SQUID  mag¬ 
netometer.  The  2DH  model  magnetic  behaviors  were  ob¬ 
served  in  each  film  over  a  range  of  temperatures  below  the 
bulk  Pd(Fc)  7',, -40  K. 

The  magnetic  properties  in  the  Pd(Fe)  films  indicate  a 
phase  transition  or  cossover  to  a  different  model  behavior, 
possibly  2D  XY,'  at  a  thickne.ss-dependent  temperature.  This 
behavior  persists  to  an  even  lower  temperature,  where  finite 
magnetizations  and  hystcicsis  loops  are  ob.scrvcd.  We  also 
observed  peaks  in  the  low'-field  magnetization  versus  tem¬ 
perature  dependence. 

It  is  well  known'  that  there  is  no  long-range  ferromag¬ 
netic  order  in  a  fully  i.sotropic  2DH  ferromagnet.  Real  physi¬ 
cal  system'  have  anisotropies,  which  are  often  temperature 
dependent.  The  Pd(Fe)  layer  has  a  slightly  smaller  lattice 
constant**  than  the  pure  Pd  layers,  and  this  produces  in-plane 
anisotropy. 

The  dimensional  reduction  of  the  Pd(Fe)  layer  also  re¬ 
sults  in  linite  size^  effects.  At  some  temperature  the  percolat¬ 
ing  magnetic  cluster  in  the  Pd(Fe)  layer  reaches  the  finite 
thickness  of  the  magnetic  layer,  constraining  it  to  grow  lat¬ 
erally  at  lower  temperatures.  Other  finite  sizes  possibly  af¬ 
fecting  magnetic  percolation  are  the  crystallites  from  100  to 
300  A  in  size,  closely  packed  into  islands  with  0.1-  to 
0,2-/zm  lateral  diameters,  as  detci.nined  from  x-ray  crystal¬ 
lography  and  transmission  electroi'.  microscopy. 

Finite  field  magnetization  A7(//)  data  and  susceptibility 
;^'(7’)  data  arc  presented  for  a  500-A-t'iick  Pd(Fe)  layer  film. 


Model  predictions  for  2DH  and  2D  XY  behaviors  are  com¬ 
pared  to  these  data  in  two  separate  regions  of  temperature. 

II.  2D  HEISENBERG  AND  2D  XY  MODEL  BEHAVIORS 

The  2D  Heisenberg  and  2D  XY  models  predict*’  "  *'*  sinti- 
lar  field  dependence  of  the  magnetization  and  temperature 
dependence  of  the  susceptibility,  as  shown  below: 

Xim\i  T)  ~  exp(  /i/7") ,  M  2ij„(  // )  -/i  ( 7")  ln{  /////  * ). 

A'2i),vy(r)~exp(/i7T),  Wj,,  ,vi.(//)~//'*‘*,  S=\5, 

where  7/  is  the  externally  applied  field,  H*  is  a  thickness- 
dependent  coirstant,  T  the  ambient  temperature,  and 
T=(7’-7"i;i)/7'Kf  is  the  reduced  temperature  using  the 
Kosterlitz-Thouless  temperature  us  the  Curie  temperature. 
The  prefactor  A  ( 7")  is  a  function’  of  temperature  7",  and  ex¬ 
ponents  /i  and  b'  depend  on  the  magnetic  layer  thickness. 
Because  the  susceptibility  model  predictions  arc  similar,  the 
different  model  behaviors  must  be  carefully  dhstinguished. 
Physical  reasons  arc  given  for  interpreting  the  low-  and  high- 
temperature  regions  us  corresponding  to  2D  A'V'  (sec  below) 
and  2DH'  behaviors,  respectively.  Interestingly,  the  2D  XY 
prediction  for  equation  of  state  critical  exponent  <?=  15  is  the 
same  as  for  the  2D  Ising  model. 

III.  RESULTS  AND  DISCUSSION 

In  Figs.  1(a)  and  1(b),  the  susceptibility  data  arc  tit  to  the 
2DH  and  2D  AT  predictions,  respectively.  Both  models  lit 
the  whole  range  of  data.  In  Fig.  1(a),  the  2DH  model 
A'2nn(‘^)  **’  plottiJd  as  ln(;^)  vs  1/7’,  The  high-  and  low- 
temperature  regions  are  divided  by  a  fairly  sharp  "kink”  in 
the  curve,  as  indicated  by  the  lines  drawn  onto  the  data.  The 
lines  themselves  are  not  the  fits  to  the  data,  but  separate  tits 
to  each  region  show  that  botii  portions  are  very  linear,  with 
correlation  coefliciunis  R~{).W^).  A  line  drawn  from  the  in¬ 
tersection  of  the  extrapolated  tits  indicates  a  kink  tcmpei.i- 
ture  7’i(i|||(S;3P  K.  The  2D  A")'  model  .vj-fr)  is  fitted  to 
the  data  as  InfA")  vs  t  *  in  Fig.  Kb).  Remarkably,  for  the 
500-A  Pd(Fc)  tilin  data  a  single  line  can  tit  the  su.sccptibility 
over  the  full  range  of  tcmpeiatuics.  1’wu  regions  in  the  data 
can  be  determined  with  slightly  different  slopes,  as  the  drawn 
lines  indicate,  but  the  diffei'  nccs  ae  within  uncertainties. 

Magnetization  data  for  the  5()l)-A-thick  Pd(Fe)  film  is 
fitted  to  the  2I)H  model  in  Fig.  2(a)  and  to  the  2D  XY  model 
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no.  1.  Siisccptihllily  X  vs  tciiiperuturc  T  plots  fur  u  5(X)-A-tliiclc  I’(i(Fc) 
mugiKilic  luyur.  I’luts  (u)  und  (h),  ruspectivuly,  ussumu  2UH  uiid  2D  XY 
model  bolluvior  over  (lie  full  ruiigc  of  temperatures  front  7',.  [bulk  l’d(rc)] 
•'40  K  down  to  7'|,.g||(5(X)  A)=',12.4±(),2  K,  Both  linear  regions  in  (u)  fit  the 
2DH  predioliun  well,  with  the  slope  merely  increasing  ~.V1%  ul  the  “kink" 
temperature  7'|,|„),>'36  K.  1'he  2D  XY  assumption  in  plot  (b)  Ills  the  entire 
temperature  region;  n  slight  change  in  slo|)e  near  7\|„|,  lies  within  the  uncer¬ 
tainty  of  the  .^(K)-A  tlini  data.  'I’he  changes  in  the  siu|jc  at  /\i„i  are  u  function 
of  mugtictic  layer  thicktiess. 


no.  2.  Magnetization  M  vs  applied  field  H  plots  for  u  500-A-thlck  l’d(Fe) 
magnetic  layer.  Plot  (u)  over  temperatures  32.4*f7'*:4i).0  K  yields  good 
agreement  with  2DH  behavior  ul  Unite  Helds.  Plot  (h)  ussunting  2D  XY 
behavior  indlcule.s  the  on.sel  of  2D  XY  behavior  near  7\|„|, ■“ 36  K.  Both 
model  behaviors  cun  be  said  to  111  tlie  data,  but  each  .seems  to  lit  one  tem¬ 
perature  region  slightly  better. 


in  Fig.  2(b).  Here,  diffcrence.s  between  the  two  models  are 
more  apparent.  The  data  were  originally  taken  to  study  the 
2DH  behavior  at  higher  temperatures,  but  enough  data  at 
lower  temperatures  was  taken  for  a  useful  compari:;on.  The 
2DH  prediction  is  only  expected  to  apply  for  finite  fields,  and 
the  Fig.  2(a)  curves  are  linear  at  higher  fields  up  to  magnetic 
saturation.  In  lower  fields,  the  magnetization  is  linear  in  the 
field,  und  was  used  to  obtain  the  zero-field  su.sccptibilities 
already  discussed.  The  2D  A'F  model  equation  of  state  pre¬ 
diction  (using  the  predicted  critical  exponent  5=1.*!)  is 
shown  in  Fig.  2(b).  It  fits  the  data  fairly  well  over  the  entire 
temperature  range,  but  especially  near  the  kink  temperature. 
Despite  the  ab.sence  of  intermediate  data,  the  .30  and  35  K  M 
vs  H  curves  indicate  a  Kosterlilz-Thouless  transition  could 
have  occurred  between  them. 


The  2D  XY  model  is  consistent  with  the  presence  of 
magnetization  versus  temperature  peaks  observed  in  very 
small  field  measurements.  A  mugnctizalion  versus  tempera¬ 
ture  peak  for  the  500-A  sample  was  obseived  around  32.4  to 
33.0  K.  Althougli  the  knv  fields  wen;  probably  nonuniform, 
they  were  constant.  Since  the  magnetization  is  proportional 
to  the  field  in  sufficiently  low  fielrls,  a  peak  prjb.ablv  dem¬ 
onstrates  a  finite  temperature  susceptibility  divergence.  It  is 
not  prominent,  und  is  superimposed  on  a  targe  monotonically 
increasing  magnetization  curve.  At  pre.senl  only  the  approxi¬ 
mate  location  of  the  peak  is  reliable.  An  exponentially  di¬ 
verging  shape  is  expected  of  a  Kosterlitz-Thouless  transi¬ 
tion,  instead  of  the  usual  power  law  divergence.  Stronger 
evidence  of  such  a  peak  shape  is  seen  in  data  for  the  thinner 
films  {L  <500  A),  but  consistent  reproduct.ion  of  the  results 
will  require  a  magnetoivietcr  measuring  in  ctMilrollably  uni¬ 
form  low  fields.  Confirmation  of  the  peak  und  peak  shape, 
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coupled  witli  demagnetization-limited  susceptibility  below 
^peak  would  indicate  2D  XY  model  behavior  prevailing  be¬ 
low  the  kink  temperature. 

IV.  CONCLUSIONS 

The  2D  Heisenberg  and  2D  XY  model  behaviors  are 
functiciislly  similar,  Consequently,  magnetization  M(H)  and 
susceptibility  x(T)  for  both  models  can  be  fitted  to  all  the 
data.  However,  the  mode!  behaviors  are  distinguished  by  the 
kink  in  the  2DH  plot  of  in(;^)  vs  1/T.  Also,  no  susceptibility 
or  magnetization  peaks  ate  seen  at  the  temperature  for  which 
the  susceptibility  kink  occurs,  whereas  a  magnetization  peak 
is  observed  at  a  lower  temperature  that  could  correspond  to  a 
Knsterlitz-Thouless  transition. 

For  thinner  films''^  the  total  range  of  temperature  for 
both  regions  is  greater  and  the  behaviors  are  more  easily 
distinguisiied,  but  the  signal- to-noise  ratios  are  proportion¬ 
ately  worse,  and  low-  temperature  behavior  in  the  thinnest 
films  is  more  difficult  to  obtain  experimentally.  The  500-A 
film  also  h3.s  the  advantage  of  sufficient  signal  strength  to 
observe  its  behavior  up  to  and  somewhat  above  the  bulk 
Pd(l  ,2  at.  %  Fe)  K,  thus  connecting  it  to  bulk  Pd(Fc) 

results.  The  films  described  here  were  polycrystullinc.  Better 
film  growth  is  ctirrcntly  being  pursued,  to  increase  the  crystal 
size  atid  determine  if  the  boundaries  between  the  different 
model  behaviors  become  more  sharply  defined. 
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The  effects  of  frustrated  biquadratic  interactions  on  the  phase  diagrams 
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The  Blume-Emery-Griffiths  model,  a  spin-l  Isiiig  model  with  bilinear  (./),  biquadratic  iK),  and  the 
crystal  field  (A)  terms,  provides  a  general  system  for  the  study  of  both  density  and  magnetic 
fluctuations.  Previous  work  has  shown  tiiat  a  rich  variety  of  phase  diagrams  occurs  in  cases  of 
positive'  or  negative"  biquadratic  coupling,  In  this  study,  we  consider  an  exactly  solvable  system  in 
which  fru.stration  is  present  due  to  competing  biquadratic  interactions.  Thus,  this  calculation  models 
a  dilute  ferromagnetic  material  with  two  types  of  nearest  neighbor  site  pairs,  distinguished  by 
whether  or  not  simultaneous  occupation  is  energetically  favored.  To  determine  the  effects  of  this 
competition,  we  have  constructed  exactly  solvable  frustrated  hierarchical  models  similar  to  those 
introduced  to  study  spin  glasses.’  The  resulting  phase  diagrams  sliow  that,  when  frustialioii  is 
present,  the  dense  di.sordcred  and  dilute  disordered  phases  can  become  separated  by  a  phase  with 
chaotic  rescaling  of  K  and  A.  In  the  ./=()  plane,  this  chaotic  rescaling  is  directly  linked  to  that 
previously  reported  in  spin  glasses’  via  the  (iriffiths  .syniinetry.'  ' 
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Magnetic  phase  transitions  in  CsEr(Mo04)2  and  KDy(Mo04)2-chain-iayered 
Ising  compounds  (abstract) 

E.  N.  Khats'ko  and  A.  S,  Cherny 

Institute  for  Low  Temperature  Physics  clt  Pngineeriitf;.  Ukraine  Acndeim  of  .Sciences.  17  l.cem  Avenue, 

Kharkov  .110164,  Ukraine 

The  cry.stals  investigated  belong  to  the  family  of  the  orthorhombic  lavead  rare  cm  th  double 
molybdates.  These  crystals  have  aroused  interest  becau.sc  of  tin'  iliversiiv  ol  siriiciiiral  and  luiigneiic 
phase  transitions,  which  are  due  to  the  crystalline  structure  anil  ilte  elecimn  energy  sp  -  iinm  ol 
rare-earth  ions.  These  ions  are  distinguished  for  their  Ising  hehavioi.  I'ln  magneii/ iiion  and 
.susceptibility  measurements  were  performed  at  temperatures  between  ii..’’  and  .Mil)  K  in  magnetic 
fields  up  to  0,4  T  along  three  principal  magnetic  axes.  The  3D  magnetic  oidcnng  is  lonnil  m  oeein 
til  /,==(].84  K  for  CsEr(Mo04)2  and  7',.=  1.1  K  for  KDyfMoOj  )2.  liic  niugnelie  propertie.';  nc 
."trciigly  anisotropic  botli  above  and  below  T,..  In  the  magnetic  ordered  staie  snm-orieiitanoii  pii.c.c 
fansitions  were  found  in  both  of  these  compound.s.  For  CsF,r(Mo(),()j  a  ly|  c.d  ineiamagneiic 
transition  was  observed  along  one  magnetic  field  direction  (b).  There  is  a  nioro  inineaic  siinaiion  in 
the  case  of  KDyfMoO^ii.  The  spin-orientation  phase  traasition  has  a  rather  compli'x  clniracici:  n  i.s 
anitferromagnetic  along  the  a  axis,  and  ferromagnetic  along  the  h  and  c  ii.Nes.  liu  magnciic 
structures  of  these  compounds  were  determined.  In  the  case  of  C.sFr(lVloO,|) .  a  collincm 
two-sublattice  structure  of  antiferromagnetically  ordered  ferromagnetic  i.-liains  i.c  ic  di/cd,  loi 
KDy{Mo04)2,  the  magnetic  structure  is  defined  as  a  complicated  noncollinear  lour  .snhlnnicc 
structure  with  magnetic  moments  rotated  .3.5°  in  the  ac  plane  and  10°  in  the  he  plane. 
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Na-doping  effect  on  the  magnetic  properties  of  the  YBCO  ceramics 
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Bulgaria 

The  ac  magnetization  and  the  microwave  surface  resistance  (at  12  GHz)  were  measured  on  a  series 
of  Na-doped  YBCO  ceramic  samples  at  77  K.  Their  magnetic  nehavior  was  explained  on  the  basis 
of  the  modified  critical  state  model  by  taking  into  account  the  existence  of  a  field-dependent 
component  7^  (due  to  weakly  linked  grains)  and  a  field-independent  component  7,,(,  (due  to 
perfectly  linked  grains)  in  the  bulk  critk  '  current  density  of  the  samples.  The  Na  and  Cu  remaining 
after  the  heat  treatment  of  the  samples  changed  the  intergranular  medium  |i:irameters  and  impeded 
the  correlation  between  the  grains.  As  a  result,  an  increase  of  the  Na  concentration  led  to  a  decrease 
of  the  specimens  critical  current  density  and  an  increase  of  their  surface  resistance.  At  small  Na 
concentrations,  a  certain  increase  of  Jd  was  observed,  which  can  be  explained  by  taking  into 
account  the  possibility  of  partial  pinning  of  Josephson  voiii-ies  in  the  “weakly  seeded”  places  in  the 
intergranular  medir.. 


I.  INTRODUCTION 

The  magnetic  behavior  of  the  YBCO  ceramics  is  largely 
dominated  by  processes  in  the  intergranulai  medium,  and 
described  in  the  framework  of  the  modified  critical  state 
model by  taking  into  account  the  field  dependence  of  the 
mean  intergranular  critical  current  density  .  A  particular 
form  for  the  field  dependence  is  usually  assumed,  and  then 
the  fitting  parameters,  corresponding  to  the  components  of 
the  critical  current  density  and  the  scaling  field,  are  obtained 
from  a  comparison  of  the  model  calculation  with  the  mea¬ 
sured  data.'’’*  The  microwave  losses  in  such  samples  are 
mainly  determined  by  intergranular  coupling  whose  effi¬ 
ciency  depends  on  the  properties  of  the  intergranular 
medium.®'*’  The  presence  of  some  metals  during  the  YBCO 
synthesis  affects  the  properties  of  the  intergranular  medium^ 
of  the  end  product.  One  should  expect  as  a  result  a  modifi¬ 
cation  of  the  magnetic  and  microwave  parameters  of  these 
samples  as  compared  with  the  undoped  out,.-,. 

This  paper  deals  with  experimental  investigation  and  in¬ 
terpretation  of  the  changes  in  the  magnetic  and  microwave 
characteristics  of  YBCO  ceramic  samples  prepared  in  the 
presence  of  a  Na  additive. 

II.  EXPERIMENTAL 

The  samples  were  produced  using  the  general  formula 
Yi-o.2xBa2-(),2xNao  4vCu;)+(|,3^0^, ,  where .V  varies  from  0  to 
2.00,  which  allows  an  overstoichiometric  pie;:ence  of  Na20 
and  traces  of  CuO  on  the  grain  boundaries  in  the  YBCO 
ceramics. 

The  presence  of  Na2C03  during  the  siii'tiing  process 
enabled  us  to  obtain  a  highly  homogeneous  structure  with 
low  grain  size.  The  physical  measurements  were  carried  out 
on  disk-shaped  samples  with  a  thickness  of  about  1  mm  and 
a  diameter  about  9  mm.  To  study  a  sample’s  scieetiing  prop¬ 
erties,  we  placed  the  sample  in  an  ac  magnetic  field  ( 1  kHz) 


and  the  response  signal  was  registered  by  an  almost  flat  coil 

L.SXO.S  mnC)  '■atated  at  the  center  of  the  high- 
temperature  superconducting  (HTSC)  pellet.  The  screening 
parameter  N  was  found  by  taking  the  ratio  of  the  signal's 
amplitude  measured  at  superconducting  {I'-’-ll  K)  and  nor¬ 
mal  (7=295  K)  state  of  the  specimen.  I’he  surface  resistance 
at  11  K  was  measured  by  means  of  Cu  resonator  structures 
formed  on  a  thin  dielectric  substrate,  witii  the  HTSC  pellet 
.serving  as  a  ground  plate.’ 

To  perform  the  critical  current  riiea;>ureineiits,  (/i  1X9 
mm’  cylinders  were  cut  from  HTSC  disks.  The  pick-up  coil 
was  tightly  wound  around  the  sample,  and  a  phase-sensitive 
device  was  used  to  record  the  response  signal. 


III.  INTERPRETATION  OF  THE  MAGNHTIC  BEHAVIOR 

To  interpret  t're  magiiolic  behavior  of  the  ceramic  sample 
at  low  magnetic  fields  (=;3  mT)  the  existence  of  two  kinds  of 
the  intergranular  contacts  in  the  sample  must  be  taken  into 
account.’"'*  The  local  macroscopic  intergranular  critical  cur¬ 
rent  density  J^,\  for  the  weakly  coupled  grains  nearly  expo¬ 
nentially  decreases  with  increasing  of  the  local  magnetic 
field®''*  H,  while  the  local  macroscopic  “bulk”  critical  cur¬ 
rent  density  ./^-o  remain.^  unchangeable  for  the  perfectly 
coupled  grains,'*  By  taking  into  account  this,  we  assumed  the 
following  field  dependence  for  the  critical  current  density ./,, 
in  our  samples 

./,,  ./,„l-./,,/c/i(W///,),  (1) 

where  H^.  is  the  scaling  field.  When  the  external  magnetic 
field  //„  decreases  from  its  maximum  W„,  to  its  minimum 
-H,„ .  the  following  solution  of  the  critical  state  equation 
can  be  i.'Otai  ,ed: 

h^~li,„-C  .A  +D)/(c'''»  +  /7)(e''i+A)] 

=  ,/(A-|)  0'  V-V,,  (2) 
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FIG.  1.  The  s  creening  parameter  N  vs  the  magnetic  held  amplitude  for 
Na-doped  YBCO  pellets  ((^1X9  mm^)  measured  at  77  K.  Curves  1-7  cor¬ 
respond  to  samples  with  initial  Na  concentrations  .ii:=0,  0.4,  0.75,  0.95,  1.2, 
1.5,  and  2,  respectively. 

=  -J(;c-l)  (3) 

where  hx-HJHc  and  /i2  =  //2///c  are  the  dimensionless  in¬ 
ternal  magnetic  fields;  h„,  =  HJHc‘,  ha  =  HJH^\ 
J=J,qRIH,\  ^  A  =  k  +  {k^-\y'\  D  =  k~(,k^-\)^'\ 
C=^/(/fc*— k=J cJJ x=rlR,  r  is  the  radial  coor¬ 
dinate;  Xi=rj/R  is  the  dimensionless  coordinate  where  the 
shielding  current  changes  its  direction  and  H\{Xj)=H2{Xi). 
By  solving  Eqs.  (2)  and  (3),  one  can  find  the  magnetic  field 
profile  in  the  sample  and  calculate  the  total  magnetic  flux  4) 
which  penetrates  it.  For  a  harmonic  external  field 
Ha=H„i  cos((of)  (where  w  is  the  angular  frequency),  the  ba¬ 
sic  component  of  the  total  magnetic  flux  <f>„  can  be  expressed 
as  follows: 

4>,0="<f>L  cos(w/)-<A"  sin(w/) 

~vR^H„{ii'  cos{a)t)-/x"  sin(a)r) 

=  +  l)cos(wr)- at"  sin(ar/)],  (4) 

where  and  0"  are  the  in-phase  and  out-of-phase  compo¬ 
nents  of  the  magnetic  flux,  which  can  be  obtained  from 
by  means  of  a  Fourier  transform;  /t',  /r.",  x'y  xf'  are  the 
real  and  imaginary  components  of  the  specimen’s  dynamic 
permeability  and  susceptibility.  Signals  proportional  to 
and  </>"(//„,)  are  registered  experimen¬ 
tally.  Further,  by  comparing  such  theoretical  and  experimen¬ 
tal  dependences,  one  can  find  the  optimal  values  of  the  pa¬ 
rameters  J^o,  J cl,  ffc  corresponding  to  the  real  specimen 
characteristics. 

IV.  RESULTS  AND  DISCUSSION 

Figure  1  pre.s(;nts  the  dependence  of  the  screening  coef¬ 
ficient  N  of  HTSC  pellets  with  various  Na-additive  amounts 
on  the  amplitude  //„,  of  the  external  ac  magnetic  field.  In 
specimens  with  small  amounts  (a:^0.75),  the  magnetic  field 
begins  to  penetrate  the  intergranular  medium  at  /x,)f/«>0.5 
mT.  A  field  of  mT  leads  to  a  decrease  in  the  inter¬ 

granular  critical  current  density  and  destroys  the  screening 


FIG.  2.  Dependence  of  the  response  signal  modulus  (2)  and  the  out-of-phase 
component  (1)  on  the  external-field  amplitude  H„  for  a  Na-doped  (x=0.4) 
YBCO  sample  (i;Alx9  mm^)  measured  at  77  K.  The  theoretical  curves  1  and 
2  (solid)  are  obtained  by  taking  into  account  the  vs  H  dcp.mdeticc  de¬ 
scribed  by  Eq.  (1).  The  values  of  the  fitting  parameters  are  given  in  Table  I. 
Curve  3  presents  the  1^1  vs  H„  dependence  for  a  sample  in  normal  state 
(100  K). 


properties  of  the  central  zones  of  the  pellet.  At  .stronger  fields 
mT,  the  screening  effect  is  only  due  to  the  small 
number  of  “loops”  consisting  of  perfectly  linked  grains  and 
to  the  diamagnetism  of  the  grains.  The  field  starts  penetrating 
the  grains  at  fioHg^A.S  mT.  An  estimate  of  the  critical  cur¬ 
rent  density  for  the  grains  using  the  above  value  for  the 
field  Hg  (for  YBCO  at  77  K,  the  London  penetration  depth  is 
«=0.3  /im)  yields  Jcg~Hg/k<=^  10^  A/cm^  a  value  typical  for 
single-crystal  YBCO  samples.  A  worsening  of  the  pellets 
screening  properties  is  observed  for  higher  initial  Na  concen¬ 
trations  (at 3=0.75),  but  no  noticeable  drop  of  Hg  is  seen.  This 
means  that  within  the  concentrations  interval  indicated 
(0=eA:<1.5),  the  Na  affects  mainly  the  electrical  parameters 
of  the  intergranular  boundaries.  At  a: =2,  however,  the  sample 
becomes  “transparent”  to  the  magnetic  field  (yV«“0.97)  due 
to  the  strong  suppression  of  the  superconductivity  in  the 
grain  themselves. 

To  determine  the  critical  current  density  J^-,  we  used 
cylindrically  shaped  specimens  with  ==0.5  mm.  The  depen¬ 
dences  of  the  pick-up  coil  voltages  modules 
and  the  out-of-phase  component 
V  {H „)- „)  on  the  amplitude  H„  of  the  external  mag¬ 
netic  field  was  experimentally  registered  (Fig.  2).  The  values 
of  the  specimen’s  effective  static  permeability  usually  are 
0.5-0. 6.  The  initial  value  of  J was  then  found  through 
fitting  the  theoretical  dependence  |Y(//„,)|  (calculated  for 
Jci  =0,  the  expressions  are  given  in  Ref.  8)  to  the  experimen¬ 
tal  one  measured  at  relatively  large  values  so  that  the 
contribution  of  the  weak  links  current  to  the  response  signal 
is  small  but,  at  the  same  time,  the  field  does  not  penetrate  the 
grains.  For  the  initial  //,.  value  we  assumed  half  of  the  field 
value  which  totally  suppresses  the  weak  link  current.  Further, 
the  initial  value  of/,.]  was  obtained  by  fitting  the  theoreti¬ 
cally  calculated  |K(//,„)|  dependence  [Eqs.  (l)-(4)]  to  the 
experimental  one.  The  last  procedure  was  then  repeated  with 
each  of  the  parameters  J J varying  within  certain 
limits  until  good  agreement  was  reached  between  the  theo- 
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TABLE  I.  Characteristics  of  YBCO  samples. 


X 

7io 

(A/cm^) 

(A/cm^) 

rt//. 

(mT) 

(mfl)  (/'„=12GHz) 

0 

45 

145 

0,70 

45 

0.40 

45 

180 

0.70 

50 

0,75 

36 

140 

0.70 

55 

0,95 

30 

123 

0.55 

65 

1,20 

20 

83 

0.40 

78 

1.50 

10 

28 

(1.20 

100 

retical  and  experimental  lV'(//„i)|  and  V"(H„)  dependences. 
The  sample  characteristics  found  as  described  are  presented 
in  Table  I. 

Specimens  with  small  Na-additive  amounts  (jc‘=0.4)  ex¬ 
hibit  some  increase  of  the  weak  link  critical  current  density 
Jfi,  while  the  other  two  parameters  and  stay  practi¬ 
cally  unchanged.  A  further  increase  of  the  Na  amount  results 
in  a  decrease  of  all  YBCO  sample  parameters  and  in  their 
complete  degradation  at  x-2.  The  behavior  of  the  bulk 
sample  electrical  parameters  is  related  to  the  properties  of  the 
intergranular  boundaries.  The  critical  current  density  J for  a 
single-tunnel  Josephson  junction  is  proportional  to  the  junc¬ 
tion  parameters  A  (the  energy  gap  parameter)  and  R„  (the 
normal-state  tunneling  resistance).*’ .  The  R„  pa¬ 
rameter  is  strongly  affected  by  ihe  distance  between  the  junc¬ 
tion  boundaries.®  After  the  heat  treatment,  the  Na  and  Cu 
compounds  are  predominantly  located  on  the  surface  of  the 
YBCO  grains  and  form  a  “surface  layer"  that  can  be  char¬ 
acterized  by  a  dielectric  constant  e  and  a  conductivity  a.  A 
rise  in  the  Na  concentration  leads  to  a  drop  in  the  critical 
current  density  at  the  expense  of  either  an  R„  increase  (for  an 
intergranular  medium  with  cr^O)  or  a  gap  parameter  suppres¬ 
sion  (for  an  intergranular  medium  with  <rS>0).  Such  a  behav¬ 
ior  of  Jj. ,  /co,  and  Hq  was  in  fact  obseived  in  YBCO  for  Na 
concentrations  A'>0.75.  For  small  Na  concentrations 
(a:«0.75),  this  “seeding"  of  the  intergranular  boundaries  by 
Na  compounds  is  insignificant,  The  small  increases  of  the 
critical  >.urrent  density  in  the  latter  case  can  be  explained  by 
the  possible  pinning  of  Josephson  vortices  at  the  “seeded” 
points  in  the  intergranular  space. 

The  surface  resistance  /?,  of  the  pellets  increased  with 
increasing  .r.  It  one  assumes  that  the  sample  consists  of  weak 
links  (i,e,,  the  grain  contribution  to  W,  is  small),  its  surface 


resistance  at  weak  fields  will  be  proportional  to  w“fr/X‘\ 
where  Xy  is  the  Josephson  penetration  depth,*’  On  the  other 
hand,  and,  therefore,  the  surface  resistance  of  the 

samples  should  increase  as  their  critical  current  density  de¬ 
creases.  Such  a  relationship  is  well  observed  experimentally 
in  samples  withxS'0.75;  at  smaller  Na  concentrations  the  J?, 
variation  with  x  is  not  significant. 


In  the  present  work,  the  results  are  presented  of  measure¬ 
ments  of  the  screening  parameter  N,  the  critical  current  den¬ 
sity  Jj. ,  and  the  surface  resistance  /?,.  of  YBCO  samples  pre¬ 
pared  from  iniual  batches  containing  various  amounts  of  Na. 
The  behavior  of  the  intergranular  critical  current  density  J,.  is 
interpreted  by  taking  into  account  the  presence  of  both 
weakly  linked  grains  and  of  a  small  number  of  perfectly 
linked  grains.  The  values  of  7,.  and  the  behavior  of  its  de¬ 
pendence  on  the  field  are  determined  by  solving  numerically 
the  critical  state  equation  and  comparing  the  results  with  the 
experimental  data.  It  is  demonstrated  that  the  Na  and  Cu 
compounds  remaining  in  the  samples  after  the  heal  treating 
process  are  predominantly  located  on  the  surface  of  the 
YBCO  grains  and  impedes  the  correlation  between  the 
grains.  As  a  result,  an  increase  of  the  Na  concentration  leads 
to  a  decrease  of  the  specimens’  critical  current  density  and  an 
increase  of  their  surface  resistance.  However,  at  low  Na  con¬ 
centrations  (jc<0.7S),  a  certain  positive  effect  is  observed  in 
what  concerns  the  critical  current  density  7(. ;  this  is  probably 
related  to  the  possibility  of  partial  pinning  of  Josephson  vor¬ 
tices  in  the  “weakly  seeded”  places  on  the  boundaries. 
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Polycrystalline  samples  of  Nd2-^.Cejj.CuO4_y(0.()^A=s(),17)  obtained  from  a  sol-gel  precursor  were 
sintered  below  the  eutectic  temperature  and  reduced  under  different  conditions.  From  the  results  of 
x-ray  powder  diffraction,  the  tetragonal  7"  structure  is  preserved  for  Ce  content  up  to  x: =0.17.  A 
decrease  in  the  lattice  parameter  c  and  a  small  increase  in  the  lattice  parameter  a  are  observed  with 
increasing  Ce  concentration.  Electrical  resistance  R(T)  measurements  performed  on  reduced 
samples  with  x^0.l2  reveal  superconducting  behavior  below  7'’=25  K.  We  also  found  that  all 
reduced  samples  display  a  striking  double  resistive  superconducting  transition  and  that  the  zero 
resistance  st-rte  is  achieved  through  two  distinct  drops  in  R{T)  at  upper  and  lower  transition 
temperatures  7\.j  and  .  The  upper  transition  temperature  T’c  has  a  maximum  for  Ce  concentration 
a: =0.14,  which  is  independent  of  the  reduction  process.  The  lower  transition  temperature  T,.y  is 
observed  in  reduced  samples  with  Ce  content  a  ^0.1 4  and  decreases  monotonically  with  increasing 
Ce  concentration.  Magnetic  susceptibility  measurements  confirm  bulk,  superconductivity  in  several 
reduced  samples,  and  a  significant  diamagnetic  contribution  is  only  observed  for  temperatures  below 
T^.j .  The  results  are  discussed  within  the  framework  of  a  granular  superconductor  model. 


The  discovery  of  superconductivity  in  compounds  of 
Ln2-;tM.,Cu04../Ln=Nd,  Sm,  Pr,  Eu;  M=Ce,  Th)’'’  has 
stimulated  an  intense  effort  in  the  study  of  their  physical 
properties.  Many  features  of  these  oxides  a.e  well  known, 
although  some  fundamental  aspects  are  either  .still  not  under¬ 
stood  or  controversial 

One  of  the  doubts  about  these  compo.mds  concerns  the 
quality  of  the  samples  studied.  Usually,  high  quility  samples 
with  the  same  starting  composition  and  subject  to  almost  the 
same  reduction  process  behave  differently.^’  Some  important 
questions  regarding  this  situation  arc  related  to  the  doping 
process,  i.e.,  the  replacement  of  the  Ln  by  Ce  and  the  re¬ 
moval  of  oxygen  which  are  necessary  to  induce  supercon¬ 
ductivity.  As  far  as  Ce  doping  is  concerned,  it  is  still  some¬ 
what  controversial  whether  materials  prepared  in  the  range 
0*Sa:=s0.17  actually  form  a  solid  .solution.  Based  on  x-ray 
diffraction  analysis.  Cava  and  collaborators^  concluded  that 
samples  of  Nd2- ,Ce^Cu04_,,  (0.()=s?.w^().17)  are  true  solid 
solutions.  On  the  other  hand,  Lightfoot  and  collaborators** 
believe  that  there  is  only  one  superconducting  phase  in  this 
range  with  a  Ce  content  close  to  ,v  =  0.165. 

Besides  this  structural  issue,  other  points  remain  to  be 
addressed.  One  of  them  is  related  to  the  nature  of  the  double 
resistive  superconducting  transition  which  is  frequently  ob¬ 
served  in  R{T)  measurements  and  is  identified  by  two  sharp 
drops  in  the  electrical  resistivity  before  the  ".ero  resistance 
state  is  attained.  It  has  been  proposed  by  Peng  el  al.''  that  the 
double  superconducting  transition  is  due  to  the  presence  of 
two  distinct  superconducting  phases,  each  wifi-,  a  different 
superconducting  critical  temperature.  Another  explanation 


"'On  ii  CNPq  {Briizill  Icllowship. 


for  this  feature  assumes  that  the  sample  is  composed  of  small 
superconducting  islands  connected  through  Josephson 
coupling. By  a.ssuming  this  picture,  the  first  transition  is 
related  to  the  intragrain  transition  v/hile  the  second  one  is 
believed  to  be  due  to  the  coupling  between  the  islands 
through  Josephson  junctions.  The  present  work  provides 
some  new  information  regarding  structural,  magnetic,  and 
transport  properties  of  these  electron-doped  superconductors. 

Polycrystallinc  samples  of  Nd2 -,fCe^.Cu04_^,  were  pre¬ 
pared  with  a  wide  range  of  Ce  concentrations  ().0*Sj;^0.17 
by  means  of  the  sol-gel  process.  Details  of  this  chemical 
route  for  producing  polycrystalline  samples  arc  discussed 
elsewhere.'^  The  samples  were  sintered  at  lOOO  °C,  which  is 
below  the  eutectic  temperature  of  ■"=1050  °C.  Reduction  was 
earned  out  undrr  different  conditions.  This  step  is  important 
in  order  to  induce  superconductivity  in  these  materials,  and  it 
was  performed  in  flowing  He  gas  for  20  h  at  950  °C,  fol¬ 
lowed  by  fast  cooling.  We  have  prepared  three  different 
batches  of  samples:  (1)  unreduced  samples,  (2)  samples 
cooled  in  1  h  after  the  reduction  process,  and  (3)  samples 
cooled  in  2  h  after  the  reduction  process.  Unreduced  samples 
shov'cd  no  evidence  of  superconductivity,  while  reduced 
samples  showed  superconductivity  for  C',..  concentrations  in 
the  range  0.  12<a;<0.  17.  All  samples  were  analyzed  by  x-ray 
powder  diffraction  using  a  Rigaku  RU-200B  diffractometer. 
The  x-ray  patterns  showed  that  the  tetragonal  T'  structure 
(Nd2Cu04  type  structure)  is  preserved  for  Ce  content  up  to 
-v=().  17  and  no  vestiges  of  additional  phases  have  been 
found  in  any  sample  studied.  The  lattice  parameters  were 
obtained  through  the  refinement  of  the  corrected  peaks  uti¬ 
lizing  a  least-squares  program  Magnetization  measurements 
were  performed  using  a  commercial  superconducting  quan¬ 
tum  interference  device  (SQUID)  magnetometer  from  Quan- 
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TABLE  I.  Lattice  parameters  a  and  c  as  a  function  of  Cc  coni  =nliation  in 
polycrystalline  samples  of  Nd2-jCc,Cu04_^.,  0.0'Sj;’£0.  7. 


X 

a  (A) 

(A) 

0.00 

3.948(1) 

1 2. 17(4) 

0.05 

3.948(9) 

12,15(4) 

0.08 

3.949(4) 

12.12(9) 

0.10 

3,949(7) 

12.11(8) 

0.14 

3,950(4) 

12.09(9) 

0.15 

3.950(6) 

12.08(9) 

0.17 

3.950(9) 

12,07(7) 

turn  Design.  Electrical  resistance  measurements  were  per¬ 
formed  with  a  Linear  Research  LR-400  ac  impedance  bridge 
operating  at  16  Hz  with  variable  excitation  current. 

The  x-ray  diffraction  patterns  for  polycrystalline  samples 
of  Nd2-^Ce,.Cu04..j„  t).0^A:^().17,  showed,  within  our 
resolution,  no  vestiges  of  additional  phases,  The  powder  dif¬ 
fraction  data  have  been  used  to  extract  the  lattice  parameters 
a  and  c  for  different  Ce  concentrations.  These  results  are 
summarized  in  Table  1.  A  careful  observation  of  these  results 
shows  that  the  lattice  parameter  c  decrea.ses  with  increasing 
Ce  content  from  c-12.17(4)  A  for  Nd2Cu04  to  c  =  12.07(7) 
A  for  the  highest  Ce  concentration  x=0.17.  Also,  from  the 
results  of  Table  1,  one  can  see  that  the  lattice  parameter  a  is 
almost  insensitive  to  the  replacement  of  Nd  by  Ce.  The  de¬ 
pendence  of  the  c  lattice  parameter  on  Ce  concentration  sug¬ 
gests  that  Ce  substitutes  for  Nd  in  the  T'  structure,  ‘^iuch  a 
replacement  seems  to  be  in  complete  agreement  witii  the 
formation  of  a  true  solid  solution  and  not,  for  example,  with 
phase  separation.  This  is  supported  by  the  fact  that  no  drastic 
change  in  the  lattice  parameter  c  is  observed,  i.e..  it  de¬ 
creases  smoothly  with  increasing  Cc  content,  This  conclu¬ 
sion  is  in  agreement  with  the  proposition  made  by  Cava 
et  al.^  who  have  observed  behavior  similar  to  that  shown  in 
Table  1  for  both  lattice  parameters.  In  addition,  a  very  broad 
distributio"  of  values  for  the  lattice  parameter  c  for  A'^0.  13 
has  been  detected.  If  one  assumes  that  there  is  no  phase 
separation  when  Nd  is  replaced  by  Ce,  as  proposed  by  Light- 
foot,  et  at.,^  this  means  that  the  presence  of  the  nonsupercon¬ 
ducting  phases  in  these  compounds  needs  to  be  explained  by 
invoking  another  variable  of  these  systems;  the  removal  of 
cxygen.  It  is  possible  that  the  removal  of  oxygen  of  about 
0  02  per  formula  introduces  a  defect  structure  in  this  serif  s, 
generating  two  different  regions  within  the  samples,  one  of 
which  is  superconducting  and  the  other  of  whicli  is  nonsu¬ 
perconducting.  Similar  structural  defects  have  been  observed 
in  polycrystallinc  ;amples  of  Laj  (jSr^Cai  2  ,iCu20f,_.,„'^ 
La2Ni04„y,'‘'  and  La2Cu04 

The  presence  of  at  least  one  superconducting  phase  in 
these  polycrystalline  samples  is  somewhat  reflected  in  mac¬ 
roscopic  measurements  such  as  electrical  resistance  and 
magnetic  susceptibility.  In  order  to  place  this  in  perspective, 
the  temperature  dependence  of  the  electrical  resistance  and 
magnetic  susceptibility  has  been  measured  in  all  samples  de¬ 
scribed  above.  Typical  curves  of  RO)  and 
played  in  Fig.  1,  which  shows  data  for  Ndj  h-,Cc„  17CUO4 
cooled  in  2  h  after  the  reduction  process.  It  is  evident  that  the 
R{T)  curve  displays  a  double  resistive  superconducting  tran¬ 


q 


FIG.  1.  l-ypiciil  curve.s  of  «(7’)  anil  xtT)  obtained  on  polycrystallinc 
samples  of  Nd2  ...CCjCuO,  These  curves  correspond  to  measurements 
performed  on  the  sample  with  x=0. 1 7  and  cooled  in  2  It  after  tire  reduction 
process.  Arrows  denote  7',.,  and  T,.,  obtained  from  electrical  resistance 
curves. 


sition  in  whith  the  electrical  resistance  shows  two  abrupt 
drops  in  magnitude  when  the  sample  is  cooled  below  25  K. 

Such  a  feature  has  frequently  been  observed  in  these 
electron-doped  superconductors'”"’^  for  samples  with 
x:*0.14.  For  the  sample  shown  in  Fig.  1,  the  first  drop  in 
Ri'I)  occurs  at  an  upper  temperature  K..  At  this  tent-  I 

perature,  a  broad  decrease  of  about  30%  in  the  magnitude  of  ; 

R(T)  is  observed  down  to  a  lower  temperature  K, 

where  a  second  siiarper  decrease  in  R(T)  occurs.  This  fea-  | 

ture  has  been  explained  by  assuming  that  these  samples  are 
comprised  of  two  different  phases:  one  which  is  supcrcon-  1 

ducting  and  another  one  which  is  believed  to  be  nonsuper- 
conducting.  When  the  temperature  falls  below  'l\.i ,  the  su¬ 
perconducting  transition  takes  place  and  a  drop  of  about  30% 
in  R{T)  is  frequently  observed.  Below  this  temperature,  ;he 
system  does  not  attain  the  zeu)  resisttince  state  because  the 
superconducting  volume  fraction  is  below  the  percolation 
threshold.  In  tiie  temperature  range  between  7',.,  and  tlic 
samples  are  believed  to  be  comprised  of  superconducting 
islands  embedded  in  a  ninisuperconducting  host,  .'rt  a  lower 
temperature  7'<.y,  JoSiiphson  coupling  takes  place  and  tlic 
zero  resistance  state  is  usually  achieved. 

We  believe  that  the  brief  discussion  given  above  invali-  I 

dates  the  presence  of  two  superconducting  phases  in  these  j 

electron-doped  superconductors.  If  this  were  the  case,  the 
transition  at  7’,.y  should  not  be  very  sensitive  to  changes  in 
the  excitation  current  and  the  application  of  a  small  magnetic 
field.  However,  several  experimental  results  for  these  com¬ 
pounds  reveal  that  below  /’, , ,  f>(T)  is  strongly  dependent  on 
these  variables. These  results  suggest  that  Josephson 
coupling  develops  at  and  yield  no  evidence  of  two  super- 
conducting  phases  in  this  series. 

Figure  1  is  also  u.scful  for  discussing  the  temperature 
dependence  of  the  magnetic  susceptibility  in  these  com¬ 
pounds.  Careful  inspection  of  Fig.  1  reveals  that  significant 
diamagnetism  only  occurs  below  7',.y .  In  fact,  it  is  observed 
that  the  magnetic  susceptibility  is  still  increasing  below  /,., , 
showing  a  paramagnctic-l'kc  behavior.  When  the  tempera¬ 
ture  7’,y  is  reached  a  transition  occurs  and  the  diamagnetic 
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I'lG.  2  Composillonul  dependence  iif  7’,.|  end  7',.,  i’.:-  u  series  of  polycrys¬ 
talline  samples  of  Ndj  ,Ce,ru04  !).12=s.v'S0.17.  The  liguie  displays 
results  obtained  in  two  scries  cooled  in  either  1  or  2  It  after  the  reduction 
process. 


contribution  bccomcK  appreciable.  The  ab.sencc  of  appre¬ 
ciable  diamagnetism  between  T,.,  and  l\j  indicates  tiiat  su¬ 
perconducting  properties  must  be  confined  to  small  regions, 
compaiiible  with  the  London  penctral.on  depth.  In  tact,  sev¬ 
eral  retmits  on  polycrystallinc  .samples  of  electron-doped  su¬ 
perconductors  are  sati.sfactc.rily  explained  by  as.sumi.ng  that 
superconducting  properties  arc  confined  to  small  islands  with 
typical  .size  of  10-300  A.*'’'"* 

Also  of  interest  is  the  dependence  of  both  7\.,  and  on 
Ce  content  in  the  Nd2_,,.Ce(Cu04_j,  scries,  0.0six-:S0.17, 
which  is  shown  in  Fig.  2.  From  observations  of  Fig.  2  one 
cun  note  that  the  transition  temperature  T,.i  shows  a  maxi¬ 
mum  at  u.‘=0.14  and  decreases  at  higher  Ce  concentration.  It 
is  also  observed  lliat  T,./  is  almost  in(!<:pendent  of  cooling 
rate  for  a  &O.  14  and  is  affected  by  tlic  reduction  procc.ss  for 
a'=0.12.  On  the  other  hand,  the  Josephson  coupling  tempera¬ 
ture  l\,j  is  almost  insensitive  to  the  reduction  procc.ss  in  the 
Ce  range  studied.  The  qualitative  behavior  of  7Vy  obtained 
from  electrical  resistance  measurements  is  in  complete 
agreement  with  recent  data  of  Singh  ct  al}'^  even  thougli 
they  obtained  7\.j  from  ac  magnetic  susccptibi'dty  measure¬ 
ments.  This  can  be  explained  on  the  basi.s  of  the  ac  magnetic 
suscept’bility  data  in  this  scries  that  shows  only  one  diar.'.ag- 
netic  contribution  which  occurs  at  the  Joseph.son  coupling 
temperature."’  In  fact,  our  results  foi  T,.,  reveal  remarkable 
differences  with  those  of  Ref.  19,  They  have  observed  from 
the  electrical  resistivity  measurements  that  T,.,  is  ainiost  con¬ 
stant  for  0.14=sa:«0.17,  Our  results  show  that  T,.,  Iiiis  a 
maximum  of  ’=“25  K  at  jr=().14  and  decrease.^  significantly 
for  higher  Ce  content  to  18  K  for  .v=0. 17.  These  discrepan¬ 
cies  must  be  related  to  the  sample  preparation  method  used 
for  making  these  materials. 

From  our  results  for  H{T)  and  <»'  polycry.stullins 
samples  of  Nd2..  ,.CetCuO.,  O.O^Af^O, i. 7,  the  behavior  of 
'hese  materials  can  be  understood  by  using  a  model  of  a 
di.sordered  array  of  small  superconducting  islands  coupled 
through  .losephson  junctions,  This  is  particularly  evident 
from  electrical  resistivity  measurements  whicn  show  the 
striking  double  resistive  superconducting  transition.  When 
the  temperature  decreases,  the  intergrain  transition  takes 
place  and  a  drop  in  the  magnitude  of  W(7')  is  observed.  This 


drop  is  not  enough  to  drive  the  system  to  the  zero  resistance 
.state,  probably  due  to  the  verj'  lov/  superconducting  volume. 
Additional  decre,n.se  in  temperature  promotes  the  coupling  of 
llicse  superconducting  islands  below  7’,,y.  At  this  tempera¬ 
ture,  the  superconducting  regions  are  iy  lieved  to  be  coupled 
by  Josephson  cff(;ct  and  usually  the  system  shows  zero  resis¬ 
tance.  Due  to  ihe  small  size  rrf  fiiese  islands,  comparrible  to 
the  Umdon  penetration  depth,  an  insignificant  diamagnetic 
contribution  to  the  su.sceptibility  is  observed  between  T",.,  and 
T^.j .  These  .superconducting  Lslands  become  coupled  together 
through  Josephson  mnetions  below  and  the  diamagnetic 
contributions  is  appreciable. 

In  summary,  wc  have  performed  x-ray  powder  diffrac¬ 
tion,  electrical  resistance,  and  magnetic  susceptibility  mea¬ 
surements  on  polycryslalline  samples  of  Nd2..,Ce,Cu04.. 
0.{)^j:=s().17,  prepared  from  a  sol-gel  precursor.  All  of  our 
x-ray  results  seem  to  agree  with  the  proposition  of  Cava 
c/  al. .since  we  have  found  no  evidence  of  phase  .separation 
in  this  .series.  In  additicn,  the  macro.scopic  behavior  of  R{T) 
and  x(n  can  be  fully  explained  by  the  arisuniplioii  that  ell 
.samples  are  comprised  of  small  superconducting  islands  con¬ 
nected  through  Jo.sephson  junctions. 
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The  magnetic  ordering  of  the  Pr  ions  in  PbjSr^PrCujOR  has  been  studied  using  neutron-diffraction 
and  ac-sur>pectibility  measurements.  An  imperfect  three-dimensional  magnetic  ordering  of  the  Pr 
spins  was  observed  at  a  temperature  well  below  its  Neel  temperature  of  K.  The  magnetic 

intensities  obseA'cd  at  1.4  K  can  be  explained  by  assuming  long-range  order  in  the  ah  plane 
with  short-range  correlations,  of  correlation  length  ^^=20  A,  along  the  c  axis  and  a  moment 
directed  along  the  c-axis  direction.  The  magnetic  ordering  is  2D  in  nature,  and  the  ba.sic  magnetic 
structure  consists  of  nearest-neighbor  spins  that  arc  aligned  antiparallcl  along  all  three 
crystaliogiaphic  directions.  The  magnetic  transition  is  ahso  evident  itr  the  ac-susceptibility  versus 
temperature  measurements,  where  a  cusp  that  is  typical  of  antiferromagnetic  ordering  is  clearly 
observed,  which  m.atches  the  T ^  obtained  by  neutron  diffractroii 


Just  like  other  high-7\.  oxides,  Pb2Sr2prCu30R  (Pr 
2:2: 1:3)  also  possesses  a  layered  structure.  From  the  crystal¬ 
lographic  structural  point  of  view,  the  major  difference  be¬ 
tween  Pr  2:2:1:3  and  PtBa2Cu307  (Pr  1:2:3)  is  the  number  of 
layers  stacked  along  the  c-axis  direction.  The  structure  of  the 
former  can  be  obtained  by  replacin,®  the  CuO- chain  layer  in 
the  latter  with  two  PbO  layers  and  one  Cu  layer.*  This  rc- 
piacement  results  in  even  more  anisotropic  physical  proper¬ 
ties  for  the  2:2:1:3  systems  than  for  the  1:2:3  systems.  Tlie 
rare-earth  atoms  in  the  2:2:1 :3  systems  form  an  orthorhom¬ 
bic  sublatticc,  where  a  ’■*  b  and  the  nearest-neighbor  distance 
along  the  c  axis  is  more  than  four  times  that  in  the  ab  plane. 
It  is  thus  clear  that  the  erystallograptiic  anisotropy  naturaliy 
leads  to  highly  anisotropic  magnetic  interactions,  and  two- 
dimensional  (2D)  behavior  can  be  expected. 

The  3D  long-range  ordering  of  the  Pr  spins  has  been 
observed  in  both  the  Pr  1:2:3  and  TlBa2PrCu207  (Pr  1:2: 1:2) 
systems  with  anomalously  high  ordering  temperatures.'*’’  Nu¬ 
merous  observations  have  indicated  that  hybndization  plays 
an  important  role  in  the  Pr  magnetism.  If  this  is  the  case  we 
should  then  expect  the  effect  along  the  c-axis  direction  to  be 
much  reduced  in  the  Pr  2:2: 1:3  system  compared  to  the  Pr 
1:2:3  and  Pr  i.:2:l:2  systems,  simpiy  because  of  its  wider 
spacing  along  the  c  axis.  Tne  Pr  2:2. 1;3  system  is  ‘hen  a 
better  candidate  for  observing  the  2D  character  of  the  Pr 
ordering.  In  this  paper  we  report  an  imperfect  3D  ordering  of 
the  Pr  spins  observed  in  Pr  2:2:1 :3.  The  Pr  spins  ordered  at  7 
K,  nevertheless  even,  at  T~  1.4  K,  the  correlations  between 
the  Pr  spins  along  the  c-axis  direction  arc  still  short  range. 
The  basic  magnetic  structure  consists  of  Pr  spins  that  are 
aligned  antiparallel  along  all  three  crystallographic  direc¬ 
tions.  The  antiferromagnetic  ordering  of  the  Pr  spins  is  also 
evident  in  the  ac-susceptibiliiy  versus  temperature  measure¬ 
ments,  where  a  cusp,  typical  of  antiferromagnetic  ordering, 
in  the  vs  T  curve  is  clearly  evident. 

A  powde.-  sample  of  Pb2Sr2PrCu30R  was  prepared  by  the 
standard  solid  state  reaction  technique  and  the  details  can  be 
found  elsewhere."*  Both  x-ray  and  high-resolution  neutron 


diffraction  were  used  to  characterize  the  sample.  The  neartst- 
ncighbor  distances  between  the  Pr  atoms  that  we  obtained  at 
room  temperature  were  3.815(1)  A  and  15.765(4)  A  in  the  ah 
plane  and  along  the  c-axis  direction,  respectively.  The  nomi¬ 
nal  oxygen  concentration  determined  from  neutron  protile 
reliuement  analysis  was  8.01(2).  During  the  course  of  the 
low-temperature  neutron-diffraction  experimem,  the  sample 
was  sealed  in  a  cylindrical  holder  filled  with  helium  ex 
change  gas  to  promote  thermal  conduction  at  low  tempera¬ 
tures.  A  pumped  "'He  cryostat  was  used  to  cool  the  sample, 
and  the  lowest  temperature  achieved  was  1.4  K. 

Neutron-diffraction  measurements  were  performed  at  the 
Research  Reactor  at  the  U.S.  .National  Institute  of  Standards 
and  Icchr.ology.  The  data  were  collected  using  the  BT-9 
triple-axis  spectrometer  operated  in  double-axis  mode.  Tlic 
incoming  neutrons  had  a  wavelength  of  2.352  A  defined  by  a 
pyrolytic  graphite  PG(()02)  monochromator,  with  a  PO  filter 
placed  after  the  monochromator  position  for  suppressing 
higher-order  wavelength  contaminations.  The  angular  colli- 
mations  used  v/crc  40'  in  front  of  the  monochromator,  and 
‘18'-48'  before  and  after  the  sample  position,  respectively. 
No  analyzer  crystal  was  used  in  tliese  measurements. 

The  magnetic  signal  was  .isolated  from  the  nuclear  one 
by  subtracting  the  dat  i  collected  at  high  temperatures  from 
the  data  taken  at  low  temperatures.'  Figure  1  shows  the  mag¬ 
netic  Bragg  peaks  thus  obtained  at  7"=  1 , 4  K,  where  the 
diffraction  pattern  taken  at  7=  1 K,  serving  as  the  nonmag¬ 
netic  “background,”  has  been  subtracted  from  the  data.  The 
indices  shown  are  based  on  the  Pr  chemical  unit  cell.  The 
underlying  spin  structure  of  Pr  hence  consists  of  the  nearest- 
neighbor  .-.pins  that  are  aligned  antiparallel  along  all  three 
crystallographic  direciions.  This  is  the  same  type  of  spin 
structure  found  in  Pr  1.2:3^  and  Pr  12. 1;2.’ 

The  widths  of  the  observed  magnetic  peaks  nre  much 
broader  than  the  instrumental  resolution,  whivh  indicates  a 
short-range  ordering  of  the  Pr  spins.  Short-range  correlations 
along  the  c-axis  direction  and  long-range  correlations  within 
the  ah  plane  can  be  expected,  since  the  nearest-neighbor  dis- 
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FIG  1.  Magnetic  intensities  observed  in  PbiSrjPrCujO,,  at  T-  1.4  K,  where 
the  indices  shown  arc  based  on  the  Pr  chemical  unit  cell.  The  Pr  spins  order 
antifcrrumagnctically  along  all  three  crystallographic  directions.  The  solid 
curve  is  a  fit  to  the  data  assuming  long-range  order  in  the  ab  plane  and  a 
short-range  correlatiu.i  length  .,^.  =  20  A  along  the  c  axis, 


lance  along  the  c  axi.s  is  more  than  four  times  that  in  the  ah 
plane.  The  solid  line  shown  in  Fig.  1  is  a  fit  to  the  thcoreticai 
curve,  assuming  long-range  correlations  in  the  ab  plane  ano 
short-range  correlations,  with  a  correlation  length  -  20  A, 
along  the  c  axis  and  a  moment  pointed  along  the  c-axis  di¬ 
rection.  I  a  generating  the  fitted  curve  we  adopt  Warren’s  ap¬ 
proach  "  of  averaging  the  scattered  intensity  for  a  2D  powder 
sample  over  all  possible  orientations  in  reciprocal  space,  and 
in  addition  allow  for  the  presence  of  finite  correlations  along 
the  third  axis.^  In  comparison  with  the  Pr  ordering  in  Pr  1:2:3 
and  Pr  J:2:l:2,  the  Pr-Pr  coupling  remains  antiferro.magnetic 
and  the  2D  character  becomes  more  pronounced  in  Pr  2:2: 1:3 
likely  due  to  the  larger  spacing  between  the  Pr-Pr  atoms 
along  the  c  axis.  This  crystallographic  character  results  in  a 
reduction  of  the  hybridization  between  the  Pr  ions  that  are 
mediated  through  the  copper-oxygen  layers  between  them. 

Figure  2  shows  the  temperature  dependence  of  the  {555} 
peak  intensity,  and  reveals  a  typical  order  parameter  with  a 
Meel  temperature  of  7’^==' 7  K.  This  ordering  temperature  of 
the  Pr  spins  is  a  factor  of  2  smaller  than  that  found  in  Pr 
1:2:3:7  K)  and  is  close  to  that  found  in  Pr  l:2:l:.i 

K).  The  ordering  temperature  of  Pr  is  still  much  too 
high  for  purely  dipolar  interactions  to  explain. 

The  ac-susceptibility  measurements  were  performed  us¬ 
ing  a  Lake  Shore  7221  ac  siisceptometer.  Data  were  collected 
with  an  alter:;ating  magnetic  field  of  strength  1  Oc  and  fre¬ 
quency  250  Hz.  A  portion  of  the  real  part  of  the  measured 
XicCn  shown  in  Fig.  3(a),  and  the  temperature  depen¬ 
dence  of  its  derivative  IdT  is  shown  in  Fig.  3(b).  The 
magnetic  transition  is  clearly  .seen  with  a  K  deter¬ 

mined  to  be  as:  the  relative  minimum  in  the  dx^JdT  vs  T 
plot.  A  cusp  in  the  Xac'^  curve,  which  is  typical  of  antiferro- 
nisrgnetic  ordering,**  is  also  evident.  These  results  are  consis¬ 
tent  with  that  obtained  from  neutrsin-diffraction  measure¬ 
ments.  We  note  that  negative  values  for  were  obtained  011 
the  high-temporature  side  shov/n  in  Fig.  3(a).  This  is  due  to 
the  Meissner  diamagnetism  cif  the  superconducting  state 
present  in  the  compound.  The  interplay  between  the  Pr  m.ig- 


netism  and  superci^nductivity  is  the  subject  in  a  separate 
study.’ 

In  conclusion,  we  have  studied  the  magnetic  ordering  of 
the  Pr  spins  in  Pr  2:2: 1:3  by  neutron-diffraction  and  ac- 
susccptibility  measurements.  At  7“=  1 .4  K,  v.  hich  is  well  be¬ 
low  the  observed  ordering  temperature  of  7’/v‘**7  K,  an  iin- 
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Temperature  (K) 


FIG.  3.  A  poition  of  the  measured  ac  susceptibility  l  and  its  tempera¬ 
ture  derb alive  dxJilT  plotleii  against  tcmpcratlie.  The  transition  tempera¬ 
ture  is  determined  to  be  at  the  relative  minimum  in  the  dxJdT  vs  T  plot, 
which  "F'es  Tf/’=’7  K.  This  T^,  is  censistent  with  the  ordering  temperature 
obtained  from  the  data  shown  in  Fig.  2. 
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perfect  3D  ordering  of  the  Pr  spins  was  observed,  with  long- 
range  correlations  in  the  ah  plane  and  short-range 
correlations  along  the  c  axis.  The  2D  behavior  is  believed  to 
arise  naturally  from  the  crystallograpnic  structure,  and  results 
in  a  reduction  of  the  hybridization  between  the  Pr  ions  in  the 
present  system.  The  ordering  temperature  observed  is  still 
much  too  high  for  purely  dipolar  and  RKKY  interactions 
may  be  anticipated. 

The  Tb  ions  in  the  isostructurai  compound  Tb  2:2;  1:3 
were  found’“  to  order  at  Ti^^5,5  K.  Even  at  T-- 1.4  K  the 
ordering  of  the  Tb  spins  is  still  purely  2D  without  any  cor¬ 
relation  found  along  the  c  axis.  It  is  then  clear  that,  in  the 
2:2: 1:3  system  the  coupling  between  tiic  Pr  atom?  is  much 
stronger  than  between  the  Tb  atoms  along  all  three  crystal¬ 
lographic  directions.  Moreover,  short-range  correlations  be¬ 
tween  the  Pr  spins  hare  also  been  observed''  in  the 
PrBa2Cu30fi2  compr)und,  which  suggests  that  the  oxygen 
concentration  may  also  have  important  influence  on  the  Pr 
hybridization  along  the  c  axis.  A  study  of  the  effects  of  the 
oxygen  concentration  on  the  Pr  ordering  in  the  2:2: 1:3  sys¬ 
tem  should  give  further  information  on  the  nature  of  the  Pr 
hybridization. 
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Annealing  temperature  and  O2  partial  pressure  dependence 
of  Tc  in  HgBa2Cu04+^ 

Q.  Xiong,  Y.  Cao,  F.  Chen,  Y.  Y,  Xue,  and  C.  W.  Gnu 

Depurlmeni  of  Physics,  Tcx'is  Center  fot  Supcrcomluctivity  at  the  University  of  Houston, 

Houston,  Texas  77204-5932 

Samples  of  HgBajCuOm  ,5  (Hg-12()l)  v.'cre  annealed  under  various  conditions.  After  carefully 
controlling  annealing  time,  annealing  teiiiperalurc  {T„),  and  partial  pressure  (/’o),  we  were  able 
to  find  the  reversible  annealing  conditions  for  Hg-12()l.  Under  1  atm  O,  at  2(i()  °C«7’„ss4()0  °C,  the 
obtained  T^.  is  nearly  the  same  (—97  K).  However,  it  decreases  quickly  with  7',,>30()°C  in  high 
vacuum  (/’o  —  lO  **  atm),  and  reaches  zero  at  °C.  On  the  other  hand,  7',.  decreases  with  the 

decrea,se  of  T„  in  high-pressure  Oj  (—SOO  atm)  and  reaches  ~2{)  K  at  about  240  °C.  In  the  entire 
annealing  region,  the  oxygen  surplus  varies  significantly  from  0.03  to  0.4,  and  a  wide  range  of  7',. 
variation  (0— *97  K-*2()  K)  was  obtained  with  anion  doping  alone. 


Hg-1201  has  a  very  simple  cry.stal  structure'  and  the 
highest  (—97  K  at  the  optimal  doping  level)  among  all  the 
single  CuOi-layer  high-temperature  superconductors  (HTSs). 
Its  simplicity  makes  it  an  ideal  system  for  use  in  verifying 
theoretical  models.  For  this  purpose,  doped  samples  with  a 
wide  T,.  range  to  cover  both  the  insulator-superconductor 
transition  on  the  underdoped  side  and  the  superconductor- 
metal  transition  on  the  overdoped  side  arc  desirable.  Many 
groups  around  the  world  raced  to  achieve  that  by  annealing 
the  as-synthesizcd  samples  in  reduced  or  oxygenated  gases. 
However,  only  limited  results  have  been  reported  so  far,  par¬ 
tially  due  to  Hg  kiss  in  this  compound  at  elevated  tempera¬ 
tures.  Wagner  ct  al}  reached  7',. -50  K  through  reducing  an¬ 
nealing  in  Ar  at  500  "C.  Itoh  et  aU  report  at  higli-pre.ssure 
O2  annealing  only  produced  a  moderate  change  of  7’,.  (—85 
K  on  the  overdoped  side).  The  search  for  a  wider  T\.  range 
has  been  obstructed  by  the  decomposition  of  the  compound 
above  500  “C  By  studying  the  stability  and  the  oxygen  bal¬ 
ance  conditions,  w.e  explored  a  much  wider  annealing 
temperature-oxygen  pressure  region.  The  reversible  anneal¬ 
ing  conditions  were  establishi.'d.  We  obtained  underdoped 
samples  with  as  low  as  z.ero  (insulator)  and  heavily  over- 
doped  samples  with  T,,— 20  K.  In  other  wa  rds,  the  obtained 
samples  cover  nearly  the  whole  insulator-supercoiiductor- 
nornial  metal  phase  region.  This  enables  us  to  further  study 
the  superconductivity  of  this  compound  in  detail. 

Hg-1201  samples  were  prepared  by  reacting  a  precursor 
peliet  of  Ba2CuOj  and  a  composite  Hg  soujce.  The  precursor 
pellet  is  obtained  by  mixing  appropriate  amounts  of  DaO  and 
CuO  in  an  alumina  crucible  in  a  flowing  mixed  gas  of  Ar:0 
at  a  ratio  of  4: !  at  930  °C  for  a  total  of  24  n  with  intermittent 
grinding  once  every  8  h.  The  composite  Hg  source  used  in 
this  study  was  a  prereacled  Hg  1. '2:0:1  pellet  made  by  com¬ 
pacting  the  thoroughly  mixed  HgO  and  pulverized  precursor 
powder.  A  sniaJ!  precursor  pellet  and  a  large  composite  Hg 
.source  are  sealed  inside  an  evacuated  quartz  tube,  heated  to 
about  810  °C  and  kept  at  this  teniperaturc  for  8  h  before 
being  cooled  to  room  temperature.  Samples  with  different 
oxygen  content  were  obtained  by  heating  the  as-synthesized 
samples  at  different  tempcratu'.es  and  oxygen  partial  pres¬ 
sures  for  appropriate  peviorls  of  time,  llnderdoped  .saiiip!c:s 
were  prepared  by  heating  the  sample  in  vacuum  at  tempera¬ 


tures  between  250  and  500  °C  fcii  20-80  h.  Overdoped 
samples  were  obtained  by  heating  the  as-synthesi:zcd  com¬ 
pound  for  10-240  It  at  tcmpciii.turcs  between  240  and  400  °C 
and  at  an  oxygen  pressure  ihat  was  between  1  and  500  bar. 
The  structure  was  characterized  by  x-ray  powder  diffraction 
(XRD)  and  neutron  powder  diffraction  (NPD).  7’,.  were  de- 
ternuned  by  both  the  dc  magnetic  susceptibility  method  us¬ 
ing  a  Quantum  Design  superconducting  quantum  interfer¬ 
ence  device  (SQUID)  magnetometer  and  the  electrical 
resistivity  method  using  the  standard  four-probe  technique. 

We  knew  beforehand  that  t.here  arc  two  things  which 
may  effect  the  7’,.  of  Hg-1201,  oxygen  content  and  mercury 
I0.SS.  We  tried  to  find  annealing  conditions  which  allowed 
any  changes  in  .sample  structure  and  7',.  to  remain  reversible. 
We  found  that  long  annealing  times  and  high  temperatures 
lead  to  mercury  loss  and  sample  decomposition.  Figure  1(a) 
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HCi.  3.  3VP'‘-'<4  reiiistivily  cintii  Uikcti  from  our  Mg- 1 20 1  siimplcs.  Line  1  wus 
(liken  inimediutely  ufter  the  sample  wus  synthesized,  Line  2  shows  datu 
taken  after  a  240  °C,  high-pte.ssure  (/’  =  S()0  bar)  anneal.  Line  3  wus  taken 
after  an  anneal  in  I  atm  of  oxygen  at  300  °C. 


FICI.  2  (a)  The  XI’D  piitlern  of  a  Hg- 1201  sample  before  annealing,  (b)  The 
XPI)  pattern  of  a  |-Ig-i2(ll  sample  after  three  duy.s  of  vacuum  annealing  at 
400  ■■'C. 


is  the  data  taken  from  a  sample  immediately  after  it  was 
synthesized,  It  is  almost  single  phase.  .Kigure  1(b)  is  data 
taken  from  a  .sample  ufter  annealing  in  Ar  at  500  °C  f«i  20  h. 
A  small  amount  of  impurities  show  up.  Figurts  1(c)  is  data 
taken  from  a  sample  after  annealing  in  Ar  at  500  ®C  for  about 
four  days.  Many  impurities  now  appear.  After  carefully  con¬ 
trolling  annealing  time  and  temperature,  v/e  were  able  to  find 
the  reversible  annealing  conditions  for  Hg-1201.  Some  typi¬ 
cal  x-ray  data  are  siiown  in  Fig.  2.  Figure  2(a)  was  taken 
before  annealing  and  Fig,  2(b)  v/as  taken  after  three  days  of 
aimcaling  in  vacuum  at  400  °C.  These  data  iiidicale  that  the 
.s.ample  still  bad  a  single  Hg-  i  20 1  phase  after  the  anneal.  The 
slight  shift  in  the  peaks  was  caused  by  the  change  in  lattice 
parameters  that  arose  from  the  change  iti  oxygen  content  of 
the  sample.  It  is  clear  that  the  change  in  structure  is  revers¬ 
ible  under  these  conditions. 

Figure  3  shows  resistivity  data  for  one  of  our  samples. 
Line  1  is  d,ata  taken  from  the  s.ample  immediately  after  it  was 
synthesized.  Line  2  is  data  taken  after  a  240  °C,  high- 
pressure  (P-500  bar)  anneal.  After  this,  we  annealed  the 
sample  again  in  one  atmo.sphere  of  oxygen  at  300  "C,  Resis¬ 
tivity  data  taken  .after  this  second  annealing  are  plotted  here 
as  line  3.  These  data  show  that  the  change  in  T^.  was  revers¬ 
ible  and  the  ’J\.  drop  v.a::  caused  by  oxygen  doping  alone. 
The  small  transition  bioadening  and  change  in  resistivity 
were  probably  due  to  mercury  loss  between  boundaries.  The 
Meissner  effect  of  tills  sample,  which  is  shown  in  the  inset  of 
Fig.  3,  is  also  consistent  with  this  point. 

The  reversible  annealing  conditions  are  summarized  in 
Fig.  4.  The  annealing  time  t,  whict)  should  be  long  enough  to 
le!  oxygen  teach  an  equilibrium  state  but  avoid  significant 
.Hg  loss,  is  about  10-240  h,  depending  on  the  annealing  en¬ 


vironment.  The  7',.  corresponding  to  the  desired  T^-  logP,, 
conditions  arc  obtained  by  interpolation.  From  the  thermody¬ 
namic  viewpoint  an  increase  in  annealing  temperature  should 
result  in  a  decrca.se  in  oxygen  content  If  the  oxygen  partial 
pressure  is  held  constant.  An  increase  in  oxygen  content 
.should  result  from  an  increase  in  oxygen  partial  pressure  if 
the  annealing  temperature  is  kept  con.stant,  When  the  sample 
is  annealed  in  vacuum  (10  ”  atm)  1\.  decreases  when  the 
oxygen  content  decreases.  This  indicates  that  the  .sample  is  in 
its  underdoped  region.  T,.  increases  with  increasing  anneal¬ 
ing  temperature  when  the  sample  is  ani;cuiecl  in  high- 
pressure  oxygen  (5X10^^  atm).  This  means  that  the  sample 
is  in  the  overdoped  region.  7*,,  is  nearly  the  .same  over  the 
range  250-400  "C  in  1  atm  of  pure  Oj.  We  were  able  to 
obtain  7’,.’s  ranging  from  0  in  the  underdoped  region  to  97  K 
(optimal),  tlten  back  down  to  20  K  in  the  overdoped  'egion. 
According  to  an  earlier  study, '*  when  the  oxygen  partial  p.res- 
sure  is  changed  from  1  to  10  atm  the  oxygen  content 
changes  by  about  0.4  for  Y123,  This  means  that  the  oxygen 
contc'it  is  .sensitive  to  the  oxygen  partial  pressure  in 


.0  250  *  > 


I'Ki.  4.  3-0  7,  vs  (/„ ,  log  />„)  for  Hg-12()l. 
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YBa2Cu307-^  (Y123).  Comparing  the  annealing  conditions 
with  our  thermogravimetric  analysis  and  MPD  results,’  we 
found  that  when  Po  changes  from  5X10'‘  to  10  *^  atm,  S 
changes  by  about  0.4.  This  shows  that  the  S  range  is  (Xtf 
<0.4,  which  is  similar  to  that  in  Y123  but  depends  only 
weaKly  on  Pq,  which  contrasts  with  Y123.  The  carrier  con¬ 
centration  p  has  been  determined,  based  on  the  room- 
temperature  thermoelectric  power  and  roughly  follows 
p~0.72S;  details  will  be  published  elsewhere.’ 

In  summary,  we  have  explored  the  reversible  annealing 
conditions  for  Hg-1201  and  obtained  a  f,.  that  covers  the 
widest  variation  ever  by  anion  doping  only.  Though  the  S 
range  in  Hg-1201  is  similar  to  that  in  Y123  we  found  that  the 
sensitivity  of  S  to  changes  in  oxygen  partial  pressure  is  much 
smaller  than  in  Y123. 
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Penetration  of  eiectromagnetic  fields  into  sUf^erconductors  with  gradual 
resistive  transition 

I.  D.  Mayerqoyz 

Electrical  Engineering  Department  and  Institute  for  Advanced  Computer  Studies,  University  of  Maryland, 

College  Park,  Maryland  20742 

The  penetration  of  electromagnetic  fields  into  superconductors  is  studied  for  the  case  of  gradual 
resistive  transition  described  by  the.  “power  law.’’  Simple  self-similar  solutions  are  lirst  found, 
which  are  then  used  to  further  generalize  the  Bean  (critical  state)  model  of  superconducting 
hysteresis. 


It  is  wcil  known  that  models  for  superconducting  hyster¬ 
esis  are  based  on  the  analytical  study  of  penetration  of  elec¬ 
tromagnetic  fields  into  hard  superconductors.  In  the  critical 
state  model, this  study  is  performed  under  the  assumption 
of  ideal  (sharp)  resistive  transition.  However,  actual  resi.stive 
transitions  are  gradual  and  it  is  customary  to  de.scnbc  them 
by  the  following  power  law; 


(«>  1), 


(1) 


where  E  is  electric  field,  J  is  current  density,  and  k  is  some 
parameter  which  coordinates  the  dimensions  of  both  sides  in 
expression  (1). 

The  exponent  “.'i”  is  a  measure  of  the  sharpness  of  the 
resistive  transition  and  it  may  vary  in  the  range  4-1000. 
Initially,  the  power  law  wait  regarded  only  as  a  reasonable 
empirical  description  of  the  resistive  transition.  Recently, 
there  has  been  a  considerable  research  effort  to  justify  this 
law  theoretically.  As  result,  models  based  on  Josephson- 
jufiction  coupling,'  sa.usaging,'*  and  spatial  distribution  of 
critical  current'*’  have  been  proposed.  In  the  paper,  the  power 
law  is  used  as  a  constitu,tive  equation  for  hard  superconduct¬ 
ors,  It  is  easy  to  show  (in/  using  Maxwell’s  equations)  that 
this  constitutive  relation  leads  to  the  foilowing  ncnlineur  par¬ 
tial  differential  equation  for  the  current  density: 


rfj"  dl 


(2) 


Wc  shall  first  consider  the  solution  of  this  equation  for  the 
foilowing  boundary  and  initial  conditions: 

J(0,/)-=cf'’,  (f^t),/r>0),  (3) 


current  density  for  arbitrary  monotonically  increasing  bound¬ 
ary  conditions.  This  will  result  in  very  simple  analytical  so¬ 
lutions. 

The  initial-boundary  value  problem  (2)-(4)  can  be  re¬ 
duced  to  the  boundary  value  problem  for  an  ordinary  differ¬ 
ential  equation.  This  reduction  is  based  on  the  dimensionality 
analysis  of  Eqs.  (2)  and  (3).  This  analysis  leads  to  the  con¬ 
clusion  that  the  following  variable  is  dimensionless; 


C= 


where 


m  - 


p(n~  ])-t- 1 
2 


(5) 


(6) 


By  using  this  dimensionless  variable,  we  look  for  the  self- 
.similar  .solution  of  initial  boundary  value  problem  (2)-(4)  in 
the  form 


J{z,t)  =  cE'f{C),  (7) 

where  /(f)  is  a  dimensionlfcss  function  of  f.  By  substituting 
Eq,  (7)  into  Eq.  (2),  after  simple  transformations  we  end  up 
with  the  following  ordinary  differential  equation: 

dY  df 


(8) 


It  is  apparent  that,/(e;r)  given  by  expression  (7)  will  satisfy 
boundary  and  initial  conditions:  (3)  and  (4)  if  /  satisfies  the 
boundary  conditions: 

/(())=  i.  (9) 

/(=^)-0.  (10) 


I 


7(z,0j  =  0  (2>0).  (4) 

It  is  worthwhile  to  note  here  that  the  choice  .of  the  above 
boundary  conditions  is  dictated  by  considerations  of  finding 
simple  analytical  solutions.  It  may  seem  at  first  that  the.se 
boundary  conditions  are  of  very  specific  nature.  However,  it 
can  be  remarked  that  these  boundary  conditions  do  describe 
a  wide  class  of  monotonically  increasing  functions  as  p  var¬ 
ies  from  0  to  “  (see  Fig.  1).  It  will  be  shown  below  that  for 
all  these  b.oundaiy  conditions  the  profile  of  electric  current 
density  as  a  function  of  z  remain.s  practically  the  same.  This 
observation  will  suggest  to  use  the  same  profile  of  electric 


I'lG.  i,  IJouiuiiiry  conUitioti.s  foi  tlw.  current  dtii.siiy. 
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'ihus,  the  initial-boundary  value  problem  (2)-(4)  is  reduced 
to  the  boundary  value  problem  (8)-(10)  tor  the  ordinary  dif¬ 
ferential  Eq.  (8).  It  can  be  proven  that  this  nonlinear  differ¬ 
ential  equation  has  the  following  group  property:  if  /(^)  is  a 
solution  to  Eq.  (8),  then 

F(  (11) 

is  also  a  solution  to  this  equation  for  any  constant  X.  This 
property  can  be  utilized  as  follows.  Suppose  that  we  have 
.solution  fii)  to  Eq.  (8)  which  satishos  the  boundary  condi- 


tiofi  (10),  however 

/(0)  =  u^l. 

(12) 

Then,  by  using  X=a''”'^’,  we  find  that 

/(0=^/(^'"“'’''d') 

(13) 

is  the  solution  to  Eq.  (8)  which  satisfies  Eq.  (10)  as  well  as 
Eq.  (9).  Thus,  we  can  first  find  a  solution  to  Eq.  (8)  subject  to 
boundary  condition  (10),  then,  by  using  transformation  (11), 
we  can  map  this  solution  into  the  solution  which  also  satis¬ 
fies  the  boundary  condition  (9). 

It  can  be  shown^’  that  a  solution  to  Eq.  (8)  .satisfying  the 
boundary  condition  (10)  has  the  form 


/({)=  if  O^i'^l, 
io,  iff>l. 

(14) 


By  substituting  Eq.  (14)  into  Eq.  (8),  after  simple  but  lengthy 
transformations,  we  find 


b  = 


m{n  -  1) 


i/()i-i) 


(15) 


_p{n  -  \  )~m 
2mnin-\)’ 


(16) 


1)2= 


l-h^/?,[(2n-l)(3;i-2)-4/i] 

^2^U 


(171 


It  is  clear  that 

f{0)=-b{\+hi+b2+---)-i^l.  (18) 

This  difficulty  is  overcome  by  using  transfotmation  (11)  with 

X  =  [/>(l-l-(),  +  fc2+---)J'""‘’'^.  (19) 

Thi'  leads  to  the  following  solution  of  the  boundary  value 
prob!;m  (8)-(l()): 


no- 


I,  l+b^{l-\0  +  b2{l-K0^+--- 

l+b|  4-/^2 


if  0^X^<1, 
0,  ifX^>l. 


(20) 


The  hist  exprc.ssion  can  be  simplified  by  exploiting  the  fact 
that  the  exponent  n  in  the  power  law  i.s  usually  greater  than 
4.  This  simplification  can  be  accomplished  by  u:-ing  the  fol¬ 
lowing  inequalities  for  b ,  and  b2  which  can  be  easily  derived 
from  Eqs.  (6),  (16)  and  (17): 


l''IO,  2.  DisUibulions  of  electric  current  density  and  magnetic  Held  inside  the 
superconducting  half-space. 


1 


"''2/i(«-l)’ 

1 


-f- 


1 


(21) 

(22) 


^ 6(/i  -  1  )(2«- l)rt  '  8(n-l)M' 

From  the  above  inequalities,  for  we  f'nd 

l/;i|=e0.042,  IbjI^O.OOb.  (23) 

This  suggests  the  following  simplification  of  solution  (20): 

if  0=sf<  \ln/m{n~\),  (24) 


no- 


0,  if  1). 


By  substituting  Eq.  (24)  into  Eq.  (7)  and  talcing  into  account 
Eq.  (5),  we  end  up  with  the  following  analytical  expression 
for  the  current  density: 


cf/'j 

z  V 
/  df'l 

.0, 

if  z'^dt'" 

J{z,t)  = 


where 

a  -  1)]  . 


if  z^dt"', 


(25) 


(26) 


The  close  examination  of  .self-similar  solution  (25)  leads  to 
the  following  conclusion:  in  spite  of  the  wide  range  of  varia¬ 
tion  cjf  boundary  conditions  (3)  (see  Fig.  1),  the  profile  of 
electric  current  density  J(z,i)  remain.s  approximately  the 
samr..  For  typical  values  of  n  (usually  n>7),  this  profile  is 
very  cio.se  to  a  rectangular  one.  This  suggests  that  the  actual 
profile  of  electric  current  density  will  be  close  to  a  rectangu¬ 
lar  one  for  any  inonotonically  increasing  boundary  condition 
./()(/)  =7(0, f).  Thus,  we  errive  at  the  following  generaliza- 
fion  of  the  critical  state  mode!. 

Cuirent  density  J(z,l)  has  a  rectangular  profile  with  the 
height  equal  to  the  instantaneous  value  JJt)  of  electric  cur¬ 
rent  density  on  the  boundary  of  superconductor  (see  Fig.  ?). 
Magnetic  field  H(z,t)  Ita.s  a  linear  profile  with  a  slope  deer- 
mined  by  instantaneous  value  of.l()(t). 

To  better  appreciate  the  above  generalization,  we  remind 
that  in  the  critical  slate  model  the  current  has  a  rectangular 
profile  .if  constant  (in  time)  height,  while  the  magnetic  field 
has  a  linear  profile  with  constant  (in  time)  slope. 

For  the  zero  front  of  the  profile  we  have 
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(27) 


(32) 


Zo(0  = 


Ho(t) 

Mt)  ■ 


c/y" ' 

~lu~ 


2(ri+l) 

Mo*" 


However,  Ho(t)  and  JqC*)  “ot  simultaneously  known. 
For  this  reason,  we  intend  to  find  JqCO  terms  of  //n(f)-  To 
this  end,  we  multiply  Eq.  (2)  by  z  and  integrate  from  0  to 
Z(](r)  with  respect  to  z  and  from  0  to  r  with  respect  to  t.  After 
simple  transformations,  we  arrive  at  the  following  expres¬ 
sion: 

f'ob)  f'  . 

Mo*"  zJ{z,t)dz=  \  Jo{T)dT.  (28) 

Jo  Jo 

By  using  in  Eq.  (28)  the  rectangular  profile  approximation 
for7(z,r),  we  obtain 


By  integrating  Eq.  (32)  and  by  using  Eq.  (31),  we  arrive  a: 
the  following  expression  for ./(,(/): 


do(0  = 


_ Hlit) _ 

{[(2(«  +  l)/Mo*'')]/uWo''(^)rfT}‘'‘'‘^'' 


(33) 


By  substituting  Eq.  (33)  into  Eq.  (27),  we  find  the  following 
expression  for  zero  front  z^^{t)  in  terms  of  the  magnetic  field, 
//o(r),  on  the  boundary  of  superconductor: 


Zo(t)  ~ffo(0 


2(/i-t-l) 


\‘Hl''{T)dr 

Jo 


l/(n+  1) 


(34) 


Mo*" 

2 


j  o(OZo(0 


(29) 


By  substituting  Eq.  (27)  into  Eq.  (29),  we  find 


Mo*"  d 


Hlit) 

JoiO 


=dJ5(r). 


2  dt 

By  introducing  a  new  variable 

Hid) 


y(0= 


Mt)  ’ 


(30) 


(31) 


we  can  represent  Eq.  (30)  as  the  following  differential  equa¬ 
tion  with  respect  to  y{t): 


This  concludes  our  discussion  of  penetration  of  electromag¬ 
netic  fields  into  superconductors  with  gradual  resistive  tran¬ 
sition. 
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Study  of  the  frequency  and  low-field  dependence  of  ac  susceptibility 
in  YBaCuO 

M.  Zazo,  L  Torres,  J,  Iniguez,  C.  de  Francisco,®’  and  J,  M.  Munoz®' 

DepartameiUo  de  Fisica  Aplicada,  Univerxidtii  de  Satanumca.  F-3W7I  Salamanca,  Spain 

The  frequency  dependence  of  the  ac  sus  ceptibility  in  polycrystalline  samples  of  YBaCuO  has  been 
studied  at  the  ac  field  range  0.06-1,2  Oe.  The  curve  of  the  real  part  of  the  susceptibility  x'  exhibits 
two  drops,  the  first  one  close  to  7’,.  and  the  other  well  below  7’,.  which  could  correspond  to  .screening 
behavior  of  the  grains  and  grain  boundaries,  respectively.  The  imaginary  part  of  the  susceptibility 
shows  only  a  peak  below  T,.  which  is  related  to  hysteresis  lo.sscs  at  the  grain  boundaries.  The  peak 
corresponding  to  intragraiiis  hysteresis  losses  is  very  small  and  appears  masked  by  the  losses  of  the 
intergrains.  In  the  range  of  I  -20  kHz,  the  onset  temperature  of  x'  showed  no  frequency  dependence. 
However,  the  width  of  the  transition  decreases  lightly  and  there  is  a  small  shift  in  the  peak  of  y"  to 
higher  temperature  as  the  frcouency  increa.ses.  This  behavior  could  be  explained  in  terms  of  the 
thermally  activated  Anderson  flux  creep.  The  .shift  depends  on  the  amplitude  of  the  measuring  field. 

The  activation  energy  for  fiin;  creep  ranges  from  6.4  eV  at  0.02  Oe  to  3.2.1  eV  at  1.2  Oe  in  the 
zero-field-cooled  measurement,',  and  from  3.41  eV  at  0.02  Oe  to  1.41  eV  at  1.2  Oe  in  the  field-cooled 
.rieasurements. 


I.  INTRODUCTION 

The  ac-susceptibility  method  is  one  of  the  conventional 
methods  used  to  study  the  properties  of  high-7’,,  supercon- 
di’ctors  (HTCSs).'  "'’  In  this  pjper,  we  present  measurements 
of  tl'.e  zero-field-cooled  and  field-cooled  ac  susceptibility  of 
HTCS  samples  as  a  function  of  the  temp'crature,  frequency, 
and  ac  magnetic  field  amplitude.  The  real  part  of  the  suscep¬ 
tibility  x'  shows  two  drops  and  the  imaginary  exhibits  only  a 
peak.  This  peak  is  attributed  to  hysteresis  losses  at  the  inter- 
grains  The  peak  corresponding  lo  the  intragrain  is  ma,sked 
by  the  intergrain  losses  or  is  negligibly  small  in  the  fre¬ 
quency  and  field  measuring  range.  The  susceptibility  shows 
strong  dependence  with  ac  magnetic  field  as  well  as  with  the 
measuring  frequency.  There  is  a  small  shift  in  the  peak  to- 
w'trds  higher  temperatures  with  increasing  frequency  in  the 
1-20  kHz  range.  However,  the  peak  shills  lo  lower  tempera¬ 
tures  when  the  ac  magnetic  field  iiiciea.ses  from  <>.02  to  1.2 
Oe.  These  properliei  seem  related  ;u  the  dynamics  of  mag¬ 
netic  field  flux  motion  in  HTCS  naterials  which  is  not  yet 
completely  understood. 

The  variation  of  the  su.scepiibilily  with  the  frequency 
CGiil'J  be  explained  in  terms  of  the  flux  creep  at  the  grain 
bo  iridari  ’s.  We  have  studied  the  behavior  with  the  frequency 
follow  'ig  the  Anderson  theory'’  for  conventional  type-II  su¬ 
perconductors,  in  wl  ich  a  flux  vortex  can  jump  the  pinning 
barrier  (flux  creep)  by  means  of  the  thermally  activated  phe¬ 
nomena.  This  effect  is  thought  to  be  small  in  conventional 
type-11  supercon'hjclors  with  lower  critical  temperature,  hut 
at  the  considerably  higher  temperatures  of  HTCS  it  can  be 
importan..  We  circulate  the  flux  creep  activation  energies  at 
the  grain  boundaries  in  polycrystalline  YBaCuO  by  the 
.'Nnderson’s  model,  As  a  reference  point  for  specifying  the 
temperature  shifts  with  the  frequency  and  the  field  we  have 
u.sed  the  temperature  of  the  peak  in  x"- 
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11.  EXPERIMENTAL  DETAILS 

Polycrystalline  samples  of  YBajCu^O,  were  prepared  by 
the  usual  solid-state  sintering  method  using  CuO,  BaCOj, 
and  Y2O3  as  precursor  materials.  The  ac  susceptibility  was 
measured  by  the  mutual  inductance  method  with  the  applied 
ac  magnetic  field  parallel  to  the  long  axis  of  the  specimen  by 
means  of  a  controlled  current  of  variable  frequency  in  the 
coil  (5).  Secondary  voltage  of  a  mutual  induction  is  related  to 
the  susceptibility  x  of  the  sample  under  test.  Both  the  real  x' 
and  imaginary  part  components  of  the  complex  suscepti¬ 
bility  can  be  determined  from  the  coil  signal  by  phase  sen¬ 
sitive  techniques,  such  as  a  lock-in  amplifier  detector,  How¬ 
ever,  we  have  measured  directly  the  complex  mutual 
inductance  by  a  LCZ  bridge; 

W:=!^senj^  +  y)+y^cos(cp+|),  (1) 

where  |Z|  is  the  module  of  the  impedance  and  ip  is  the  phase 
angle  measured  by  the  bridge,  and  w  is  the  angular  fre¬ 
quency.  We  can  derive  the  two  components  of  the  ac  perme¬ 
ability  as 


12l 

(2) 

1^1 

(3) 

where  K  is  a  calibration  coefficient  for  the  coil  geometry. 
The  ac  permeability  components  arc  related  to  the  suscepti¬ 
bility  terms  as  /z'  =  l+,\''  and  p!'-x'. 

Zcro-licld-cooled  measurements  were  made  by  cooling 
the  .sample  at  7  /  K  without  any  field  while  in  the  field-cooled 
measurement  the  sample  was  cooled  under  dc  magnetic  field 
(220  Oe)  parallel  to  tlic  long  axis  of  the  specimen  and  then 
the  field  was  switched  off.  in  both  cases  the  measurements 
were  taken  while  warming  up  the  sample  from  77  K  to  tem¬ 
perature  over  T,  in  an  ac  field  ranging  from  0.02  to  1.6  Oe 
for  frequencies  frr.in  1  to  20  kHz. 
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FIG.  1,  vs  temperature  at  different  frequencies  (/i„„=0.()f)  Oe). 


III.  RESULTS  AND  DISCUSSION 

The  susceptibility  of  the  samples  shows  a  typical  depen¬ 
dence  on  temperature  in  which  we  can  see  two  drops  in  the 
curve  of  the  real  part  of  the  zero-tield-cooled  susceptibility 
Xzfc  (Fig-  i)-  In  il^  'urn,  the  curve  of  the  imaginary  part 
exhibits  a  peak  corresponding  to  the  drop  in  the  lower- 
temperature  region  of  ,Yzfc.  while  the  peak  close  to  T^.  asso¬ 
ciated  with  the  intragrain  losses  is  masked  by  the  intergrain 
peak  or  it  is  very  small  (Fig.  1).  The  field-cooled  suscepti¬ 
bility  presents  similar  results  but  the  width  of  the  diamag¬ 
netic  transition  in  x'  increases,  the  peak  broadens  and  the 
maximum  of  the  V'  shifts  to  lower  temperatures. 

Frequency  dependence  has  been  studied  in  the  range 
1-20  kHz  at  different  ac  magnetic  fields  parallel  to  the  long 
axis  of  the  specimen.  The  onset  temperature  of  x'  was  not 
modified  by  rising  the  frequency,  however,  the  width  of  tran¬ 
sition  'n  x'  decreased  lightly  and  there  was  a  shift  in  the  peak 
■  y'  to  higher  temperatures  (Fig.  1).  This  seems  a  clear 
indication  that  the  amount  of  magnetic  flux  penetrating  the 
superconductor  decreases  with  increasing  frequency. 

Wc  have  also  studied  the  dependence  with  the  ac  mag¬ 
netic  field  of  the  susceptibility  of  the  samples  in  the  range 
0.01-1.2  Oe.  The  critical  onset  temperature  of  the  diamag¬ 
netic  transition  does  not  change  when  increasing  the  mag¬ 
netic  field.  However,  the  saturation  of  diamagnetic  transition 


5  10  15  20 

Frequency  (kHz) 

FIG.  2.  v.s  frequency  ul  different  nc  magnetic  fields. 


FIG.  7j, '  vs  frequency  til  different  nc  magnetic  lieids. 
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and  the  peak  shift  towards  lower  temperatures  when  the 
magnetic  field  increases,  and  furthermore  the  peak  gets 
wider. 

As  was  stated  above,  we  have  used  the  temperature  of 
the  peak  (Tj,)  of  y'  for  specifying  the  shifts  with  the  fre¬ 
quency  and  ac  magnetic  field.  Figure  2  shows  the  frequency 
dependence  of  Tp  at  different  fields.  Tp  increases  with  the 
frequency  and  decrea.ses  with  die  magnetic  field.  This  behav¬ 
ior  could  be  explained  by  the  thermally  activated  flux  creep 
phenomenon  proposed  by  Anderson  for  conventional  type-ll 
superconductors.*’  It  is  to  be  remarked  that  flux  creep  is 
thought  to  be  a  small  effect  in  conventional  type-Il  supercon¬ 
ductor  while  in  HTCS  the  thermally  activated  creep  could 
have  a  significant  effect. 

According  to  the  Anderson  theory  the  jump  over  the  pin¬ 
ning  barriers  is  given  by  the  usual  Arrhenius  expression 

v=va  cxpi-UlkoT),  (4) 

where  is  a  characteristic  frequency  and  U  is  an  effective 
thermal  activation  energy,  which  includes  a  barrier  height 
and  a  field-dependent  force.  Anderson  and  Kim^  used  the 
linear  relation 

f/=f/„-|F|Vfl,  (5) 

where  Uq  was  presumed  to  be  the  effective  height  of  the 
energy  barrier  for  thermally  activated  motion,  |F|  is  the  Lor- 
entz  force  (JXB),  V  is  the  activation  volume,  and  a  is  the 
effective  geometrical  width  of  the  energy  barrier. 

In  Fig.  3  we  plot  l/Tp  vs  In  u  for  a  field  of  0.02  and  1.2 
Oe,  respectively.  Wc  have  fitted  these  curves  according  to 
expr  jssion  (4)  to  calculate  the  activation  energy  as  a  function 
of  the  magnetic  field.  The  energies  vary  from  6.4  cV  at  0.02 
Oe  to  3.23  eV  at  1.2  Oe  in  the  zero-field-cooled  measure¬ 
ments.  These  values  are  comparable  to  those  observed  by 


Nikolo  and  Godfard'’  and  by  Dhingra  and  Das‘*  with  other 
measuring  conditions.  As  the  field  increases,  the  Loreniz 
force  (jXB)  incrca.scs,  the  thermal  activation  t.nergy  de¬ 
creases  and  more  flux  vortices  get  depinned  during  the  field 
cycle  which  is  according  to  the  Anderson-Kim  model. 

In  a  similar  way  we  have  measured  the  activation  energy 
corresponding  to  ;yf,. .  In  this  case,  the  activation  energy  var¬ 
ies  from  about  3.41  eV  at  0.02  Oe  to  1.41  eV  at  1.2  Oe.  The 
activation  energies  are  lower  than  in  the  zcro-field-cooled 
measurements  due  to  the  effect  of  two  contributions;  the  ac 
magnetic  field  and  the  dc  magnetic  flux  trapped  when  the 
sample  was  cooled. 

IV.  CONCLUSIONS 

The  width  of  the  diamagnetic  transition  decreases  and 
the  peak  related  with  the  intergrain  losses  shifts  lightly  to 
higher  temperatures  with  increasing  frequency.  This  could  be 
demonstrative  that  the  magnetic  flux  in  the  grain  boundaries 
decreases  with  the  increasing  frequency.  The  shift  of  the 
peak  in  y'  has  been  studied  by  means  of  the  Anderson’s 
theory  of  the  flux  creep.  The  activati.on  energies  take  values 
in  the  range  of  6.4-3.23  eV  for  applied  field  0.02-1.2  Oe, 
These  values  of  the  activation  energies  decrease  when  the 
sample  is  cooled  under  a  dc  magnetic  field, 
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Effects  of  Ga  doping  on  the  magnetic  ordering  of  Pr  in  PrBa2Cu307 
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H.  L  Tsay  and  H,  D.  Yang 

Department  of  Physics,  National  Sun  Yat-,Sen  University,  Kaohsiiing,  Taiwan  S0424,  Republic  of  China 

Neutron-diffraction  and  ac-susceiilibility  measurements  have  been  performed  to  study  the  effects  of 
Ga  doping  on  the  magnetic  oi dering  of  the  Pr  in  PrBaiiCU] .  jGaj.)!07.  The  Ga  atoms  preIVtentially 
replace  the  Cu  atoms  in  tlie  CuO-chain  layers,  and  this  substitution  is  found  to  decrease  the 
antiferromagnetic  ordering  temperature  as  the  Ga  concentration  is  increased.  In  addition,  the  spin 
arrangement  along  the  c  axis  is  found  to  change  from  nearest  neiglibors  being  antiparallc!  for  .v-0 
to  nearest  neighbors  being  parallel  for  x  =().()8  (24%  Cu  chain  substitution);  for  an  intermediate  a-  of 
0,04  a  mixture  of  the  two  spin  structures  is  observed.  The  susceptibility  results  exhibit  Curie-Weiss 
behavior  above  T yy ,  and  departures  from  this  behavior  in  the  ordered  state. 


Among  high-T,.  oxides,  PrBa2Cu707  has  attracted  con¬ 
siderable  attention  bee  mse  of  its  unexpected  electric  and 
magnetic  properties.  The  introduction  of  Pr  in  YBaiCu^Ov 
suppresses  superconductivity,''"  the  Pr  ions  have  a  Neel  tem¬ 
perature  as  high  as  17  K,  and  an  ordered  moment  as  small  as 
0.74/u,b  It  is  thus  clear  that  interactions  other  than  dipolar 
are  responsible  for  the  Pr  magnetism.  If  superexchange  is  the 
dominant  key,  then  those  atoms  located  between  the  Pr  atoms 
may  also  play  important  roles  in  Pr  magnetism.  An  undcr- 
.standing  of  the  coupling  between  the  Pr  atoms  and  the  inter¬ 
mediate  atoms  located  between  them  is  then  e.ssential  to  a 
full  understanding  of  the  interactions  involved. 

'T'here  are  three  different  types  of  layers  of  atoms  that  arc 
located  between  the  Pr  atoms  in  PrBa2Cui07:  the  CuO-chain 
layer,  the  Cu02-plane  layer,  and  the  BaO  layer.  Metallic  dop¬ 
ing  with  Zn  atoms,  which  substitutes  for  the  Cu  atoms  lo¬ 
cated  in  the  Cu02-plane  layers,  causes  the  spin  arrangement 
of  Pr  along  the  c  axis  to  realign  from  antiparallel  to  parallel, 
without  affecting  its  ordering  temperature  significantly.'*  On 
the  other  hand,  a  full  replacement  of  the  CuO-chain  layers  by 
TIO  layers,  i.e.,  PrBa2(TlCu2)07,  does  not  alter  the  spin 
structure  of  Pr  but  reduces  its  ordering  temperature  by  a  fac¬ 
tor  of  2,''' 

!n  this  paper  we  report  neutron-diffraction  and  ac- 
susceptibility  measurements  made  on  the 
PrBa2(Cui...j.Ga,.)307..  compounds  to  examine  the  effecis 
of  Ga  doping  on  the  ordering  of  t',.  Pr  spins.  The  Ga  atoms 
replace  the  Cu  atoms  looted  in  the  CuO-chain  layers.  Two 
systems  with  a  -0.()4  and  0,08  (12%  and  24%-  reiilacemcnt. 
respectively)  were  studied,  and  we  found  that  both  the  spin 
structure  and  the  ordering  temperature  of  Pr  ions  are  sensi¬ 
tive  to  the  presence  of  Ga  atoms.  The  ordering  lemperaturc 
decreases  with  increasing  Ga  doping,  and  the  nearesi- 
neiglibor  spins  along  the  c  axis  have  the  tendency  to  lealign 
from  antiparallel  to  parallel. 

Powder  samples  of  PrBaifCui  ,Gaj)307  were  pie 
pared  by  the  standard  solid-state  reaction  technique;  the  de¬ 
tails  of  the  sample  preparation  techniques  can  be  found 
elsewhere.*’  Both  x-ray  and  high-resolution  neutron  diffrac¬ 
tions  were  used  to  characterize  the  samples.  The  nominal 


oxygen  conceniration,  determined  from  neutron  profile  re¬ 
finement  analysis,'*  is  6.98(4)  and  6,96(4)  for  the  .v ---(). 04  and 
0.08  compounds,  respectively.  Neutron-diffraction  measure¬ 
ments  were  performed  using  the  BT-9  triple-axis  spectrom¬ 
eter  at  the  Researcii  Reactor  at  the  U.  S.  National  Institute  of 
Standards  and  Technology.  A  pyrolytic  graphite  PG(002) 
monochromator  was  employed,  with  a  PG  filter  placed  .ifter 
the  monochromator  position  to  suppress  the  higher-order 
wavelength  conOmiinations.  The  energy  of  the  incident  neu¬ 
trons  was  14.8  meV  (2.352  A),  and  the  angular  collimations 
before  and  after  the  monochromator  and  after  the  sample 
were  40',  48',  and  48'  full  width  at  half  maximum  (PWHM), 
respectively.  No  analyzer  crystal  was  used  in  the.se  measure¬ 
ments.  For  the  low-temperature  experiments,  the  sample  was 
mounted  in  a  cylindrical  aluminum  can  filled  with  helium 
exchatjge  gas  to  facilitate  thermal  conduction.  A  pumped  ‘*He 
cryostat  was  used  to  cool  the  samples,  and  the  lowest  tem¬ 
perature  obtained  was  1 .36  K. 

A  standard  subtraction  technique**  was  used  to  isolate  the 
magnetic  signal  from  the  nuclear  one.  where  the  diffraction 
pattern  taken  at  a  temperature  well  above  the  ordering  tem¬ 
perature  was  subtracted  from  the  one  taken  at  low  tempera¬ 
ture.  Figures  Ifa)  and  Kb)  irhow  the  magnetic  Bragg  peaks 
observed  at  low  temperature;;  for  the  a  =0.04  and  0.08  com¬ 
pounds,  respectively.  The  indices  shown  are  based  on  the 
chemical  unit  cell.  Both  the  {Uo}  type  and  the  type  of 
rellections  are  needed  in  explaining  the  data  shown  in  Fig. 
1(a).  If  only  one  refiectirm  is  assumed  for  the  peak  that  oc¬ 
curs  at  around  2W=2.5°,  it  turns  out  that  mil  only  the  vidth  of 
this  peak  is  nuich  too  broad  in  comparison  with  the  instru¬ 
mental  resolution  out  the  peak  position  also  would  (it  neither 
to  tlie  {IfO}  reflection  nor  to  the  {U3}  reflection.  Itt  addition, 
the  presence  t)f  the  {s-U|  and  reflections  suggests  the 
existence  of  the  {5^)}  and  reflections,  respectively.  The 
e.’tpectcd  separation  of  the  peak  positions  between  the  {3^)} 
and  the  {'33}  reflectitms  is  i).7°,  which  is  beyond  our  resolu- 
titm  limit.  A  calcultition  assuming  the  presence  of  both  the 
(3^)}  type  and  the  {333}  type  of  reflections  gives  excellent 
agreement  for  the  peak  positions  and  widths  consistent  with 
tile  instrumental  resoiution.  The  results  of  tliis  calculation  are 
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FIG.  1.  Magnetic  intensities  in  »'rBa2(CUjGa]  ,)^07  with  (a)  .v=().04  at 
r='=4.5  K  and  (hi  a=0.08  at  T=  1..16  K.  Both  the  jj^)}  type  and  the  {^i 
type  of  reflections  were  observed  in  the  a =0.04  compound,  while  only 
the  <5^0}  type  appeared  in  the  a=0.0H  compound. 


shown  as  the  solid  lines  in  Hg.  1,'a).  No  {555}  type  of  reflec¬ 
tions  were  observed  in  the  data  shown  in  Fig.  1(b),  and  the 
solid  lines  are  fits  based  on  the  presence  of  only  the 
type  of  reflections, 

The  corresponding  magnetic  structure  for  the  {555}  wave 
vector  is  that  the  spins  are  aligned  antipsirallel  along  all  three 
crystallographic  directions,  and  that  for  the  {j^O}  wave  vector 
is  that  nearest-neighbor  spins  along  the  c  axis  aligned  paial- 
lel  rather  than  antiparallel.  Only  the  {552}  of  reflections 
was  observed  in  the  undoped  system. The  observations 
shown  in  Fig.  1  then  indicate  that  introducing  Ga  atoms  into 
PrBa2Cu307  cautcs  the  Pr  spins  along  the  c  axis  to  change 
from  antiparallel  to  parallel.  A  12  at.  %  replacement  of  the 
Cu  atoms  located  in  the  O.iO-chain  layers  by  Ga  atoms  par¬ 
tially  reverses  the  Pr  spins  arrangement  along  the  c  axi.s,  and 
a  24. at.  %  replacement  complete  this  reverse. 

The  temperature  dependence  of  the  {521}  peak  intensity 
of  the  Jt =0.04  compound  is  shown  in  Fig.  2(a),  while  that  of 
the  {2^}  reflection  of  the  =0.08  compound  is  shown  in  Fig. 
2(b).  Both  plots  reveal  a  typical  order  parameter,  that  mea¬ 
sures  the  square  of  the  magnetization,  for  powder  samples. 
The  ordering  temperatures  determined  from  the  data  shown 
in  Fig.  2  give  7’^'«14  and  10  K  for  the  a:=0.04  and  0.08 
compounds,  respectively.  We  note  that  the  for  the  un¬ 
doped  system  is  M  K.  It  is  then  cleat  that  the  ordering  tem¬ 
perature  of  Pr  is  quite  sensitive  to  the  pre.sence  of  Ga  atoms. 

The  ordered  moment  can  be  obtained  from  a  comparison 
of  the  magnetic  intensities  to  the  nuclear  ones,  while  the  spin 
direction  was  determined  from  the  relative  intensities  of  the 
magnetic  reflections.^  The  saturated  moment  that  we  ob¬ 
tained  for  the  Jc-=0,08  compound  using  the  data  collected  at 
7’=  1.36  K  is  (/r^)=().76±0.07/Ajr,  with  the  moment  directed 


26700*  .  . . .1,1.1  ...uj 


FIG.  2.  Tenipcrauirc  (tapcuflcncu  of  the  niagnctii;  punk  iiiiuHsily.  The  Nud 
tcmp'uralurcs  .arc  determined  to  be  14  and  It)  K  for  the  a  =0.04  and  O.OS 
C'impoi>.ad.s,  re.spe'jtively.  Tiicso  data  clearly  .show  that  the  Ga  doping  effec¬ 
tively  reduces  the  ordering  temperature  of  the  Pr  spins. 


along  the  c  axis.  This  value  of  the  ordered  moment  and  the 
spin  direction  are  the  same  as  that  found  in  the  undoped 
system.  Thus  the  Ga  atoms  do  not  alter  the  spin  direction  or 
the  size  of  the  ordered  moirient.  Based  on  these  results,  the 
percentage  in  which  the  .spin  arrangement  along  the  c  axis 
has  been  reversed  can  be  estimated  by  comparing  the  ob¬ 
served  iritens.tties  between  the  {22O}  type  and  the  (sH)  type  of 
reflection, s.  A  calculation  using  the  {2^)}  and  intensities 
observed  in  the  x =0.04  compound  indicates  that  80%  of  the 
sample  has  its  Pr  spins  aligned  parallel  along  the  c  axis.  A 
calculation  using  the  {f^l}  and  {222}  rcHection.s  gives,  the 
same  value. 

Tlic  ac  susceplibility  was  measured  using  the  Lake  Shore 
7221  ac  suscepto.Tieter.  Portions  of  the  real  part  of  the  mea¬ 
sured  ac  susceptibility  for  both  compounds  are  shown  in  Fig. 
3.  These  data  were  taken  with  an  .alternating  magnetic  field 
of  strength  3  Oe  and  frequency  300  Hz;  data  collected  with  a 
frequency  as  high  as  lO"*  ilz  generated  the  same  results. 
Above  the  Neel  temperature  of  Pr,  the  data  follow  a  Ctiric- 
Weiss  law  very  well  all  the  way  up  to  the  highest  tempera¬ 
ture  studied  of  7’=320  K.  However,  a  small  temperature- 
independent  term  is  also  needed  in  describing  the  data. 
The  solid  lines  shown  in  Fig.  3  are  obtained  by  fitting  the 
data  to  Xn  ''-CI(T-*- 0)  for  30  K<7’<320  K.  The  effects  of 
the  Pr  ordering  on  the  ac  susceptibility  are  clearly  seen.  At 
low  temperatures  the  data  deviate  from  the  fitted  Curie- 
Wei.ss  curves,  and  the  tempera.'ures  at  which  these  deviations 
begin  agree  very  well  with  the  of  Pr  observed  using  neu¬ 
tron  diffraction.  However,  no  cusp  on  tiie  Xm'T  curve,  typical 
of  antiferromagnetic  ordering,  is  observed. 

The  effective  moment  that  we  obtained  using  the 
fitteii  values  for  the  Curie- Weiss  constants  C  arc  .3,30  and 
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FIG.  3.  Portions  of  the  measured  ac  susceptibility  as  a  function  of  icnipcr.t- 
ture.  The  solid  lines  shown  are  fitted  Curie-Woiss  curves  using  data  col 
lected  in  iiie  temperature  range  of  30  K<T<320  K.  Departures  from  the 
fitted  curves  at  low  temperatures  arc  clearly  seen.  The  temperatures  at  which 
tile  departures  begin  match  very  well  to  ;hc  Neel  temperature  determined 
usiing  neutron  diffraction. 

for  the  a: =0  04  and  0.08  compounds,  respectively. 
These  values  arc  smaller  than  the  value  of  3.58/0./,  expected 
for  free  ions.  We  believe  that  the  rcrluction  of  the  effective 
mo.ment  is  likely  due  to  the  crystalline  electric  field  effects. 


As  the  Ga  doping  is  increased  the  effect  becomes  ntoie  pro¬ 
nounced  and  hence  the  effective  moment  is  much  reduced. 

In  conclusion,  the  ordering  tempeniture  of  the  Pr  spins  is 
effectively  reduced  by  Ga  doping,  while  it  is  not  affected  by 
Zn  doping.""'  The  Ga  atoms  substi'utc  into  the  CuO-chain  lay¬ 
ers,  and  the  Zn  atoms  into  the  Cu02-planc  layers.  It  is  then 
clear  that  the  CnO-cbain  layers  arc  more  responsible  than  the 
Cu02-plane  layers  for  the  high  ordering  temperature  of  Pr 
observed  in  PrBa2Cu307. 
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The  transport  properties  of  thin  single-crystalline  tin  and  indium  filaments  in  glass  cover  were 
studied.  The  length  of  the  samples  was  much  g>-eater  than  the  quasiparlicle  relaxation  length.  The 
width  of  the  resistive  transition  and  the  election  free  path  of  the  .samples  studied  were  comparable 
with  the  corresponding  values  of  the  perfect  whiskers.  The  observed  step-like  current-voltage 
characteristic  could  be  described  by  the  model  of  noninteracting  phase-slip  centers. 


I.  INTRODUCTION 

The  sudden  destruction  of  superconductivity  by  the 
transport  current  of  a  homogeneous  bulk  sample  could  be 
described  by  the  model  of  a  spreading  “hot  spot”  when  the 
normal  phase  nucleates  within  the  region  of  reduced  super¬ 
conducting  parameters.  It  is  not  obvious  whether  the  above 
model  could  be  applied  to  a  homogeneous  one-dimensional 
filament.  A  sample  could  be  considered  as  a  quasi-one- 
dimensional  superconductor  with  a  uniform  current  flowing 
in  if  the  coherence  length  ^ij)  and  the  field  penetration  depth 
\{T)  are  not  small  compared  to  the  tran.sverse  dimensions. 
Due  to  .stri  ng  temperature  dependences  of  ^{T)  and  XIT)  the 
requirerr.ent  of  quasi-one-dimensionaiity  for  clean  1-type  su- 
.oerconductors  holds  within  few  mK  below  T,.  for  the 
samples  of  several  microns  in  diameter. 

For  small  measuring  currents  the  resistive  transition 
curves  V(r)  for  thin  whiskers  is  very  small  (~1  mX)  and 
show  the  typical  smooth  shape  of  a  fluctuation  governed 
phase  transition.'  However,  for  high  measuring  currents  the 
transition  width  rises  and  the  voltage  steps  build  up  which 
become  more  distinct  for  larger  fixed  current.s.’  The  voltage 
steps  arc  also  observed  in  the  V{I)  characteristics  at  fixed 
temperatu.'cs  fe'v  mK  below  the  critical  temp-eratiire  T,. } 

At  the  present  moment  we  may  state  that  the  step- like 
peculiarities  of  the  voltage-current  characteristics  in  quasi- 
one-dimensional  supc.‘'conductor.s  could  be  qualitatively  de¬ 
scribed  by  the  essentially  nonequilibrium  proces.s  of  the 
phase-slip  centers  (PSC)  activation.'^  Still  ihere  are  some 
questions  which  are  not  clear  enough.  One  of  them  is  the 
problem  of  the  interaction  of  the  PSC  on  a  distances  compa¬ 
rable  with  the  length  of  quasiparticle  charge  imbala.nce  relax¬ 
ation. 

In  the  present  work  we  present  the  experimentai  study  of 
galvanomagnetic  properties  of  long  tin  and  indium  filaments 
in  a  glass  cover.  The  process  of  filament  drawing  permits  u.s 
to  produce  a  homogeneous  wire  of  hundred  meters  in  length 
with  highly  uniform  parameters.  However,  the  existence  of 
the  glass  cover  along  with  considerable  reinforcement  of  the 
metal  core  initiates  several  problems  with  the  partial  lemoval 
of  the  glass  for  voltage  and  current  probes.  That  is  -why  in  the 
present  work  special  attention  is  paid  to  contact  effects. 

II.  EXPERIMENT 

The  filamciits  were  prepared  by  drawing  of  molten  metal 
in  glass  capillary.''  Dependii  g  upon  the  metal,  type  of  the 


glass,  temperature,  cooling,  and  speed  of  the  wire  spinning  it 
is  possible  to  produce  filaments  with  diameter  of  metal  core 
from  0.6  to  40  ,u.m.  X-ray  analysis  showed  that  all  the  wires 
studied  are  single  crystals.  The  observation  of  the  samples 
with  the  scanning  electron  microscope  (SEM)  displayed  no 
cuts. 

The  filament  with  length  ~  1  cm  was  glued  to  a  sapphire 
substrate  excluding  narrow  —.20  /em  regions  for  electrodes 
where  the  glass  was  removed  with  hydrofluoric  acid.  The 
current  probes  were  prepared  by  direct  placing  silver  paint  or 
Wood’s  metal  above  the  glass-free  ends  of  the  filament.  The 
best  results  for  potential  probes  were  obtained  by  tilacing  a  8 
fim  copper  wire  covered  with  a  thin  layer  of  conducting 
epoxy  acro.ss  ihe  sample. 

The  samples  were  mounted  inside  a  massive  vacuum 
calorimeter  with  an  internal  heater.  The  temperature  was  sta¬ 
bilised  with  a  double-level  PID  controller  system  with  an 
accuracy  ±0.1  mK,  All  mea.sureinents  were  performed  using 
a  conventional  four-probe  method.  External  magnetic  field 
was  generated  with  a  double  layet  solenoid.  The  Earth  mag¬ 
netic  field  was  reduced  to  1  mOc  by  the  s.uperconducting 
shield. 


III.  THEORY 

Soon  after  the  expetimenta!  observation  of  a  step-iike 
V(!)  structure  of  tin  whiskers^  Scoepol,  Beasley,  and 
Tiiikham  (SBT)  proposed  a  model''  which  can  qualitatively 
describe  the  observed  phenomena.  The  SBT  model  associ¬ 
ates  the  voltage  steps  witit  activation  of  PSC  along  the  onc- 
dimensional  superconductor.  The  PSC  is  a  region  of  weak¬ 
ened  superconductivity  {S-S'-S  boundary).  The  idea  of  PSC 
is  related  with  the  assuuiption  that  the  phase  ip{r,t)  of  the 
superconducting  order  paranicter  =  expliipf.-,/)] 

is  periodically  reduced  by  27t  to  compensate  ilie  monotonic 
growth  of  the  time-dependent  phase  due  to  the  existence  of 
nonzero  voltage  across  the  PSC:  dtp/dt-l  eV/h.  In  order 
the  process  could  be  stationary  in  time  the  period  of  the 
phase-slip  events  should  be  equal  to  r,;||p=/j/(2t'(V')),  where 
(E)  is  t.he  time-averaged  voltage  across  the  PSC. 

SBT  postulated  that  the  phase-slip  eveiit  occurs  within 
the  range  of  the  PSC  core,  while  the  nonequilibrium 

quasiparticles  charge  imbalance  relax  I'li  a  length  scale 
A  =  (l/3/i;/.r,,)'^',  where  /  is  the  mean-free  path,  rq.  the 
Fermi  velocity,  and  r,.  is  the  elastic  electron  relaxation  time. 
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The  current- voltage  characteristic  of  a  single  PSC  could  be 
described  by^ 

dV 

Vil)-—U-Ia),  (1) 

where  /(,  is  the  excess  current  and  the  differential  resistance 
{a’VIdl)  is  associated  with  the  resistance  of  the  normal-like 
section  of  length  L  ( 1 )  =  2  A . 

Later,  Tinldiam^  applied  the  ideas  of  SBT  to  describe  the 
current-voltage  characteristics  of  an  ideal  homogeneous  fila¬ 
ment.  The  resulting  step-like  V{I)  dependence  was  associ¬ 
ated  with  successive  activation  of  N  independent  PSC  at 
critical  currents  /j  =  /^(l)</^.(2)<  •••  </(.(/'/).  The  interac¬ 
tion  of  the  PSC  is  reduced  to  the  activation  of  the  successive 
PSC  midway  between  existing  ones.  For  nifficiently  long 
filament  LI2Nk>\  the  PSC  are  well  separated  and  weakly 
interacting.  The  general  spacing  of  the  predicted  steps  is  in  a 
reasonable  agreement  with  experimental  results/’  but  the  po¬ 
sitions  of  the  first  steps  are  separated  try  inevitable  inhomo¬ 
geneities,  which  overwhelm  the  exponentially  weak,  interac¬ 
tion  of  the  ideal  model.’ 

Kadin,  Smith,  and  tkocpol  (KSS)  developed  a  detailed 
model  of  a  charge  imbaiance  wave  equation  for  a  PSC  con¬ 
nected  to  a  transmission  line.  ^  The  KSS  model  includes  the 
SBT  as  a  limit  of  a  diffusive  decay  of  a  charge  imbalance. 
However,  KSS  showed  that  under  some  conditions  the  relax¬ 
ation  of  charge  imbalance  re.^uits  in  propagating  of  charge- 
imbalance  wavvcs  on  the  scales  much  greater  than  the  /\  of 
the  SBT  model.  Theicfore,  the  KSS  model  predicts  the  long¬ 
distance  interaction  of  the  PSC. 

Along  with  the  models  involving  the  phase-slip  event^’^ 
t'lie  generalized  time-dependent  Ginzburg-Landau  (TDGL) 
mode!  was  introduced  to  describe  the  transport  properties  of 
one-dimensioi.ai  superconductors.^ 

However,  taking  into  account  the  inevitable  inhomogc- 
ricities  of  the  actual  supcrc.mducting  filaments  and  restricting 
attention  to  the  first  voltage  steps  of  the  V'(/)  transition  one 
can  use  the  SBT  model  to  rationalize  the  experimental  re¬ 
sults. 

IV.  RESULTS  AND  DISCUSSION 

For  all  the  samples  studied  the  relation  of  resistance  at 
room  temperature  /J(rooin)  to  the  one  at  4.2  K  /?(4.2)  is 
used  for  calculation  of  the  mean-free  path  /  utilizing  the 
well-known  values  for  the  product  {pi)  and  p(room)  for  tin 
and  indium.'’  It  was  found  that  the  mean-fiee  path  I  mono- 
tonically  increase  with  increasing  of  the  filament  diameter, 
reaching  the  maximum  value  of  /  =  6  /.tm  for  P  pm  indium 
filament  and  1=3  A  fim  for  the  thick  13  pm  tin  wire. 

The  width  of  the  superconducting  resistive  iransition 
A'r^.  varies  from  0.01  to  0.15  K.  Measuring  tlie  samples  pre¬ 
pared  from  different  parts  of  the  same  filament  it  was  found 
that  the  broadening  of  the  resistive  transition  is  greatly  de- 
iermined  by  the  quality  of  the  contacts.  An  example  of  the 
wide  resistive  transition  is  shown  in  Fig.  1  for  indium  sample 
In-Fl.  It  is  clearly  seen  that  there  are  at  least  two  kinks  on 
the  R[T)  dependences  at  //==0.  The  form  of  the  transition 
■depends  upon  the  direction  of  the  temperature  variation,  dis- 
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FIG.  1.  Resistance  vs  temperature  for  the  sample  !n-F1  tor  zero  magnetic 
field  and  for  applied  transverse  (HiJ)  magnetic  field  H=72'j>  Oc.  Arrows 
indicate  the  direction  of  the  temperature  variatirut. 


playing  small  hysteresis  even  for  zero  magnetic  field.  The 
kinks  are  related  to  the  existence  of  weakened  superconduc¬ 
tivity  in  the  locus  of  the  potential  probes.  Joule  heating  leads 
to  a  small  hysteresis.  The  application  of  the  external  mag¬ 
netic  field  may  efficiently  suppress  the  W'Sak  super¬ 

conductivity  resulting  in  smooth  R(T)  dependences  at  least 
at  a  high-temperature  region.  We  suppose  that  the  increase  of 
number  of  kinks  at  a  low-temperature  limit  is  due  to  the 
generation  of  the  intermediate  state  in  the  weakened  region 
by  the  magnetic  field.  The  suppression  of  superconductivity 
in  the  locus  of  contacts  is  a  reversible  process.  Careful  re¬ 
mounting  of  potential  probes  of  the  same  sample  may  sig¬ 
nificantly  smooth  out  the  form  and  decrease  the  width 
of  the  resistive  transition, 

However,  along  with  the  discussed  above  “contact” 
broadening  of  the  R{T)  dependences,  the  increasing  of  mea¬ 
suring  current  increases  the  width  of  the  resistive  transition 
A  7', ,  displaying  a  step-like  structure  and  hysteresis.  We  sup¬ 
pose  that  ti’.e  observed  phenomenon  is  related  not  only  with 
the  inevitable  thermal  heating/'  but  also  with  the  details  of 
noncquilibriuni  quasiparticle  relaxation.’ 

The  voltage  current  characteristics  at  fixed  temperatures 
display  a  wide  transition  with  pronounced  step-like  structure 
(Fig.  2).  F.a.ch  ^(7)  curve  couid  be  approximated  by  a  set  of 
voltage  jumps  V{i)  .at  currents  !^{i)  and  linear  plateaus  with 
“constant”  differciitiai  resistance  {dVldl)j.  The  finite  cuiva- 
iure  of  the  actual  V{I)  characteristics  indicates  the  existence 
ol  heating.  As  one  may  expect,  because  of  the  exisfimee  of 
the  fglass  cover,  the  heating  effects  are  observable,  but  not  so 
significant  to  smear  out  the  step-like  structure  of  ihe  V(I) 
transitions. 

According  to  the  model  of  noninteraotinr,  t'SC^  the  in¬ 
crements  of  differential  resistance  for  ail  volt.^gc  steps  are 
equal:  (rJF/d/),  -  ((i'V'/dJ),..  j  ■=(d  Wd/)  i  -const.  Dee  to  the 
heating  effects  mentioned  above,  we  cannot  .state  tliat  the 
above  relation  liolds  for  all  steps  of  V(I)  transition,  But  from 
Fig.  2  it  can  be  clearly  seen  that  (dV/dl)i  increases  with  an 
increase  of  the  transport  current  I. 
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FIG.  2.  Voltagc-currciit  characteristics  of  the  sample  Sii-01  fo!  lixcd  tcu'- 
pcraPJrc  ;  i^T=T-l\..  The  inset  shows  the  amplitude  of  the  fii;:t  voltage 
step  V{  I )  as  a  function  of  Ihc  critical  current  /,.( 1 ). 


In  the  SBT  the  quasilinear  plateaus  of  the  1^(7) 

transition  are  associated  with  activation  of  PSC  with  normal¬ 
like  lengths  L(i)  =  2A; 


L{i)  =  [(dVJdI)i-{dV/cH\-,]iL/R;,),  (2) 

where  L  is  the  length  of  the  sample  and  R/^  the  normal  re¬ 
sistance.  Figure  3(b)  shows  the  temperature  dependences  of 
7.(1)  and  L(2)  corresponding  to  V(l)  transition  of  Fig.  2. 
Significant  dispersion  of  L{i)  experimental  values  is  related 
with  the  problem  of  (dVldl)i  correct  definition  of  the  actu¬ 
ally  curved  V{I)  plateaus.  Within  experimental  errors  no 
temperature  dependence  could  be  observed.  The  absence  of 
temperature  dependence  and  the  values  L{i,T)  correlate  well 
w'itti  existing  results  for  tin  whiskers.'’ 

It  is  remarkable  that  the  height  of  the  first  voltage  jump 
V(l)=  Vf 7  ,,(!)]  follows  a  straight  line  (Fig.  2,  inset),  which 
holds  for  all  tin  and  indium  samples.  Since  according  to  Eq. 
(1),  VVl)  =  (d\//f//)i[l !)]/(.( 1 )  this  observation  in¬ 
dicates  that  tile  temp.erature  dependence  of  (dVldl)i  and 
[1  -7(,//(,(l  )]  compensate  each  other  so  that  their  product  is 
independent  of  the  temperaturf  and,  therefore,  is  constant  for 
different  critical  currents  7(.(1 ,7). 

According  to  the  SBT  model'^  the  relation  of  excess  cur¬ 
rent  to  the  critical  value  is  a  constant  equal  to  /„//,.  =“0.6. 
Within  experimental  errors  our  results  give  the  value 
7(i//^.‘^0.8  for  the  first  step  [Fig.  3(b),  right  axis]  which  cor¬ 
relate  with  the  TDGL  model." 

The  temperature  dependence  of  the  critical  current 


FIG.  .t.  (a)  Critical  current  as  a  function  of  the  Icmpcriruic 

A7'=7'-  /',.  for  the  .sample  Sn-01,  The  lines  arc  the  theoretical  calculations: 
the  •■.V2"  law  and  the  Sihoee  rule  /,.~(7',,-- 7')'.  (b)  Rela¬ 

tion  /„//,.  (  +  )  and  the  r.ormal-like  lengths  /.(I)  (■),  1.(2)  (□)  vs  tempera¬ 
ture  A  7'=  7'  7',.  for  thi!  sample  Sn-01.  The  solid  line  corresponds  to  the 
value  /|,//,.=0.8. 


/,.(I,7)  at  temperatures  cUaSc  to  critical  value  7^.  follows 
the  “3/2”  law  for  a  one-dimensional  filament: 

[Fig.  3(a)].  For  low  enough  temperatures 
there  are  deviations  from  the  “.3/2”  law  and  the  /(.(7)  fol¬ 
lows  the  Silsbee  rule  for  a  tltree-dimensional  superconductor 
[Fig.  3(a)].  It  is  remarkable  tliat,  nevertheless,  tlie  sample 
displays  qualitatively  the  same  step-like  V(7)  transition  at 
low  temperatures  {1\.-T^20  mK)  being  not  one- 
dimensional  (Fig.  2).  The  low-temperature  behavior  of  super¬ 
conducting  filaments  is  a  subject  for  future  investigations."’ 
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Remanent  magnetization  of  iayered  and  isotropic  superconductors 
(abstract) 

Yu.  V.  Bugoslavsky,  A.  A.  Minakov,  and  S.  I.  Vasyurin 

General  Physics  Institute  117942,  Vavilov  st.  38,  Moscow,  Russia 

There  are  contradicting  data  on  the  anisotropy  of  remanent  magnetization  of  high-temperature 
superconductors.'’^  To  clarify  the  mechanism  of  this  anisotropy  we  performed  a  comparative  study 
of  thermoremanent  (TRM)  and  isothermal  remanent  (IRM)  magnetizations.  V/e  report  on  the  results 
obtained  on  layered  single  crystals  of  LaCrSuO  and  RBaCuO  (R=Y,Gd)  families  as  well  as  on 
isotropic  soft  alloy  B?:Pb:Sn  and  nontextured  ceramic  YBaCuO  samples.  The  experiments  were 
done  by  means  of  a  vibrating-sample  magnetometer.  The  external  magnetic  field  up  to  8  kOe  was 
applied  to  magnetize  the  samples  at  arbitrary  directions.  It  was  found  that  all  the  studied  plate-like 
samples  show  the  effect  of  “easy  remanent  magnetization  axis:”  the  vectors  of  IRM  and  TRM  tend 
to  point  along  the  normal  of  the  plate  at  any  magnetizing  or  cooling  angle.  In  tlte  case  of  TRM  this 
effect  can  be  well  described  considering  the  influence  of  the  sample  shape.  This  fact  was  proved  by 
measurements  on  samples  with  substantially  different  aspect  ratios.  Thus,  we  argue  that  the 
anisotropy  of  TRM  is  not  related  to  anisotropic  flux  trapping.  The  anisotropy  of  IRM  is  a  more 
comple:{  phenomenon,  as  it  involves  inhomogeneous  flux  distribution  in  the  sample.  Nevertheless, 
it  was  found  that  the  dependence  of  IRM  direction  on  the  magnetizing  angle  is  also  governed  mainly 
by  the  sample  shape.  The  corrections  to  the  eftective  demagnetiz,ation  factors  were  calculated,  which 
arise  due  to  the  flux  distribution.  The  analysis  of  the  absolute  value  of  IRM  on  the  magnetizing  angle 
allows  one  to  distinguish  between  the  influence  of  the  critical  current  ani.sotropy  and  the  sample 
shape. 


'U.  Jaron  et  at.,  Phys,  Rov.  B  44,  531  (iWl). 
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Two  types  of  additional  maxima  in  magnetization  curves  of  layered 
superconductors  (abstract) 

Yu.  V.  Bugoslavsky  and  A.  A.  Minakov 

General  Physics  Institute,  11 7042  Vavilov  St.  38,  Moscow,  Russia 

We  report  on  magnetic  measurements  of  LaSrCuO  and  YBaCuO  single  crystals  in  order  to  clear  up 
their  anomalous  behavior  and  to  attribute  it  to  the  crystals’  anisotropic  properties.  Magnetization 
curves  were  obtained  by  means  of  a  vibrating  sample  magnetometer  at  temperatures  from  4.2  to  90 
K.  The  magnetic  field  up  to  8  kOe  was  applied  at  various  angles  with  respect  to  the  crystal  c  axis. 
Our  main  findings  are  that  ther-'^  are  two  physically  different  types  of  additional  maxima,  as  ruled  out 
from  the  evolution  of  magnetization  cuives  with  varying  the  tilt  angle  of  the  external  field.  One  type 
of  the  maxima  is  attributed  to  ani.sotropic  flux  penetration  into  a  sample  and  flux-linc-lattice  rotation 
with  increasing  the  field.  We  provide  an  experimental  justification  of  ^his  explanation.  The  second 
type  of  maxima  is  related  to  an  anomalous  increase  of  the  critical  current  in  magnetic  field  which 
is  often  referred  to  as  the  “fishtail”  phenomeiu-ii.  Jl  was  found  that  the  existence  of  the  fishtail  is 
closely  related  to  the  anisotropy  of  flux  pinning.  On  this  ba.sis  a  <]ualitative  model  vas  developed  to 
de.scribe  this  phenomenon.  The  model  takes  into  account  vortex  interaction  with  stretched  pinning 
sites  and  the  vortex  bending  due  to  stray  fields  in  the  sample.  The  formation  of  staircase  flux  lines 
is  also  assumed,  as  specific  for  layered  .superconductors.  The  qualitative  explanation  of  the  fishtail 
is  as  follows.  At  low  fields  the  flux  lines  are  strongly  curved.  When  increasing  the  field,  they 
straighten  and  fit  the  linear  pinning  sites  better,  which  giver,  ri.se  to  more  effective  flux  line  fixing. 
The  proposed  model  allows  to  describe  the  angular  and  temperature  dependencies  of  ihe  additional 
maximum  position. 


“Effective  radius”  of  the  4f  electrons  in  R£Ba2Cu307,  RE=Dy,  Ho,  Er 
(abstract) 

Yu.  A.  Koksharov  and  P.  K.  Silaev 

Department  of  Physics,  Moscow  State  University,  Moscow  119899,  Ru.s.sia 

it  is  well  known  that  in  most  high-temperature  superconductors  rare  earth  (RE)  ions  and 
supercondiiciing  copper-oxygen  planes  coexi.st  as  rather  isolated  subsystems.  It  would  be  expected 
that  the  “magnetic”  4/  electrons  are  to  be  strongly  localized  as  it  lakes  place  in  many  oxides.'  On 
the  Other  hand,  significant  crystal-field  (CF)  splitting  of  RE  ground  states  is  evidence  that  the 
“effective  radius”  of  the  4/  electron  wave  functions  (WF)  could  be  large. This  matter  cotfld  be 
responsible  for  the  disappearance  of  the  superconductivity  in  Pr|23  since  the  “effective  radius”  of 
the  4/  electron  WF  increases  from  Yb  to  Ce.  There  is  the  adequate  complete  information  about  CF 
splitting  in  HoBajCu^Ov  (H0123)  from  inelastic  neutron  .scattering  experime.its.  The  energies  of 
low-iying  leveLs  are  known  also  for  Dyi23'’‘'  and  Eri23.^  To  compute  CF  splitting  in  RE123 
compounds  the  hydrogen-like  one-electron  radial  WF  R{r)=(rN)c\p{-alpha  r)  are  used.  Only  five 
parameters  are  taken  into  account  to  accord  the  calculated  and  experimental  data;  alpha,  N ,  and 
effective  charges  of  nearest  oxygen,  copper,  and  barium  ions.  I  he  minimal  discrepancy  for  II0123  is 
small  enough  for  such  simple  approximation.  The  minimum  is  observed  with  enough  magnitude  of 
alpha  than  the  one  in  the  case  of  free  1103.,.  ion.  The  same  is  true  for  Dyi23  and  Er|23.  This  fact  points 
out  the  strong  localization  of  the  4/  one-electron  radial  wave  function  and  probably  on  the  small 
covalent  mixture  of  4/  (“magnetic”)  and  7id-2p  (“superconducting")  orbitals. 


'G.  T.  Trummcll  et  at.,  Fliys.  Rev.  92,  l.tS7  ( IW.t), 
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Helicoidal,  magnetic  vortex  in  a  current-carrying  superconductor 
in  a  iongitudinal  magnetic  fieid:  New  exact  soiution  (abstract) 

Yuri  A.  Genenko 

Donetsk  Phystech,  340114  Donetsk,  Ukraine 

A  resistive  state  in  a  '.ype-Il  superconductor  (SC)  is  conditioned  by  tl’.e  Abrikosov  magnetic  vortex 
motion  in  them.  In  absence  of  external  magnetic  field  the  entry  of  vortex  rings  of  a  transport  current 
self  field  determines  the  resistivity  oneset.'  Being  applied  along  the  current-carrying  SC  cylinder  the 
magnetic  field  does  not  affect  the  entry  of  self-field  vortex  loops,  because  of  force-free  geometry." 
In  a  latter  case  other  vortex  configurations,  more  likewise  a  field  line  pattern,  seem  to  face  less  edge 
barrier  against  vortex  entry  and  determine  the  resistivity  onset,  in  this  work  an  exact  solution  for 
helicoidal  magnetic  vortex  is  found  in  a  London  approximation,  similar  to  magnetic  heiicoidal 
configurations  known  in  magnetism.  The  Gibbs  free  energy  of  the  current-carrying  SC  cylinder  in 
a  parallel  magnetic  field  is  constructed  and  the  edge  barrier  problem  of  irreversible  entry  of  helicoid 
into  the  SC  sample  is  solved.  An  optimal  parameter  of  helicoid  is  chosen  by  minimization  of  critical 
SC  parameters  (current  or  field)  for  vortex  entry.  The  phase  diagram  of  resistive  state  in  coordinates 
current  field  is  evaluated.  Am  essential  difference  of  magnetic  behavior  between  thin  (of  radius 
/?<1,  London  penetration  depth)  and  thick  (/<>))  samples  is  shown.  The  latter  exhibit  the 
field-dependent  critical  current  J,.,  due  to  the  helicoid  entry  in  almost  all  of  the  field  region  W  <//,., 
the  thermodynamic  critical  field,  while  for  R<  \  almost  field-independent,  is  determined  by  the 
vortex  ring  entry. 


'Yu.  A.  Gciicnko,  Phy.sica  C  flS,  Phys.  Rev.  B  (in  press). 
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Magnetostriction  II 


A.  E.  Clark,  Chairman 


Ga  substitution  effect  on  magnetic  and  magnetostrictive  properties 
of  TbFe2  compounds 

Y.  J.  Tang,  Y,  B,  Feng,  and  H.  L.  Luo 

Institute  of  Physics,  Academia  Sinica,  Beijing  lOOOSO,  People's  Republic  of  China 

S.  M.  Pan 

General  Research  institute  far  Non-Ferrous  Metals,  CNNC,  Beijing  100088,  People’s  Republic  of  China 

In  the  present  paper  magnetic  and  magnetostrictive  properties  of  Tb(Fei_,.Gaj.)2  (a:  =  0-0.2) 
compounds  were  investigated.  It  was  found  that  the  iron  moment  of  the  compounds  does  not  seem 
to  vary  much  for  The  Curie  temperatures  of  the  compounds  decrease  continuousiy  by 

substituting  Ga  for  Fe,  which  was  attributed  to  the  decrease  of  the  R-T  coupling  strength  due  to  Ga 
substitution;  The  intersublailice  coupling  consta:iti/tFe  was  evaluated  by  moieciilar  field  model.  The 
decrease  of  with  increasing  Ga  content  was  found  and  related  to  the  decrease  of  the  number  of 
the  Tb-Fe  interaction  pairs  when  replacing  Fe  with  Ga.  By  using  an  x-ray  diffractometer  the  samples 
were  step  scanned  with  Cu  radiation  at  a  higher  Bragg  angle  26  ranging  from  to  74"  to  study 
the  cubic  (440)  reflection.  The  splitting  of  (440)  reflection  for  A' ss  1.2  was  clearly  seen  and  the  easy 
direction  magnetostriction  Km  of  the  compounds  was  calculated.  It  was  found  that  /\,ti  decreases 
with  increasing  Ga  content.  This  was  attributed  to  the  decrease  of  magnetic  properties  of  the 
compounds.  The  polycrystal  magnetostriction  X^.  of  the  compounds  has  also  been  studied. 


I.  INTRCDUCTICN 

Substitution  of  Fe  with  other  transition  metals,  such  as 
Mn,  Co,  Ni,  Al,  etc.,  in  Rlcci  cubic  Laves  compoundt  are  of 
considerable  interest  because  in  some  cases  such  substitution 
can  improve  the  magnetostriction  of  the  compounds.*  “*  Ac¬ 
cording  to  Clark  et  al^  the  magnetostriction  of  such  com¬ 
pounds  are  highly  anisotropic,  exhibiting  different  magneto- 
stric'dve  characters  depending  on  their  easy  magnetization 
direction,  i.e.,  XiiiS>Xja(,.  The  huge  Xm’s  are  allowed  be¬ 
cause  two  iiiequivalent  tetrahedral  rare  earth  sites  exist  in  the 
C15  structure  while  the  potcntialJy  huge  values  of  \|()y  are 
shorted  out  because  of  the  .high  tetrahedral  symmetry  at  the 
rare  earth  site,  which  means  that  only  tran.sition  metal  con¬ 
tributes  to  Xi(x).  .U  was  found*  that  the  magnetostriedon  of 
Tbo  3Dyo.7(Fei  -  xTx^i  decreases  when  replacing  Fe  wit!i  Ni  or 
Co,  Teter  et  al}  also  found  that  the  low  Tb  conc^nlratioii 
samples  with  Mn  substitution  do  show  a  tendency  to  have  a 
lower  A///X  ratio  than  the  pure  iron  ones  in  a  twinned  single 
crystal  of  Mn  substituted  Terfenol-D.  Recent  studios*’*  have 
found  that  substituting  Fe  with  Mn  in  Tb^Dy,  _,.Fe2  com¬ 
pounds  could  shift  the  magnelocrystalline  anisotropy  com¬ 
pensation  composition  to  higher  Tb  content  and  was  effec¬ 
tive  to  improve  their  magneto.striction  because  of  the  Mn 
influence  on  the  magnetocry. stall Ine  anisotropy;  and  Mn  sub¬ 
stitution  in  DyFe2  incre,.ises  the  ni.agnetostriction  al  room 
temperature,  especially  in  low  fields,  which  is  suggested  to 
be  caused  by  X,,xi  increa.se.  It  was  also  found’  that  the  mag¬ 
netostriction  shows  a  significant  inciea.se  with  substituting  a 
small  amount  of  Mn  in  Y(,  |Tb()3,(Fe|_^Mnjr)2  compounds. 
These  re.sults  suggested  that  transition  metals  could  play  a 


relative  importeni  role  in  improving  the  magnetostriction  of 
/i.Fe2  compounos  through  R-T  interaction,  especially  at  low 
fic-ds. 

Althougli  the  theory  of  anisotropy  and  magnetostriction 
is  well  developed  for  liic  rare-earth  sublattice  in  i^Fe2  Laves 
compounds,  a  detailed  understanding  of  the  effect  of  the 
transition  metals  on  magnetostriction  piovcd  to  be  elusive.  A 
better  knowledge  of  such  an  effect  both  from  experimental 
and  theoretical  points  of  view  may  lead  to  some  discoveries 
of  new  giant  magnetostrictive  materials  at  relatively  low 
field. 

In  the  preser.’  study  magnetic  and  magnetostrictive  prop¬ 
erties  of  Tb(Fei..,,.Oa^)2  (x  =  0-0.2)  compounds  were  mea¬ 
sured  in  order  to  reveal  the  substitution  effect. 


II.  EXPERIMENT 

The  Tb',Fei  ..;,.Ga,)2  (.r-- 0-0.2)  compounds  were  arc 
melted  in  a  magnetocontrolled  arc  furnace  under  an  atmo- 
■sphere  of  very  pure  argon,  and  annealed  at  900  °C  for  a  week 
under  a  purlfied-argon  atmo-sphere.  X-ray  analysis  showed 
that  all  samples  were  .single  phase  of  cubic  Laves  structure 
(Cl 5).  Curie  temperature  was  obtained  by  extrapolating  the 
tr^-T  curve  to  f7^=0.  Saturation  magnetization  (rr,)  was 
measured  in  the  c.'ciraction  ’.nagnetonieter  with  Held  up  to  60 
kOe  at  L5  K.  Polycrystal  magnetostriction  X,  was  measured 
by  using  the  strain  gauge  method  in  applied  field  up  to  20 
kOe  at  room  temperaiure  and  was  obtained  by  using  parallel 
strain  X||  und  perpendicular  strain  Xj^ ,  to  applied  magnetic 
field  as  follows: 

X,-=?(X||-Xj).  (1) 
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TABLE  1.  Lattice  constant  a,  Curie  temperature  ,  and  intcrsublattice  cou¬ 
pling  constant  for  Tb(Fc,  _,Ga;()2  compounds,  "itic  values 
=  12,  Zp^;;  =  6,  Spe=0.78,  g;,  =  3/2,  and  J  =  6  are  usc>;  in  the  calculation. 


X 

a  (A) 

7'c  (K) 

0 

7.346 

694 

2.1 

0.03 

7.360 

662 

1.6 

0.06 

7.370 

614 

0.9 

0.09 

7.383 

593 

0.6 

0.12 

7.391 

545 

0.3 

By  using  an  x-ray  diffractometer,  tiie  samples  in  powder 
form  were  .step  scanned  with  Cu  radiation  at  a  higher  Bragg 
angle  20  ranging  from  VT  to  74°  in  order  to  study  the  cubic 
(440)  reflection.  The  absolute  error  of  the  measurement  for 
the  lattice  constant  is  less  than  0.002  A.  The  easy  direction 
magnetostriction  .Km  of  the  cfi'.iipound,s  as  calculated  by;** 

(2) 

where  Aa  is  the  deviation  of  the  angle  between  neighboring 
edges  of  the  distorted  cube  from  vl2. 

ill.  RESULTS  AND  DISCUSSION 

The  lattice  constants  of  Tb(Fel..,Ga_^)2  (a.- 0-0.12) 
compounds  were  measured  by  x-ray  diffraction  and  listed  in 
Table  I.  It  could  be  found  that  they  increase  with  increasing 
Oa  conteiil,  obeying  Vegard’s  law,  Studying  the  magnetic 
behavior  of  l’bFe2  compounds  both  as  a  single  crystal  and 
polycrystal  from  previous  research,^  wo  found  that  even  at 
320  kOe  it  wa:;-  impossible  to  saturate  the  polycrystal 
samples  at  4.2  K.  3a  the  pre.sent  study,  the  poiycrystal  mo¬ 
ment  is  reduced  by  about  lO'Jt  below  the  single-crystal 
value.  Assuming  the  same  reduction  of  the  moment  for 
Tb(Fei..;,.Ga^)2  compounds,  we  obtained  from  the  saturation 
data  an  iron  magnetic  contribution  ( 1 ,5b±0.03)/iB  for  the 
entire  concentration  range. 

Although  t'le  iron  moment  does  not  seem  to  vary  much 
in  the  studied  composition  range,  the  Curie  temperatures  T. 
of  Tb(Fe)..^Ga;,)2  compounds  decrease  continuously  by  sub¬ 
stituting  Ga  for  Fe.  This  is  evidence  that  the  greatest  contn- 
bution  to  values  is  given  by  the  interactions  involving  the 
iion  atoms.  T^.  reduction  can  be  attributed  to  tlie  decrease  of 
the  R-T  coupling  strength  duo  to  Ga  substitution.  On  the 
basis  of  moi'jculai  field  theory  the  R-T  intersublattice- 
c'mpling  constant  can  be  obtained  by;** 


4Z«p/pe«5H(Sp„4-  1 )(::«-  1  fj{j  +  1 )  ’ 


(3) 


where  T^.  and  represent  the  Curie  temperatures  oi  ihe 
compour.d.s  in  which  R  is  magnetic  (Tt^O)  or  R  is  nonmag¬ 
netic  (J  =  0),  re.spectively;  k  is  Boltzmann  constaiu.  Some 
parameters  used  in  the  calculation  are  listed  in  Table  1.  Here 
i  rej  was  used  as  the  J  — 0  compound  in  the  calculation.  The 
inagnt tic-coupling  strength  constants  derived  from  Eq.  (’j 
are  listed  in  Table  1.  For  Tl-iFe^,  ./k|.,.  is  2.1X10“^'  J,  '  hich 
agrees  well  with  \52k  (yields  a  value  et  2,3x  10  J)  c.sti- 


I'TG.  1.  X-ray  spectra  forTb(Fc|.  compounds. 


mated  from  Mossbauer  spectra  for  R¥&2  compounds***  and 
somewhat  smaller  than  19.1  K  for  5 /A:  (yields  a  vilue  of 
2.6X10“'^^  J)  derived  from  high  field  measurements,'’  and 
2.93X10"^^  J  evaluated  by  ab  initio  calculations."  The  de¬ 
crease  of  with  increasing  Ga  content  is  apparently  seen 
from  Table  I.  This  can  be  related  to  the  decrea.se  of  the  num¬ 
ber  of  the  Tb-Fe  interaction  pairs  when  replacing  Fe  with  Ga. 

rbFe2,  whose  easy  direction  is  parallel  to  [II 1],  presents 
a  rliombohedral  distortion  at  room  temperature,  We  suppose 
that  no  easy  direction  change  occurs  for  the  entire  concen¬ 
tration  range  for  Tb(Fe;  _^.Ga^.)2  (a  =  0-0.2)  compounds.  In 
this  study  X.]ij  was  determined  from  the  splitting  of  the  high 
Bragg  angle  (440)  reflection.  The  splitting  of  the  (440)  re¬ 
flection  due  to  the  distortion  is  of  the  same  order  of  magni¬ 
tude  as  the  one  due  to  the  doublet  Ka2  \  actually  a 
triplet  is  observed.  So  the  reflection  created  by  Ka-^  is  de¬ 
ducted  from  the  whole  reflection  using  a  standard  method. 
Figure  1  .shows  the  x-ray  spectra  after  deduction  for  the  com¬ 
pounds.  For  TbFe2,  the  calculated  distortion  is  0.0024,  which 
corresponds  to  a  rhombohedral  angle  a/{  =  89.86“.  This  re¬ 
sult  shows  a  good  agreement  with  single  crystal  data*’  and 
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FKi.  2.  On  conccntriitioii  itcpciidciict;  of  Xm  for  TI)(Fi;|  .Oh,);  compounds. 
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FIG.  3.  Magnetic  field  dependence  of  polycryslal  magnclostriclion  for 
Tb(Fe|_^Ga,)2  compounds. 

previous  x-ray  studies  for  TbFe2.'"  The  splitting  of  the  (440) 
reflection  is  clearly  seen  from  Fig.  1.  It  decreases  with  in¬ 
creasing  Ga  content.  When  A' =0.2  the  splitting  disappears, 
which  means  that  the  distortion  becomes  too  small  to  be 
measured  at  room  temperature.  It  could  also  be  found  from 
Fig.  2  that  Xm  decreases  linearly  with  increasing  Ga  content, 
which  can  be  attributed  to  the  decrease  of  magnetic  proper¬ 
ties  of  the  compounds.  It  is  well  known  that  the  large  mag¬ 
netostriction  in  RFe2  compounds  is  due  to  the  interactions  of 
the  anisotropic  cloud  of  the  4/  electrons  with  the  crystal  field 
and  transition  metals.  According  to  the  single-ion  model,  the 
magnetostriction  varies  with  temperature  as  a-l(T).  Assum¬ 
ing  that  the  R  sublattice  moments  decrease  with  decreasing 
Curie  temperature,  the  rapid  decrease  in  with  increasing 
Ga  content  results  in  a  strong  decrease  of  (Tk(T)  at  room 
temperature,  which  in  return  leads  to  a  marked  reduction  in 
magnetostriction.  Figure  3  shows  the  polycrystal  magneto¬ 
striction  Xj  versus  applied  magnetic  field  at  room  tempera¬ 
ture  for  the  compounds.  It  can  be  seen  that  the  magnetostric¬ 
tion  of  the  compounds  are  not  saturated  even  at  20  kOe.  We 
note  that  the  magnetostriction  at  20  kOe  drops  with  increas¬ 
ing  Ga  content.  This  situation  is  not  the  same  as  that  for 
YojTbo  y(Fei_^Mn^.)2  compounds  in  which  the  magnetostric¬ 
tion  shows  a  significant  increase  with  a  small  amount  of  Mn 


compounds.^  This  suggests  that  substitution  Ga  cannot  im¬ 
prove  the  saturated  magnetostriction  for  TbFci  compound. 


In  conclusion  we  would  like  to  point  out  that: 

(1)  while  the  iron  moment  does  not  seem  to  vary  much 
in  the  studied  compo.sition  range  for  Tb(F'C|  ,Ga,);  (.v-O- 
0.1 2)  compounds,  the  Curie  temperatures  7',  decrease  con¬ 
tinuously  by  substituting  Ga  for  Fe,  which  was  attributed  to 
the  decrease  of  the  R-  J  coupling  strengih  due  to  Ga  substi¬ 
tution.  The  decrease  of  with  increasing  Ga  content, 
which  was  obtained  by  molecular  field  model,  can  be  related 
to  the  decrease  of  the  number  t'f  the  'Ili-Fe  interaction  pairs 
when  replacing  Fe  with  Ga. 

(2)  The  splitting  of  (440)  reflection  foi  vil.2  was 
clearly  seen  and  the  easy  direction  mugnetostriclion  Xm  of 
the  compounds  was  calculated.  It  was  found  that  X,,,  de¬ 
creases  with  increasing  Ga  content,  which  was  attributed  to 
the  decrease  of  magnetic  properties  of  the  com(rounds.  By 
using  the  strain  gauge  method,  we  found  that  substiuitional 
Ga  cannot  improve  the  polycrystal  magnetostriction  lor  the 
TbFe2  compound. 
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Comparison  of  the  dynamic  magnetomechanical  properties 

of  Tbo,27^y0.73^®2  '^*bo.30^y0.70^®2 

D.  Kendall*’  ar  d  A.  R.  Piercy 

l)i‘l>ilHmcni  of  SUitlwmuilnd  St  icnrt  s,  riin  i  r\ii\  ol  Itimhlon  H\'  -Ki.l.  I  nih  il  Kiin;;h>i’i 

Comparison  is  made  between  the  magnetomeehanieal  ptopetlies  ut  Hi,,  •1)'.,,  -.I  e ■  ilii  ,iml 
T^’ii  ■ml^>i' '1)1'-';  11')),  two  eomiDeteialU  .leaitable  eoinjxisiliniis  ot  the  )>i.inl  )nagneli>''t()eli\e 

alloy  Icrlenol-n.  I’lie  ipiasi-statie  majiiielositietion  'a^  .i  tiineiiDn  ol  hi, is  held)  .iinl  the  dsnamie 
strain  cocflieient  (as  a  lunelion  el  Inas  field  ,iiid  Iteipieiuvi  .iie  shown  tor  the  two  eomisosilions  ,it 
riHim  temiaerature.  nsm^  stress  leias  \alues  ol  I)  .rnd  '>  MI’.i  1  he  enite\  loss  pet  e\ele  .is  ,i  Innelion 
of  frequency  is  also  jtiven  1  he  data  lo*  »tatie  ma);nelosiiiition  \etsiis  hi. is  field  shows  Ml  n>  to 
exhibit  a  siqni(icantl\  ureatei  incicase'  in  initial  slope  and  s.iiuiaiion  sti.nn  mIuii  stress  hi.is  is 
applied  compared  to  that  seen  lot  11',  which  |>i>ssisses  sujs.iiot  .nacnetosiin  imi)  .it  /no  stress 
bias  A  similar  trend  is  of'si'ised  in  the  data  tor  the  dsiianni  strain  eiu  llli  lent  ssilh  Ml  11)  ae.iin 
IKrlormiltyt  I'cllei  undei  stress  hias  Ihe  wideiiiiii;  ol  the  si,)tu  sii.nn  hssli.resis  limp  . aiders  ed  lor 
stressed  .1')  11)  is  seen  to  manliest  ilsell  in  tlu  low  IreijuitKS  enei|;\  loss  j)ei  o'  le  Imwesei  11' 
i’.  oliserved  to  |>ossess  the  hij>hei  edde  cuireni  loss  at  1  Wll/  D.n.i  lot  the  rain  il  t  .  ,i  ,,u.ii:tiis  sehieh 
IS  di'IH'ildetll  onU  on  inaj>iu'li/alion  pun  esses  and  inalri  i.il  n  nisi  .mis  .ne  shoes  ii  ss  hu  li  sim^ests  iti.ii 
tile  application  ol  a  stress  hi. is  .diesis  the  tii.ipiH  li/alioii  piostssss  liii  ditliienlb  lot  the  Isvo 
coinfuisitions 


INTRODUCTION 

nie  muymctoinechanicai  pio|Kiiies  it  leilenol  I)  ol 
nominai  compoMlion  11'i,  .-l)\,,  ,le-  have  Ikcii  l■\ltnslVll\ 
invcsti((Utud  for  use  m  aclualoi  and  ir.iii-aliKer  ilesiees  isee 
the  review  liy  Jiles’l.  It  has  also  (ven  wiileb  ie(s)iieil  that 
the  comi'Hisition  'liy,  uiDy,,  •„l  e  -.  under  stress  Inas  has  a  hijtli 
saturation  magnetostriction  and  a  high  dillerential  iquasr 
static)  strain  coeflicient  (the  biiist  ettcci  )  making  the  mate 
rial  suitable  for  use  in  actuators,  bu'  little  has  Ken  rei'oitvd 
eni  the  dynamic  pro(Krtics  and  (requeues  ies|>otise'  ol  tins 
composition  In  this  article,  a  compa'ison  is  made  ol  the 
static  and  dynamic  magnetomechaincai  ptii|)eriies  ol  lom 
niercial  samples  of  ny,  oilSu  -  J  c  -  and  liy,  u,l)s„  „1  e  .  K'lh 
with  and  without  stress  bias 

EXPERIMENT 

The  magnetomechameal  properties  ol  the  leilemd  |) 
samples  were  determined  al  riHun  iem)Hiatuie  in  .in  eleeiio 
magnet  using  a  strain  gauge  to  measure  the  slam  .md  ds 
namie  magnetostriction  and  search  cods  to  niomior  the  diise 
field  and  dynamie  magneti/aiion  m  the  ntaierta!  A  diise  be!-.! 
of  2  kA  in  '  nils  l.'l  h  kA  in  '  peak  to  (K'ak)  was  einj'loseil 
The  energy  loss  |>ei  escle  (K'I  unit  sohiine  i  It  )  ss.is  i.iUn 
laled  Ironi  the  measnterl  values  ol  ih.  jxak  diive  Iteld  the 
magmtudi!  ol  the  rivnaiim  lel.iiive  |k  .me.ihiliiv  i/<.  •  .uui 

ihe  phase  of  /r,,,  with  tes|Hei  to  tin  drivi  held  uhe  l.iss 
angle,  A,,) 

Stress  bias  was  applied  lo  a  s.imple  m  ilu  eU i  iioin.ieiu  t 
using  a  rig  comprising  (X'isjv»  he.nl  .ind  i.iil  pines  held 
together  h\  three  tsdis  Ihe  lompiessive  -  ins-  w.is  supplud 
h>  a  sptiiig  on  eaeli  tvoli  ami  the  iie  w.is  i .ditir .iied  nsme  i 

'  t'rcvni  4ikli' ss  |iK\  ir,’li.,T,  M,  a'.  |'^,,.  ij  -v.  |itt"  *  ') 

k  infill  <[it 
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loail  cell  in  ordi  t  snbseqmnllv  lo  .illow  the  tone  u<  K  ili 
letmilicil  Ihiollgll  llu  nnml'er  n|  turns  on  the  Ivdis  I  hi 
amouiii  ot  |His|Hs  Ktwei'ii  the  ends  ol  the  s.nnpU  ami  ihi 
I'l'li  puns  W.IS  kept  to  ,1  noinnuim  to  ledme  deinagiicti/mg 
idee  IS 

iloih  s.iniples  vseie  in.inulai lured  bv  '  IKl  Sl  \  ol  1  dge 
leshnologies.  Sines,  h'w.i  .imi  were  (<  nim  in  diametei  and 
eui  to  a  ti  ngih  ol  ()4  mm  lo  lit  the  stress  ng  |n  this  ailisle  the 
sample  ol  ioiii|H'siin>n  lb,,  Dv,  ,1  e  is  leletted  to  as  27  J1< 
.mil  the  s.imple  ol  i oin|'osiiion  !b,,  ,,,l)\.,  ,,le.  as  Ml  |li 

RESULTS  AND  DISCUSSION 

Ihe  ijuasi  slain  tn.igiielosii  le  lion  is  .i  (me  tion  ol  bias 
Ill-Id  IS  show  11  in  I  ig  I  lor  die  two  leilenol  !)  e oiuj'iosiiions 
iimlei  It  anil  o  Sll’,i  siiess  (u.is  It  is  i  le.ii  lo'tn  ihi  si  [ilols  that 
ipplving  I  siiiss  to  Ml  It'  li.iiislomis  die  in.ileii.il  ll>iin  oii;. 
d' -I  is  inlein'i  li'  11'  will)  ies|siel  l"  inni.il  sh)|H  .old 
high  III  III  iii.igiHiostiiiiioii  lo  one  dial  is  su|hiioi  Ihe  high 
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TABU;  I.  Summary  nl  Ihi  nia(jni'UiiiKclianical  ptii|K'iliiN  of  IT,,  -Dv,,  mIi  .  .imi  Pi,,  ,|,l)v„  .„1t.  ii  il  ipl.iiiii  ami  “  Ml’.i  (il.ilmi  muss  bias 
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iiiiliitl  slope  lor  the  TP  11'  eonijH>vili'in  uirdi'i  slrcss  bi.is  has 
tvi'ir  U'rincd  llic  I'ursi  etli-rt*  and  is  ihou^ihi  lo  In-  due  to 
jumping'  ol  the  nra^neli/alioti  in  a  doitiaiti  Itoiii  the  easy 
direction  [K't|Kiulicular  to  the  axis  ot  Ihc  iihI  to  tliaS  closest  to 
this  direction  Ule  niaxiiDuin  iheoietical  salutalioii  sliain  lot 
a  ll’i  oriented  iml  ol  Urle.'iol  I)  is  apptoxiinalelv 
5250  ■  III  ''  uiisliesscil  and  2(IS<i-  IP  '  siressed  lassuiniii): 
\iii  IrUri-  HI  ’  and  A,,,  X,,,,  l(>i  Values  hr,  the  saluta 
tion  strain  ol'lained  hx  exlra|>olalion  a^taitisi  1  II.  ate 
shosfcp  in  lahts  1  arul  it  iscleai  that  neither  coiii(stsitioii  has 
the  tluroretical  value  under  zero  stress  Hits  inav  Ik-  jiartlv 
attributed  to  axial  niisali^nineril  ol  the  lerlenol-I)  grains  al 
thou^th.  vxhile  the  2'  H'  sample  is  12'.  lovxer  than  the  Iheo 
letical  value,  the  lb  coni|H>sition  is  almost  21'/  lower 
Ibis  Ivhavior  ic  not  telWcled  wlrcri  stress  bus  is  applied 
since,  although  the  Iheotetical  inaxiiniiin  ha*^  not  Ih'cii 
reached  la  hinhei  stress  bias  is  requiied'i.  the  saturation 
strain  lor  .^1  lb  is  '.SI  ■  IP  ''  ftrealei  than  that  lot  27  Hr  II 
the  iitilia!  state  ol  ina^ncti/ation  lor  .^1  lb  uiidei  zero  stress 
IS  not  equixaScnl  to  the  ideal  deina^inetized  slate,  then  this 
c<Hn|K»sition  inav  rvos'wss  {vositivc  niannelosiiiclton  vxhen 
compared  to  the  ideal  stale  and  hener  aie  tneusiired  satura¬ 
tion  strain  vxill  Ik;  less  than  tli.il  predicted  troin  theory.  Con- 
seiselx.  il  the  initial  stale  ol  inapieti/alion  lor  27  Ib  is 
close'r  lo  the  ideal  state,  the  saturalioii  strain  will  more  nearly 
approach  the  theoretical  value  The  .TO  lb  com[)osilion  pos¬ 
sesses  a  higher  OKrtn  tetniKtalure  anisotropy  than  27  lb  and 
hence  the  initial  states  ol  dcinugneti/.ation  or  rcmanciicc  arc 
likely  to  Ik-  diflereni  When  a  stress  is  applied,  easy  direc¬ 
tions  (K'ljKiidicular  to  the  rod  are  iKCupicd,  resulting  in  a 
negative  inagnelosiriclion  compared  vs'ith  the  ideal  elemagne- 
ii/ed  stale  and  more  available  str.iin  on  the  application  of  a 
fielc 


Ihc  observed  trend  in  the  inili.il  s1o(k-  ol  the  plots  nl 
m.ignctositiction  veisns  liias  held  in  I  ig  1  is  fctU'c  ivd  in  ihe 
dala  lot  the  dviiamic  strain  cik-HicicIII  P/,,!  as  .i  IuikIimii  ol 
hias  held  shown  in  I  ig  2.  with  ^0  lb  |K-ilorining  iKilei 
iindet  stress  htas  iliiin  Ib  It  the  dvnanuc  iii.igiK'hz.tiion 
poKesses  .lie  the  s.inie  as  those-  under  v|u.tsisu(ic  ciMulilnnis 
llieii  the  burst  elleel  ineeh.inisin  could  lx-  tesponstble  |o'  Ihe 
dilteiences  observed  dv  n.iinie.illv  Ihc-  ni.igniiudc-  ol  the  dv 
nantie  siiain  ciK-llicieni  r.  not  .is  high  as  the  iiu lemeniallv 
deletniined  s.ilue  iwhich  e.iii  be  .is  huge  .is  'Xl  inn  A  '  l''i  '<) 
lb‘i.  .tlthougli  see  h.ise  loiind  that  d , .  ineie.ises  m.irUedIv 
with  the  nuglllliide  ol  the  cllive  held  this  held  de|K'luic'iK e 
.iiiv.-s  because  al  love  drive  fields  the  sln|K’  ol  the  niinor  liwip 
IS  less  than  the  sIo|k-  ol  the  sl.ilic  strain  euise.  lull  as  llie 
dtise  held  IS  increased,  the  magnelosiiiclion  is  Inrec;!  to  ex 
ecuie  a  1(H)|-)  ot  gteaicr  slo(X‘  due  to  the  Imiiied  w  idth  ol  the 
lixsieresis  ol  ihe  Malic  curve. 

I  igure  3  shows  di,  as  a  lunclioii  ol  Ircquency  lor  the 
tvc(i  eom|Hisiiions  under  stress  bias  values  of  0  and  P  Ml’i,. 
The  observed  tiai  res;>oiise.  which  has  been  reported'’'  pre¬ 
viously  tor  unstressed  27  'lb.  is  expected  because  ihe  critical 
Ircquency.  at  which  eddy  current  effects  are  signitieant.  is 
greater  than  I  kH/..  (The  KiniilHrity  between  the  magnitude  of 
i/m  under  0  and  P  MPa  stress  bias  is  eoineidentui  through  Ihe 
ehotec  of  bias  field.  Sec  rf  vt  id  kA  m  '  in  Fig.  2.)  The 
graph  of  Fig.  4  shows  the  energy  loss  per  cycle  (W)  us  a 
lunction  of  frequency.  The  observed  widening  of  the  static 
strain  hysteresis  loop  for  .TO  Tlv  at  P  MPa  is  seen  to  manifest 
itself  in  the  low  frequency  energy  loss  per  cycle  (W|,ys|). 
which  has  similar  values  for  27  TIi  unstressed  and  stressed 
and  for  TO  Tb  unstressed,  but  which  is  more  than  50%  larger 
for  TO  Tb  stressed.  The  data  in  Table  I  show  that  both  com¬ 
positions  exhibit  higher  eddy  current  loss 
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I  Ki  V  PyiiumiL-  strain  cMicftivicni  as  a  funciinn  i>f'  frequency  hrr 
\\\,  >  .1)\|,  mI-o  .  and  Pi,,  tnlJy,,  .„l‘c .  under  0  and  '‘i  MPa  stress  bias  a(  a  hias 
livid  ol  kA  in  '  rising  a  J  kA  ni  '  rtiis  drive  held. 
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Hi  I  kHz  when  Mtessed.  with  27  Hi  lKin(>  the  higher  In 
etmsequc.icc.  the  Inlal  lit'.s  for  27  H)  with  slfes*>  I'ias  exceeds 
that  fur  17'  at  Ireijuencies  almve  1  kll/  I’an  id  the  in¬ 
crease  in  apparent  eddy  current  loss  can  he  attributed,  front  a 
classical  eddy  current  consideration,  to  the  increase  in  i< 
at  the  bias  field  value  used.  However,  iu>t  all  ot  the  increase 
can  he  accounted  for  in  this  way.  suggesting  that  either  the 
eddy  current  los.ses  iKhave  nonelassically  under  stress  or  that 
other  loss  mcehunisms  Income  signiticunt. 

lltc  ratio  of  the  dynamic  strain  coefficient  to  the  dy- 
iiuiiiie  inugnelic  siiseeptihility.  d/;^,  is  a  quantify  which  is 
dependent  only  on  mugncti/.aiion  priKcsses  and  material 
constants  and  therefore  can  give  information  on  the  magne- 
tizutton  processes  taking  place.*’''  'Hiis  ratio  as  a  function  of 
bias  field  is  shown  in  Fig.  for  the  two  cornpo.dtions  under 
0  and  9  MPa  .stress  bias.  The  two  plots  for  27  Tb  are  seen  to 
exhibit  similar  trends,  with  the  application  of  stress  causing  a 
decrease  in  the  magnitude  of  d/)(.  The  plots  for  .1(1  Hi  also 
show  a  similar  trend,  although  in  this  case  the  application  of 
stress  increases  dix-  These  observations  suggest  that  stress 
bias  changes  the  magnetization  processes,  but  in  different 
ways  depending  on  the  com|  isition.  Finally  we  note  that  at 
low  bias  fields,  the  magnitude  of  dIx  for  30  Tb  is  smaller, 
which  suggests  an  increased  number  of  180”  walls  and  gives 
support  to  the  suggestion  that  different  demagnetized  states 
occur  for  the  two  compositions. 
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CONCLUSION 

Some  ot  the  impoituni  magnciomcchanical  properties 
arc  summarized  in  1ablc  I  tor  the  two  conqxisitions  of 
Icrlcnol-l)  It  is  proposed  that  ihc  performance  of  transducer 
devices  that  are  driven  at  a  tew  kll/  would  be  enhanced 
by  the  use  ol  Il'iiMil^yii  toIci  when  compared  to 
ITiii  jiDy,,  ,,l  ei,  not  only  in  terms  ot  the  magnetostriction 
attainable,  but  also  from  the  point  of  view  of  eddy  current 
losses. 
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^  riisotropy  in  twinned  terfenoi-D  crystals 
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The  highly  magnetostrictive  cubic  compound  Tcrfenol-D  jDy,, 7Fe2)  solidifies  via  a  {211} 
dendritic  growth  front  when  grown  by  a  free-standing  zone  technique.  The  resulting  material  is 
usually  composed  of  dendritic  plates  often  containing  crystallographic  twins,  the  predominant  plate 
and  twin  plane  being  the  (111)  oithogonal  to  the  (211)  growth  plane.  Results  of  room  temperature 
magnetic  torque  analysis  from  (Oil)  disk  specimens,  having  differing  twin  densities,  are  presented 
which  yield  both  the  magnetic  anisotropy  constants,  /f,  =  - 1.6X  K)'’  J/ni'^  and 
J/m\  and  the  relative  parent/twin  volume.  Magnetic  susceptibility  data  both  parallel  and  transverse 
to  the  applied  field  are  presented  which,  in  conjunction  with  the  anisotropy  results,  emphasize  the 
importance  of  twin  density  on  magnetoelastic  response  for  typical  application  geometries. 


I.  INTRODUCTION 

The  cubic  Laves  phase  ternary  compound  Tlin  ,Dyii  -/F'C; 
(Terfenol-D)  is  of  significant  interest  technologically  for  ac¬ 
tuator  iind  transducer  applications  as  it  possesses  a  large 
magnetostriction  to  anisotropy  ratio  near  room  temperature, 
t'ommercially  availabie  material,  grown  by  a  free-standing 
zone  technique,  solidifies  via  a  {211}  dendritic  growth  front 
producing  samples  composed  of  dendritic  plates  which  often 
contain  crystallographic  twin  boundaries,  the  predominant 
plate  and  twin  boundary  plane  being  the  {1  ilj  orthogonal  to 
the  growth  front  plane,'  '  Such  material  exhibits  significant 
magnetoelastic  strain,  of  the  order  of  1500  ppm  in  mvtderate 
applied  fields  around  I  IK)  kA/m,  the  development  of  which, 
with  increasing  field,  is  characterized  by  disermtinuous 
changes  in  strain  at  particular  fields.^ 

rite  magnetic  anisotropy,  determined  by  the  material 
composition,  is  such  that  anisotropy  compensation  is 
achieved  at  about  2b0  K:'  above  this  temperature,  the  easy 
directions  for  the  magnetization  are  along  the  ( i  1 1)  axes.  It  is 
"he  anisotropy,  influenced  by  the  defect  nature  of  the  mate¬ 
rial,  which  in  the  main  determines  the  form  of  tne  strain 
evolution  whether  this  is  by  domain  wall  motion  or  magne¬ 
tization  rotation.  The  presence  of  (111)  twin  boundaries  leads 
to  a  complication  in  that  not  all  the  ea.sy  axes  are  continuous 
acro.ss  either  the  twin  or  the  dendrite  boundaries.  In  order  to 
gain  a  better  understanding  of  the  interacticn  of  the  magne¬ 
tization  and  the  strain,  this  article  reposts  room  temperature 
measurements  cf  the  anisotropy  in  such  twuined  Terfenol-D 
samples  which,  ahmg  with  susceptibility  and  transverse  sus¬ 
ceptibility  observations,  demonstrate  the  importance  of  the 
parent/twin  concentration  on  sample  response. 

II.  EXPERIMENT 

Samples  used  in  this  investigation  were  prepared  in  tht; 
form  of  S-mm-diam  rods  by  Edge  Technologies  Inc.  by  a 
free-standing  zone  technique  using  a  zone  rate  of  .1H  cm/h. 
Disk  specimens  for  torque  curve  analysis,  }  mm  in  diameter 
and  1  mm  thick,  were  produced  by  spark  erosion  with  disk 
faces  parallel  to  the  (Oil)  plane  orthogonal  to  the  (2il) 
growth  plane.  Bar  specimens  used  in  measurements  of  the 
magnetic  susceptibility,  .‘iO  mm  in  length  and  min  by  5  mm 
in  square  cross  section,  were  similarly  produced  with  the 


long  direction  parallel  to  the  growth  axis  and  the  faces  mu¬ 
tually  orthogoiiiil  and  parallel  to  the  (Oil)  and  (Ml)  planes. 
All  planar  surfaces,  aligned  by  x-ray  back-reflection,  were 
diamond  polished  to  a  1/4  /Uin  finish. 

Torque  curves  were  obtained  from  anti-clockwise  rota¬ 
tion  of  a  650  kA/m  magnetic  field  in  the  plane  of  the  (100) 
disks  using  a  Penoyer-type  torque  magnetometer'  in  which 
the  specimen  torque  was  balanced  by  an  opposing  torque 
produced  by  a  known  current  passing  through  a  coil,  at¬ 
tached  to  the  specimen  suspension,  which  was  located  in  a 
field  from  a  fixed  pcimunent  magnet.  All  datii  reported  here 
were  taken  at  a  room  temperature  of  2^.1  K.  Differential 
magnetic’  susceptibiiity  datii  were  olrtaincd  by  subjecting  the 
bar  specimens  to  a  dc  and  superimposed  ac  magnetic  field 
directed  along  the  long  bar  axis,  The  ae  field  of  5  kA/m  and 
frequency  S2  Hz  was  constant,  while  the  dc  field  was  ramped 
ai  a  rate  of  2  kA/m/s.  1\vo  pairs  of  mutually  orthogonal 
pick-up  coils  were  placed  around  the  specimen  to  detect  the 
transverse  magnetization  changes  in  both  the  [  1 1 1  ]  and  |0I  I  j 
directions  and  one  coil,  with  an  associated  air-flux  compen- 
satioti  coil,  was  placed  to  detect  susci  titibility  parallel  to  the 
applied  fields  and  the  |2i  1  ]  direction.  .Signals  in-phase  with 
the  ac  magnetic  field  were  detc.ied  by  a  lock-in  amplifier. 
All  measurements  reported  '  cic  olrtained  at  z.eio  applied 
stress  and  at  room  tempera'me. 

III.  RESULTS  AND  DISCUSSION 

The  spatial  denendence  of  the  magiietocrystalline  anisot¬ 
ropy  energy,  /'.( f  i.  can  be  exptessed  phenomenologically  for 
a  culfic  crysis  ,  .is 

/'.'(  A'  A'li  t  A'|(  rr'iO'';  *  (r'.ir)  +  fr'ifi'] )  ■*  Ah  o)o't(r';) 

(1) 

where  A„  are  tlie  anisotropy  constants  and  or,  are  the  direc¬ 
tion  cosines  of  the  magnetiziition  relative  to  the  cubic  axes  of 
the  crystal.  The  presence  of  both  parent(/r)  and  twinir)  ori¬ 
ented  material  in  the  specimens  is  aceounted  for  by  assuming 
a  relative  fractional  parent-to-twin  volume,  o,  such  that 
(  0.5  for  equal  />  and  t  volume  content.  The  magnetic  an¬ 
isotropy  enerf’v  and  magnetization  in  both  parent  anil  twin 
are  of  necessuy  the  sanre:  only  their  relative  crystallographic 
orientations  differ  In  I'ig.  1  we  show  the  iinisoiropy  energy 
profiles,  lor  both  twin  and  parent  material  superimposed  on 
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l■l(i,  3.  Irxporiinentiil  |iiri(iic  ciirvo  from  TiTlrmil  l)  llllll  ilisk.  /pro  itnjik' 
is  for  Ik'UI  «i?0  kA/nil  iilon(>  j  .ircm  1  ino|  ilircclion. 


FIO.  1.  Polar  plot  of  anisotropy  unorgy  suppriiiiposorl  on  llic  stcrcographip 
projection  of  the  (OUl  plane  showing  parent  t/r)  and  twin  III  directions  for 
a  (111)  twinning  plane  (dotted  and  dashed  lines  reptesent  parent  and  twin, 
respectively,  and  full  line  represents  tire  energy  of  the  eoniliination  ol  equal 
parent  and  twin  voliiniesl. 


the  stcrcographic  |ji(ijeciif)ii  of  the  (Oil)  plane  ot  the  disk 
specimen.  The  protiles  are  construeted  from  l-q.  (1)  using 
equal  negative  values  of  and  A.',  and  a  A'd  value  of  half 
(he  radius  of  the  projection.  The  easy  <lll)  direetioas  arc 
clearly  indicated  by  the  larger  radial  values  of  the  proHIc. 
Indicated  on  the  figure  are  the  parent  and  twin  directions 
relative  to  the  predominant  (111)  twinning  plane.''*’"  It  can 
be  seen  from  Fig.  1  that  the  parent  and  twin  are  related  by  a 
rotation  of  70.54°  about  the  surface  mirinal  (.>f  the  (Oil) 
plane.  The  solid  energy  profile  in  this  figure  represents  the 
effective  anisotropy  energy  of  the  combination  of  the  as¬ 
sumed  equal  p  and  (  volumes  eorisirueted  (ly  expressing  the 
energy  of  the  twin  in  terms  of  its  direction  cosines  relative  to 
the  parent  cubic  axes,  It  is  this  profile  that  will  produce  the 


resulting  torque  curve  where  the  torque,  corrected  ('or  mis¬ 
alignment  of  the  field  and  the  inagneti/iiliDii,  is  ~dl'.(K)ldlK 
Wbcing  the  field  angle  with  respect  to  the  parent  [  KM)]  direc¬ 
tion. 

The  torque  expected  fnim  an  uniwimied  disk  is  shown  in 
Fig.  2  and  can  be  compared  to  an  experimenlal  curve  from  a 
(Oil)  twinned  sample  shown  in  Fig.  Torque  curves  have 
been  obtained  from  a  number  of  samples,  of  differing  twin 
density,  and  analyzed  by  a  curve  lilting  procedure  to  yield 
both  the  relative  twin  Jensity  i  and  the  anisotropy  constants. 
The  values  found  are  K^-  -  ( i .()()  •  /  -  (),()H)x  )()'  J  iji  ' 
and  Ay-  --((),  I (i  t  /  O.Ol  ix  It)''  J  m  '  which  compare  favor¬ 
ably  with  previous  data  for  A,  though  not  with  the  (irevious 
scattered  data  for  A'-.  The  values  of  c  have  been  correlated 
with  estimates  of  twin  density  from  (lolari/ed  optical  micro¬ 
graphs  of  the  disk  surfaces,  two  extimples  ol  which  are 


- <2t1> 


Mugnuli2aiicin  Anglo 


/■'ICi,  2.  (■upocicil  uifquc  curve  (null  magiitii/iilnm  mialii'ii  m  itic  (lit  1 1  Im 
(III)  easy  axis  cubic  cryslal.  /.cm  ungic  is  Ini  inagMclivalioii  al.iiig  ilu- 1  IfSi) 
(iirccliim. 


Mli  4  I’niaii/cil  ii|itKal  iiiicmgiaplis  finm  1011 1  IVrlciinl  1)  ilisks  slinwiiig 
ilitbicims  III  twin  iilaikci  aicaM  ilcnsiu  |icl\.'ccn  ilisk  l.'U  ami  disk  ll'l. 
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FIG.  5.  Diffcrcnlml  imignclic  su.s(;cplibility  dale  measured  parallel  m  (a) 
[211]  growth  direction,  (h)  [Oil],  and  (c)  [lit]  where  applied  dc  and  ac 
fields  are  parallel  to  [211],  Sensitivity  for  (b)  and  Ic)  is  approximately  ten 
times  greater  thsit  for  (a). 

shown  in  Fig.  4,  where  the  twins  currespund  to  the  lower 
reflectance  areas  and  the  straightness  of  the  twin  boundaries 
are  clearly  observed.  Excellent  agreement  has  been  found  for 
values  of  c  between  0.3  as  in  Fig.  4(a)  and  0,46  (the  more 
typical  material)  as  in  Fig.  4(b). 

Differential  susceptibility  and  transverse  susceptibility 
data  in  the  mutually  orthogonal  [2il],  [Oil],  and  [ill]  di¬ 
rection  from  a  bar  specimen  with  an  optically  estimated 
parent/twin  density  of  c'=0.45  is  shown  in  Fig.  .‘i.  For  a 
specimen  with  c=0..'0,  it  may  be  expected  that  the  high 


symmetry  of  the  anisotropy  energy  about  the  [211]  bar  axis, 
as  seen  in  Fig.  1,  would  yield  zero  transverse  magnetization 
as  there  would  be  equal  populations  distributed  symmetri¬ 
cally  witn  respect  to  the  bar  axis,  even  accounting  for  the 
anisotropic  effect  of  the  magnetostriction.^  The  small  trans¬ 
verse  susceptibility  signals  from  the  [Oil]  and  [111]  are 
therefore  due  to  the  asymmetry  in  the  anisotropy  energy  in¬ 
troduced  by  the  inequality  in  parprt  and  twin  volumes.  In¬ 
deed,  the  variations  show  excellent  agreement  both  in  field 
dependence  and  magnitude  to  the  magnetostriction  data  ob¬ 
tained  in  these  directions'^  and  indicate  that  the  magnetization 
distribution,  as  a  function  of  applied  field,  is  far  from 
straightforward. 

IV.  CONCLUSIONS 

The  r^agnetic  anisotropy  constants  in  twinned 
Terfenol-D  materials  have  been  obtained  from  room  tem¬ 
perature  torque  curve  analysis  from  (Oil)  plane  disk  speci¬ 
mens  of  varying  twin  content.  Consideration  of  the  anisot¬ 
ropy  energy  as  a  function  of  twin  content  clearly 
demonstrates  the  potential  symmetry  of  currently  available 
float-zone  material  for  the  case  of  equal  parent/twin  volumes. 
Where  any  inequality  exists,  the  anisotropy,  and  hence  mag¬ 
netoelastic  strain,  will  be  asymmetrically  disposed  to  the 
growth  direction.  The  only  crystal  direction  in  which  behav¬ 
ior  is  symmetrical  in  twinned  nr  untwinned  material  is  the 
(111)  normal  to  the  predominant  twin  plane.  To  manufacture 
device  material  using  such  a  geometry  would  yield  large 
strains  with  exceptional  strain  coefficients  as  seen  from  the 
(111)  data  in  Pig.  5. 
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Device  oriented  magnetoelastic  properties  of  Tb^Dy^.^Fe^  gs  (x=0.27,  0.3) 
at  elevated  temperatures 

K,  Prajapati,  R.  D.  Greenough,  and  A.  G.  Jenner 

Department  of  Applied  Physics,  University  of  Hull,  Hull  HU6  7RX,  United  Kingdom 

In  Older  to  assess  the  potential  of  the  highly  magnetostrictive  compound  Tcrfenol-D  (composition 
Tbj.Dyi  -.vFci  95,  where  jj=0.3  or  0.27)  for  device  applications  in  the  temperature  range  2()-3(K)  '"C, 
measurement  of  magnetostrictive  strain  (\),  differential  .strain  coefficient  (d^y),  and 
magnetomechanical  coupling  coefficient  {kyf)  have  been  made  against  applied  dc  field  (=sl2U 
kA/m),  uniaxial  pressure  (^20  MPa),  and  temperature.  Comparing  the  two  compositions  at  elevated 
temperatures  has  shown  that  large  grain  oriented  material  of  the  composition  Tb,nDyi,  7Fe,  ,,5  has 
higher  strains  and  d  coefficients  at  elevated  temperatures  than  small  grain  oriented  material  of 
composition  Tbo  ivDyo  viFci  95,  but  for  optimum  coupling  efficiency  Tb|)  27Dy,|  75FC|  95  is  prefe.'uble. 


I.  INTRODUCTION 

The  p.seudobinary  rare  earth-iron  compound  Terfenol-D' 
(TbjDy  I  ^Fe,  95,  where  .v  is  typically  0.27  or  0.3)  generates 
large  magnetostrictive  strains  (-1500  ppm)  which  can  be 
used  in  a  variety  of  applications,  For  a  particular  composi¬ 
tion,  the  magnetomechaiiical  properties  depend  on  three 
principal  factors:  the  applied  field,  temperature,  and  e.spe- 
cially  in  grain  oriented  material,  the  applied  stress.’  Although 
some  measurements  have  been  made  at  elevated 
temperatures,’  previous  work  has  concentrated  mainly  on  the 
rirom  temperature  properties.  However,  operation  at  higher 
temperatures  is  desirable  for  some  applications  and  the 
present  work  w  as  conducted  to  provide  u  more  comprehen¬ 
sive  assessment  of  magnetomcchanical  performance  to  tem¬ 
peratures  up  to  .3(K)  ‘’C. 

The  two  main  constraints  on  the  range  i>f  temperature 
over  which  Terfenol-D  can  be  used  arc  (i)  the  magnetocrys¬ 
talline  anisotropy,  because  at  low  temperatures  the  compet¬ 
ing  anisotropies  of  the  ’Hr  and  I)y  ions  causes  the  easy  axis 
of  magnetization  to  switch  from  the  (II !)  to  the  (HKl)  axes.' 
and  (ii)  the  exchange  energy  which  decreases  as  the  tempera¬ 
ture  approaches  the  C  urie  temperature.  V',  ,  and  causes  the 
magnetostriction  to  decrease  monotonically  in  accordance  to 
single  ion  theory.’  Within  these  constraints  lies  a  useful 
range  of  temperature  and  the  following  results  indicate  how 
the  performance  of  Terfenol-D  can  be  opiimi/.cd  in  this 
range. 

The  two  compositirms  clursen  for  comparative  purposes 
are  .v=().3()  (grain  oriented,  large  grains),  which  is  particu¬ 
larly  susceptible  to  the  application  of  applied  uniaxial  pre¬ 
stress  along  the  [1121  grain  growth  axis,"  and  .v  '  11.27  (grain 
oriented,  small  grains),  chosen  to  minimize  magnetocrystal- 
line  anisotropy  at  room  temperature.'  The  grain  structure  in 
both  compositions  is  typical  of  coniinercially  available  ma¬ 
terial. 


II.  EXPERIMENTAL  TECHNIQUES 

Commercial  grade  samples,  prepared  by  a  free  float  zottc 
process,  were  in  the  form  of  rods  50  to  MO  mm  long  and  b 
mm  diameter,  with  the  1 1121  growth  direction  along  the  rrrd 
axis.  Magnetostrictive  strain,  measured  with  strain  gauges, 
were  measured  in  dc  fields  120  kA/m  and  with  uniaxial 


stresses  ^£20  Ml’a  applied  along  the  [l  12]  axis.  The  magne¬ 
tostrictive  strain  coefficient  dy}(  =  d\/JH)  were  obtained  by 
differentiating  the  static  \-H  curves.  Coupling  coefficients 
(A,0  were  obtained  from  the  magnetomechanical  resonance, 
The  measurements  were  undertaken  in  a  noninduclivciy 
wound  furnace  to  obtain  temperatures  ■£300  °C  (■+-|°C) 
with  samples  contained  in  an  argon  atmosphere.  Approxi¬ 
mately  5%  variation  in  measurements  from  sample  to  sample 
was  expected  and  found. 

Hi.  RESULTS  AND  DISCUSSION 

Data  have  been  collected  for  X.  </ , , ,  and  k  ■^  ^  as  functions 
of  applied  held,  stress,  and  temperature.  For  each  magneto¬ 
striction  isothermal  in  Figs.  1  and  2.  the  uniaxial  pressure 
and  applied  field  have  been  chosen  to  yield  the  maximum  d 
coefficient.  At  room  temperature  for  .v -0.3.  after  a  sharp 
increa.se  in  strain  at  low  fields  (known  as  the  "burst 
effect"''),  at  120  kA/in  the  strtiin  is  almost  doubled.  The 
isotield  contours  decretise  slowly  with  temperiiture  at  low 


l-’Hi.  I  Sirain  projilc  ai  Dptitiuim  ptessure  bias  yoiulitiotis  Idi  niiixiiiuiin  ti^^ 
AS  ii  function  ol  temperature  and  iiPeinal  inagiu'lic  liclil  toi  v  tl  Ml  coitipo 
sition. 
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FIG.  2.  Strain  profile  at  optimum  pressure  bias  contlitions  for  maximum  </,, 
as  a  function  of  temperature  and  internal  magnetic  field  for  a- =0.27  compo¬ 
sition. 


fields  (<3()  kA/m)  but  the  decrease  in  the  120  kA/m  contour 
in  this  sample  is  clearly  not  monotonic.  Although  magnetic 
saturation  has  not  been  achieved,  it  is  expected  that  these 
strains  should  decrease  with  temperature  approximately  as 
[where  m  is  the  reduced  magnetization  {M j-/ M The 
maximum  at  —140  °C  Interrupts  thi.s  pattern  and  is  evident  in 
fields  as  low  as  30  kA/m.  For  practical  applications  this  ef¬ 
fect  at  140  ®C  is  an  added  bonus  because  unexpectedly  larger 
strains  can  be  generated.  For  the  sample  with  x  =  0,27  the 
decrease  in  isofield  strains  with  temperature  are  almost 
monotonic  for  any  field  strength.  The  different  behaviors  of 
the  x=03  and  0.27  samples  is  explained  by  the  competing 


FIG.  4.  Variation  in  optimum  r/,j  with  pressure  and  temperature  for 
x-=0,27. 


anisotropies  of  the  Tb  and  Dy  ions.  For  x  =0.3  the  anisotropy 
minimum  is  at  7"= -10  °C  with  maximum  strains  at  25  °C; 
and  for  x=0.21,  the  minimum  in  anisotropy  occurs  at  ap¬ 
proximately  7’=20°C,  with  the  maximum  strain  at  —  60  °C 
(comparable  with  findings  by  Clark  et  al?). 

Along  each  isothermal  contour  for  r/jj  (Figs.  3  and  4) 
fields  have  been  applied  to  give  the  largest  d  coefficient  for 
each  applied  pressure.  For  a: =0.3  in  the  range 
20^7’»s200  ®C,  an  enhanced  d  coefficient  is  present  at  low 
pressures  due  to  the  combined  effects  of  applied  stress  and 
grain  orientation.^  The  level  of  stress  becomes  less  critical 
for  7’>200  “C,  where  the  small  magnetocrystalline 
anisotropy^  renders  the  applied  stress  less  effective  in  regu- 


0  50  100  150  200  250  300 


Temperature  |*C) 
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of  temperature  for  x  -0.27  and  ()..1(). 
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FIG,  6.  Surface  plot  showing  the  variation  in  optimum  with  pressure 
and  temperature  for  j:=0.30. 


lating  the  magnetization  processes.  This  is  the  case  for 
x=0.21  at  most  temperatures  until  an  imbalance  between  the 
Tb  and  Dy  anisotropies  emerges  at  low  temperatures 
(r^40  “C).  Due  to  the  magnetocrystalline  anisotropy,  undu¬ 
lations  occur  in  the  surface  for  a:  =^0.30,  whereas  this 
surface  for  x=G.27  is  comparatively  smooth.  The  oscillation 
on  the  room  temperature  isothermal  for  a: =0.30  have  been 
observed  in  other  samples  with  the  same  composition  and  are 
reported  elsewhere.’  From  the  application  point  of  view  there 
is  a  clear  advantage  in  employing  Terfenol-D  with  a:=0  30 
for  r^lOO  °C.  Provided  pressure  loading  is  kept  in  the  range 
2-10  MPa.  Larger  fields  are  required  compared  with  x=0.27 
(Fig.  5)  and  some  control  will  be  needed  to  maintain  them  in 
the  range  10-17  kA/m. 

The  surfaces  representing  optimum  magnetomechanical 
coupling  as  a  function  of  temperature  and  pressure  are  very 
irregular  for  both  compositions  (Figs.  6  and  7).  This  is  not 
surprising  because  depends  on  d  coefficient,  permeabil¬ 
ity,  and  elastic  compliance.’  At  elevated  temperatures 
(r~300  °C),  for.v=U.30,  's  very  strongly  dependent  on 
pressure.  It  decreases  from  —0.5  to  —0.35  between  zero  and 
7  MPa,  representing  a  reduction  in  transducer  efficiency 
from  25%  to  12%.  For  a: =0.27  the  lowest  observed  value  for 
^33,  regardless  of  pressure  or  temperature  is  —0.45.  It  is 
concluded  that  pressure  dependent  effects  on  ^33  in  large 
grain  oriented  material  are  a  disadvantage  and  small  grain 
oriented  material  (a:  =0.27)  is  preferable. 


FIG.  7,  Surface  plot  showing  the  variation  in  optimum  /r,,  with  pressure 
and  temperature  for.t=0.27. 


IV.  CONCLUSIONS 

For  practical  applications  the  present  results  show  that 
large  grain  oriented  material  with  the  composition 
Tbo.3^yo.7F®i.95  produces  better  strain  and  d  coefficients  at 
elevated  temperatures  provided  the  applied  field  is  con¬ 
trolled.  For  optimum  coupling  efficiency  at  elevated  tem¬ 
peratures,  the  small  grain  oriented  material  with  composition 
T^o.27Dyo,73Fei  95  is  preferable. 
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Influence  of  hydrogen  on  the  magnetic  properties  of  Terfenol-D 
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School  of  Metallurgy  and  Materials-,  Unh-ersity  of  Birmingham,  Birmingham,  United  Kingdom 

The  reactions  with  hydrogen  of  the  Cl  5-type  Laves  phase  Tb„  27Dy„7,FeT  have  been  studied  by 
differential  thermal  analysis  and  the  influence  of  this  hydrogenation  upon  the  magnetic  properties 
was  observed  with  a  Curie-Faraday  balance  and  a  vibrating  sample  magnetometer.  It  has  been 
found  that  a  slightly  rare  earth  rich  composition  allows  the  hydrogenation  to  take  place  at  room 
temperature.  Two  endothermic  peaks  observed  on  heating  under  1 .2  bar  of  hydrogen  are  attributed 
to  hydrogen  desorption,  due  possibly  to  the  form  of  the  pressure  isotherms.  At  a  pressure  of  1.2  bar, 
the  amorphization  and  disproportionation  peaks  are  combined  as  a  single  peak,  but  a  higher 
pressures  these  two  phenomena  separate  into  two  peaks.  After  the  first  absorption/de.sorption  cycle, 
the  hydrogenation  occurs  at  temperatures  as  low  as  -75  °C,  and  is  highly  exothermic  and  very  rapid 
in  nature.  The  magnetic  susceptibility  of  the  compound  .suffers  a  dramatic  drop  when  it  is  hydrided, 
and  the  magnetization  at  1 100  kA  m^'  falls  from  77.5  J  T  '  kg  '  to  9.2  J  T  '  kg  '.  When  heated 
in  hydrogen,  a  peak  in  susceptibility  was  observed  at  about  the  same  temperatures  as  those  o*'  'he 
amorphization/disproportionation  reactions.  The  Curie  point  of  the  amorphous  hydrided  material 
was  found  to  be  around  68  °C,  with  a  magnetization  at  room  temperature  and  1100  kA  r.i  '  of  46 
J  T  ’  kg' '.  The  fully  disproportionated  material  had  a  magnetization  of  is2  J  T  kg  '  at  1100 


kA  m  which  was  related  to  the  proportion  of  tr-Fe 


I.  INTRODUCTION 

The  RTMi  (R  =  rare  earth,  TM  =  transition  metal)  type 
Laves  phase  compounds  have  been  studied  in  the  last  few 
years  for  their  interesting  magnetic  properties  and  hydrogen- 
absorption  capacity,  see,  for  example.  Refs.  1-2.  Upon  hy¬ 
drogenation,  these  compounds  exhibit  substantial  changes  in 
their  magnetic  properties.  In  addition,  the  pseudobinary 
Terfenol-D  (Tb|),27Dy(,,72Fe2)  has  outstanding  magnetorestric- 
tive  properties  combining  a  low  crystalline  anisotropy  with  a 
huge  magnetorestriction  at  room  temperature.'^  In  the  light  of 
these  studies,  it  is  therefore  interesting  to  investigate  the  hy¬ 
drogenation  behavior  of  this  compound. 

II.  EXPERIMENT 

The  material  used  in  the  present  work  was 
Tb„27Dy,|73Fe|  (RFci  .,,).  Lumps  (a  single  coarse  particle 
of  ==2()()  mg)  were  introduced  to  a  specially  constructed  dif¬ 
ferential  thermal  analyzer  (DTA)  with  a  hydrogen  atmo¬ 
sphere  (HDTA),  and  were  subjected  to  different  pres.sures 
with  a  heating  rate  of  3  °C  per  min.  The  material  obtained 
was  used  for  measurements  on  a  vibrating  sampler  magne¬ 
tometer  (VSM),  and  for  x-ray  diffractometry  using  Co  K„ 
and  Cu  K„  radiation.  Curie-Faraday  balance  measurements 
were  performed  by  hydrogenating  freshly  cut  lumps  of 
around  30  mg,  in  .situ.  In  this  case,  a  hydrogen  pressure  of  1 
bar  was  employed. 

A.  Hydrogen  absorption 

HDTA  was  performed  in  order  to  investigate  the  influ¬ 
ence  of  the  rare  earth  grain  boundary  phase  on  the  hydroge¬ 
nation  process.  It  was  found  that,  when  the  material  was 
single  phase  and  in  lump  form,  the  hydrogenation  process 
took  place  at  about  281)  °C,  and  at  about  120  °C  when  in  the 
form  of  crushed  powder.  However,  the  compound  RFci  .,, 
{3.5  at.  %  of  free  rare  earth)  reacts  very  rapidly  at  tempera¬ 
tures  close  to  room  temperature,  even  as  a  lump.  Figure  1 


formed  during  the  disproportionation  reaction. 


shows  the  HDTA  trace  of  lumps  of  RFC)  .j,,  heated  in  a  hy¬ 
drogen  atmosphere  at  1.2,  3,  and  5  bar  initial  pressure. 

Three  exothermic  peaks  and  tw'o  endothermic  peaks 
were  seen  in  the  trace,  corresponding  to  the  run  at  1.2  bar  of 
H2.  At  higher  pressures  four,  exothermic  peaks,  but  only  one 
endothermic  peak,  were  observed.  X-ray  diffraction  exami¬ 
nation  of  the  material  was  carried  out  after  each  peak  of  the 
1.2  bar  run.  After  the  first  exothermic  peak,  the  material  had 
an  expanded  cubic  structure,  indicating  hydrogen  absorption 
in  the  crystalline  state.  The  x-ray  diffraction  (XRD)  patterns 
of  the  samples  hydrogenated  after  each  endothermic  peak 
.showed  different  rhombohedral  structures.  On  hydrogenation 
at  4()()  °C,  very  broad  x-ray  peaks  corresponding  to  RHi  and 
a-Fe  could  be  seen.  At  temperatures  above  500  °C,  much 
sharper  peaks,  corresponding  to  RHi  and  a-Fe  were  ob¬ 
served.  When  heated  under  5  bar  to  3()()  °C,  no  x-ray  peaks, 
but  a  broad  maximum,  can  be  observed,  thus  indicating 
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amorphous  material.  Finally,  the  diffraction  pattern  of  the 
sample  heated  under  5  bar  to  400  °C  is  very  similar  to  the 
one  heated  to  the  same  temperature  at  1.2  bar.  The  endother¬ 
mic  peaks  move  to  higher  temperatures  with  increasing  pres¬ 
sure,  and  this  could  indicate  that  they  are  related  to  the  form 
of  the  pressure  isotherms  rather  than  to  any  change  in  the 
structure  or  state.  This  data  are  consistent  with  the  work  of 
others  researchers 

These  results  indicate  that,  below  280  °C  in  this  range  of 
pressures,  Terfenol-D  absorbs  hydrogen  while  maintaining  a 
crystalline  structure.  The  second  exothermic  peak  observed 
at  1.2  bar  can  be  ascribed  to  the  combination  of  the  hydrogen 
induced  amorphization  and  the  disproportionation  reaction. 
These  two  reactions  separate  at  higher  pressures  due  to  a 
lowering  of  the  amorphization  temperature.  This  lowering  of 
the  amorphization  temperature  with  pressure  has  already 
been  reported  in  other  Laves  phases  such  as  TbFe2  (Ref.  5) 
and  GdFej.'' 

It  was  observed  that,  when  cycles  of  absorption/ 
desorption  were  performed,  the  initial  hydrogenation  reac¬ 
tion  would  take  place  immediately  at  room  temperature.  To 
investigate  if  this  could  be  done  at  lower  temperatures,  a 
lump  of  RFC]  93  was  hydrided,  and  then  desorbed  by  heating 
under  vacuum  to  350  °C  and  then  cooled.  At  room  tempera¬ 
ture,  5  bar  of  argon  was  introduced,  and  the  sample  chamber 
was  cooled  with  liquid  nitrogen.  When  the  temperature  was 
- 125  “C,  the  argon  was  replaced  by  1.2  bar  of  H2.  At  around 
-75  “C,  a  sharp  and  strong  exothermic  peak  (Ar=52°C) 
was  observed.  From  this  point  and  apart  from  the  hydrogen 
absorption  peak  at  40  '’C,  the  trace  was  the  same  as  that  for 
1.2  bar  H2  shown  in  Fig.  1.  One  possible  contribution  to  the 
low  hydrogenation  temperature  is  the  very  clean  surface  ob¬ 
tained  in  this  material  after  hydrogen  decrepitation.  This  be¬ 
havior  also  indicates  very  rapid  hydrogen  diffusion  in  this 
system. 

B.  VSM  measurements 

Figure  2  shows  the  magnetization  obtained  for  RFe|,,i 
material  heated  in  hydrogen  at  1.2  bar  to  different  tempera¬ 
tures.  It  can  be  seen  that  the  cubic  hydride  is  still  unsaturated 
at  1100  kA/m,  giving  a  magnetization  of  9.2  J  T"'  kg"'.  The 
rhombohedral  hydrides  (70  °C  and  160  °C)  exhibit  a  behav¬ 
ior  close  to  paramagnetism.  These  observations  agree  with 
work  by  Annapoorni  ct  al} 

The  sample  heated  to  400  °C  is  easier  to  magnetize,  and 
a  magnetization  at  1100  kA/m  of  50  J  T“'  kg  ‘  was  ob¬ 
tained.  From  the  experiments  on  the  HDTA,  this  value 
should  correspond  to  a  mixture  of  amorphous  plus  very 
finely  disproportionated  material.  To  measure  the  real  value 
of  the  amorphous  material,  one  sample  was  heated  under  5 
bar  of  hydrogen  up  to  300  °C  and  then  quenched.  The  XRD 
studies  confirmed  the  amorphous  state  of  the  material.  The 
amorphous  material  was  found  to  be  easy  to  magnetize,  and 
a  magnetization  at  1100  kA/m  of  46  J  T"'  kg“'  was  ob¬ 
tained.  The  sample  heated  to  500  °C  at  1.2  bar  had  a  magne¬ 
tization  of  82  J  T“'  kg''  at  1100  kA/m.  This  value  is  close  to 
the  theoretical  value  of  86  J  T  '  kg  '  expected  for  a  fully 
disproportionated  material  consisting  of  a-Fe  and  RHt- 
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FIG.  2.  Magnetization  of  RFc, sample.s  heated  in  1.2  bar  Hj  to  different 
temperatures  and  in  5  bar  H,  to  3(10  "C  (amorphous). 

C.  Curie-Faraday  bala.ice  experiments 

The  results  of  the  Curie-Faraday  balance  experiment  are 
shown  in  Fig.  3.  Upon  hydrogenation,  there  is  a  sudden  drop 
in  magnetic  susceptibility,  which  is  consistent  v/ith  the  VSM 
measurements.  Between  350  and  520  °C,  the  susceptibility 
increases  as  the  hydrogenated  material  starts  to  dispropor¬ 
tionate,  with  the  formation  of  o-Fc.  On  cooling,  the  suscep¬ 
tibility  increases  steadily,  as  would  be  expected  from  the 
presence  of  free  iron. 

After  the  initial  drop  at  57  °C,  the  susceptibility  de¬ 
creases  slowly  with  the  temperature  up  to  around  180  “C, 
after  which  the  tem,'eraturc  exhibits  an  increase.  Another 
interesting  feature  is  the  peak  between  260  and  350  °C, 
which  is  approximately  the  temperature  range  where 
the  HDTA  displays  the  combined  amorphization/ 
disproportionation  peak.  The  increase  in  magnetic  suscepti- 
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FIG.  3.  Curie-Faraday  balance  trace  of  RFci  heated  under  1  bar  of  hy¬ 
drogen. 
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Flo.  4.  Curie-Farailay  balance  trace  of  hydrogen  induced  amorph'zcd 
RFei,93  heated  under  vacuum. 

bility  from  180  to  300  “C  could  be  related  tv  the  lots  of 
liydrogen  prior  to  amorphization,  as  suggested  by  fan  war¬ 
ing  etal?  What  is  not  understood  at  this  stage  is  the  reason 
lor  the  decrease  in  susceptibility  from  300  to  350  °C. 

Finally,  39.8  mg  of  RFej  93  were  hydrogertated  in  the 
Curie-Faraday  balance,  heated  to  380  “C,  and  then  cooled. 
After  this  treatment,  the  resulting  material  should  be  mainly 
amorphous.  After  evacuating  the  chamber,  the  sample  was 
heated  under  vacuum.  The  resultant  trace  is  shown  in  Fig.  4. 
On  heating,  it  can  be  seen  that  the  Curie  point  for  the  amor¬ 
phous  Terfenol-D  hydride,  under  these  conditions,  is  around 
68  °C  (in  this  work  the  Curie  point  was  defined  as  the  inter¬ 
section  of  the  tangents  of  the  two  different  parts  of  the 


curve).  On  cooling,  another  Curie  point  can  be  observed  at 
around  370  °C.  These  results  show  that,  when  heated  under 
vacuum,  the  hydrogen  amorphized  Terfenol  reverts  to  its 
original  crystalline  structure. 

D.  Conclusions 

The  pseudobinary  Laves  phase,  Terfenol-D,  exhibits  in¬ 
teresting  and  complex  reactionp  with  hydrogen.  The  initial 
hydrogenation  can  take  place  at  a  very  low  temperature  un¬ 
der  low  hydrogen  pressure.  A'  the  case  with  other  RTM2 
compounds,  it  is  possible  to  inuuce  amorphization  with  the 
introduction  of  hydrogen  in  the  structure.  The  transformation 
of  the  rhombohedral  hydride  structure  to  the  amorphous  state 
is  accompanied  by  a  recovery  of  magnetization  at  room  tem¬ 
perature.  This  amorphous  material  has  a  Curie  point  close  to 
70  °C. 
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Control  of  Terfenol-D  under  load 
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A  vibration  control  case  study  is  described  which  demonstrates  the  application  of  magnetostrictive 
(Terfenol-D)  actuators.  The  oiagnetomechanical  properties  of  the  material  suggests  that  when 
Incorporated  in  devices  for  applications  a  nonlinear  response  will  result.  This  case  study  compares 
the  performance  of  two  kinds  of  control  strategy  (both  discrete),  a  conventional  proportional  and 
integral  (PI)  algorithm  and  a  variable  structure  algorithm  (DVSC)  in  both  servo  and  cancellation/ 
regulation  roles.  Both  strategies  were  implemented  on  an  INMOS^  transputer  based  microcontroller 
with  a  sampling  period  of  300  /tts.  The  results  pre.sented  show  that  the  control  behavior  of  the  DVSC 
strategy  offers  significant  advantages  over  the  PI  strategy  when  controlling  actuators  with  nonlinear 
characteristics,  i.e.,  the  rejection  of  a  5  Hz  disturbance  with  a  gain  of  —36  dB  compared  to  a  gain 
of  -15  dB  when  using  the  PI  strategy. 


I.  INTRODUCTION 

The  exceptional  magnetomechanical  properties  of  the 
rare  earth  compounds  genetically  known  as  Terfcnol-D,  have 
been  shown  to  offer  a  great  potential  for  a  variety  of  trans¬ 
ducer  and  actuator  applications.*'^  This  potential  is  now  be¬ 
ing  realized  with  the  development  of  linear  and  rotary  actua¬ 
tors  but  such  devices  usually  require  advanced 
instrumentation  to  implement  servo  controlled  loop.s,  for  ex¬ 
ample,  linear  micropositioning  or  active  vibration  control.'* 

Actuator/transducer  performance  is  sensitive  to  operat¬ 
ing  conditions  and  requires  device  designs  to  take  into  ac¬ 
count  the  specification  and  working  conditions  that  are 
unique  to  each  application.  This  sensitivity  is  due  to  the  non¬ 
linear  response  of  Terfenol-D.''  To  achieve  control  over  op¬ 
erating  performance,  strategies  are  employed  that  cater  to 
both  the  nonlinear  magnetomechanical  material  properties 
and  the  responses  from  the  associated  mechanical  compo¬ 
nents.  At  best,  the  overall  system  response  can  be  considered 
linear  with  a  gain  that  varies  with  the  operating  point.'^ 

Here,  servo  actuators  that  achieve  predescribed  displace¬ 
ment  wave  forms  (i.e.,  triangle,  sine  or  step)  are  described. 
These  form  the  basis  of  an  active  vibration  control  (AVC) 
system  in  which  two  types  of  control  algorithms  (both  dis¬ 
crete)  are  incorporated,  a  conventional  proportional  and  in¬ 
tegral  (PI)  type  a.id  a  variable  structure  control  (DVSC)  type. 
A  vibration  control  case  study  is  presented  to  compare  these 
two  types  of  control  algorithms. 


II.  EXPERIMENTAL  TECHNIQUES 

In  order  to  demonstrate  the  potential  of  Terfenol-D  in 
servo  actuators  and  in  active  vibration  control  (AVC), 
Terfenol-D  based  actuators  were  constructed  and  two  of 
these  incorporated  in  a  system  arranged  in  the  form  of  one 
table  carried  by  another  (Fig.  1).  These  actuators  have 
built-in  adjustable  prestress  to  place  the  material  on  the  op¬ 
timum  i;ain  magnetostriction  curve,  permanent  magnets  to 
bias  the  material  in  the  middle  of  the  approximately  linear 


region  of  the  strain  (\)-field  (H)  curve,  a  drive  coil  to  imple¬ 
ment  actuation  signal,  and  a  complete  magnetic  circuit  to 
reduce  fiux  loss.* 

The  actuators  in  the  system  can  be  used  as  individual 
units  to  implement  servo  tests  or  together  with  the  lower 
actuator  causing  a  disturbance  of  the  level  two  table  for  an¬ 
tivibration  (AV)  tests.  The  aim  of  the  AV  control  is  to  mini¬ 
mize  the  impact  of  any  di.sturbance  on  the  level  one  table 
using  only  the  measurement  of  the  position  via  linear  vari¬ 
able  displacement  transducers  (LVDTs),  type  GTX2500 
(RDP,  Ltd.,  Wolverhampton,  UK)  of  the  two  tables  to  create 
a  drive  signal  for  the  top  actuator.  Two  control  algorithm 
types,  a  conventional  proportional  and  integral  (PI)  type,  and 
a  variable  structure  control  (DVSC)  type,  both  discrete,  were 
implemented  on  a  INMOS*  transputer  based  microcontroller 
with  a  sampling  period  of  300  /U.s.'' 


III.  RESULTS  AND  DISCUSSION 

The  overall  response  of  the  level  one  table/antivibration 
actuator  system  must  be  linear  and  of  appropriate  speed  and 
character  in  order  to  cancel  the  vibration  of  the  level  two 
table.  This  must  be  achieved  in  spite  of  the  nonlinear  behav¬ 
ior  of  the  Terfenol-D  material.  The  presence  of  sensor  two 
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FIG.  I.  Schematic  of  vibration  experiment  consisting  of  a  vibration  table  in 
the  form  of  one  t.able  carried  by  another. 
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FIG.  2.  Displacement  of  level  one  table  position  iiiulet  DVSC  i-  -i  ami  I’l 
(**')  control  in  resfxmse  to  a  triangular  demand  signal  (  ). 


offers  the  possibility  of  using  feed-forward  control  strategics 
to  reduce  the  effects  of  the  disturbance  on  the  level  one  table. 

To  test  the  actuators  and  the  control  algorithms  servo 
experiments  were  implemented  with  the  use  of  predeter¬ 
mined  demand  displacement  wave  forms.  The  response  of 
level  one  actuator  to  both  triangular  and  step  demand  (fre¬ 
quency  10  Hz)  signals  supplied  to  the  DVSC  and  PI  control¬ 
lers  is  shown  in  Figs.  2  and  3.  No  drive  is  supplied  to  the 
vibration  actuator  (level  2)  in  these  experiments.  It  can  be 
seen  that  the  DVSC  algorithm  shows  a  superior  signal  fol¬ 
lowing  property  particularly  when  using  a  step  demand,  it 
has  the  ability  to  suppress  the  excitation  of  unwanted  me¬ 
chanical  resonances  whilst  responding  to  the  demand  in  a 
desired  way. 

Variable  structure  control  (VSC)  is  a  modern  nonlinear 
switching  control  technique^’  which  can  be  described,  for  a 
second  order  process,  as  a  means  of  constraining  the  dy¬ 
namic  behavior  to  that  of  a  desired  first  order  process  re¬ 
sponse  using  switched  feedback  control,  i.e.,  switching  be¬ 
tween  positive  and  negative  feedback.  In  the  implementation 
of  this  control  approach,  the  feedback  gains  which  are 
switched  are  typically  much  larger  than  those  used  in  PI 
control.  Thus,  there  is  an  equivalent  increase  in  control  sys- 


FIG.  3.  Displacement  of  level  one  table  position  under  DVSC  (--)  and  PI 
(■'•)  control  in  response  to  a  .step  demand  signal  ( — ). 


f'KI.  4.  I.ihle  displaeemeats  in  res|ronse  to  a  .S  il/  vibration  actuation  drive 
signal.  l.evel  one  table  displacement  ( — ),  level  Iwo  1-  ).  and  "eaneeled’' 
level  one  displacement  under  DVSC  control  as  reference  (  ■  ). 


tern  immunity  to  process  gain  and  behavior  variations  such 
as  those  caused  by  Terfenol-D.  Here,  the  approach  used  to 
control  the  level  one  actuator  was  to  u.se  a  computer  based 
form  of  VSC  with  a  discrete  form  of  the  switching  line.’  In  a 
practical  device  such  as  the  level  one  actuator,  additional 
compensation  dynamics  must  be  used  to  ensure  good  perfor¬ 
mance,  such  as  the  incorporation  of  integral  action  to  prevent 
steady  state  errors  which  may  cause  the  DVSC  to  act  inap¬ 
propriately.  If  in  certain  situations  the  dynamics  of  the  device 
are  suspected  to  be  higher  than  second  order,  then  lead  com¬ 
pensation  in  the  form  of  discrete  zeros  must  be  incorporated 
into  the  feedback  signal  path.  This  prevents  higher  order 
resonances  from  bei'^g  excited  by  the  DVSC  control. 

The  response  of  the  level  one  and  level  two  table  to  a  5 
Hz  drive  signal  applied  to  the  vibration  actuator  when  the 
DVSC  controller  is  used  to  drive  the  antivibration  actuator  is 
shown  in  Fig.  4.  The  difference  between  using  either  PI  or 
DVSC  control  to  drive  the  antivibration  actuator  in  cancella¬ 
tion  is  highlighted  in  Fig.  S,  using  the  same  input  drive  levels 
shown  in  Fig.  4,  with  the  resulting  amplitude  reduction  for 
each  type  (from  spectrum  analysis  at  5  Hz)  as  -15  and  -36 
dB  for  the  PI  and  DVSC  algorithms,  respectively. 


PIG.  .S.  Relative  “caiiccleU"  level  one  tabic  displacements  under  DVSC 
( — )  and  PI  (•••I  control  .showing  reduced  effects  of  a  5  Hz  vibration  actuator 
drive  signal  using  the  same  drive  levels  as  shown  in  Fig.  4. 


J.  Appl.  Phys..  Vol.  76.  No.  10.  15  November  1994 


Jennerefa/.  7161 


IV.  CONCLUSION 
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Tcrfenol-D  based  actuators  incorporated  in  a  device  consiM 
ing  of  one  table  carried  by  another.  I'wo  implementations  o( 
computer  based  control  have  iKen  d-'inonstraled,  a  IM  algo¬ 
rithm  and  a  novel  DVSC  approach,  lioth  algorithms  were 
implemented  using  an  INMOS'  transputer  based  micriKon- 
troller.  The  DVSC  algorithm  demonstrated  su[Krioi  antivi¬ 
bration  and  demand  signal  following  properties,  with  a  re¬ 
sulting  -.^6  dll  in  amplitude  cancellation  for  a  5  11/ 
vibration  signal,  lire  DVSC  approach  showed  particular  su¬ 
perior  behavior  in  its  response  to  a  step  demand.  It  appealed 
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Pressure  dependencies  of  magnetostrictive  strain  and  d  coefficient 
in  Terfenol-D  after  thernisl  cr  magnetic  annealing 

N  Galloway,’'  R  D.  G  janour'  ^  G  I  Jenner.  and  M.  P.  Schulze 

ill  /’(n  .1.  V  f  III  'lull.  Hull  Hl'ti  "K.X.  t'niUil  Kiii};iloiii 

Ihc  prc'^'.uu'  i)c|>.':  <l':in.i‘  d'  iin;  lUiij;  -.  strictivt.-  Mrain  oK-fTicifiil.  J,,.  imd  niaxiimim  strains  in 
applicil  lic'LK  ol  120  2A  r.i  '  hast-  he  t  ineaSiJtcd  ii;  samples  <it Tcrlcnol-l)  hetdre  and  after  'hcrmal 
or  magnetic  annealing.  Application  ot  an  annealing  field.  //„.  parallel  to  the  <111)  axes  which  arc 
normal  to  grains  oriented  iilong  the  j  1 12i  iixis.  leads  to  an  increase  in  </,,  of  as  much  as  Sl'f.  with 
applied  uniaxial  prestresses  as  low  as  .1  MI'a.  The  variation  of  optimum  r/,,  viilues  as  a  function  of 
stress  applied  along  the  |112|  itxis  shows  anoniidou!  oscillations  after  magnetic  annealing,  The 
thermal  and  magnetic  e'fects  ol  the  annealing  procedures  are  discussed  and  a  mechanism  to  explain 
magnetic  annealing  is  proposed. 


INTRODUCTION 

Investigations  have  hecn  made  previously  into  the  ef¬ 
fects  of  thermal'  and  magnetic"'  annealing  on  the  magneto- 
strictive  properties  of  Terfcnol-D.  Of  these,  the  nio.st  com¬ 
prehensive  study  was  made  hy  Verhoeven  on  grain  oriented 
samples  with  the  annealing  fields  applied  parallel  to  the  (1 1 1) 
axes  which  are  perpendicular  to  the  [112]  grain  growth  di¬ 
rection.  After  heat  treatment  followed  by  magnetic  anneal¬ 
ing,  one  particular  sample  (Tb,,  ,,xDyi),,^2F‘;i.%.i)  subse¬ 
quently  produced  an  increase  in  the  maximum  anisotropic 
magnetostrictive  strain.  ,  measured  in  an  applied  field  of 
3  kOc  and,  more  striking,  an  unusually  large  magnetostric¬ 
tive  strain  coefficient,  r/i.,  (=(IKI<IH)  in  the  ah.scncc  of  any 
applied  uniaxial  stress,  The  application  of  a  prestress  is  usu¬ 
ally  considered  essential  to  generate  such  a  response  in 
samples  which  have  not  been  subjected  to  magnetic  anneal.'* 
As  part  of  the  same  investigation,  other  samples  s'ill  required 
—  1.7  MPa  to  obtain  enhanced  levels  of  X,,,.,,  and  r/,.,,  even 
after  magnetic  annealing. 

The  response  to  a  magnetic  field  f'Tieal  depends  on  the 
conditions  of  the  samples  prior  to  the  , an. cal.  Grain  orienta¬ 
tion  is  clearly  essential  and  while  the  lare  earth  (RE)-iron 
ratio  regulates  the  magnetoelastic  coupling,  the  Tb;Dy  ratio 
controls  the  magnetocrystallinc  anisotropy.  The  conse¬ 
quences  of  these  two  compositional  factors  arc  not  unrelated; 
the  application  of  a  uniaxial  prestress  induces  additional  an¬ 
isotropy  via  the  magnetoelastic  coupling  which,  by  virtue  of 
the  sign  of  the  magnetostiiction,  cau.ses  magnetic  moments 
to  rotate  away  from  the  stress  axis.  The  purpose  of  the 
present  work  is  to  investigate  the  effects  of  thermal  anneal¬ 
ing  which  can  induce  compositional  changes  and  magnetic 
annealing  which  induces  magnetic  anisotropy.  Of  particular 
interest  are  the  resultant  magnetostrictive  properties  gauged 
by  the  pressure  dependencies  of  Xn,„  and  While  provid¬ 
ing  some  insight  into  the  magnetization  processes  which 
generate  the  magnetostriction,  the  results  are  of  potential 
value  for  practical  applications. 

EXPERIMENTAL  TECHNIQUES 

A  furnace  capable  of  reaching  -i()00°C  was  situated 
between  the  8  in.  diameter  poles  of  an  electromagnet  to  gen- 


"’DRA,  Holton  Mfiith,  Poole,  Dorset,  UK. 


crate  annealing  fields,  //„ .  —  10(H)  kA  m  '.  The  sample  en¬ 
closure  was  evacuated  and  repeatedly  flushed  with  argon, 
before  filling  to  a  pressure  of  — 1,'2  atm.  Samples  were 
wrapped  in  tantalum  foil  to  minimize  oxidation.  Cooling 
rates  of  •'2.‘i  °C/min  were  used. 

Ctmimcrcial  grade  samples  of  material  were  prepared  by 
a  free  float  zone  process.  —140  mm  long  and  —6  mm  diam¬ 
eter,  grain  orientated  with  the  [112]  axes  parallel  to  the  rod 
axis.  Polishing  and  etching  were  used  to  reveal  grain  struc¬ 
ture  at  each  end  for  the  purposes  of  orientation.  Gross  mis- 
orientation  of  grains  along  the  lengths  of  the  samples  were 
detectable  with  a  nondestructive  scanning  technique.’  The 
nominal  compositions  of  each  sample  provided  by  the  manu¬ 
facturers  arc  given  in  Table  I,  together  with  their  individual 
heat  treatments  and  magnetic  annealing  conditions.  Sample 
“C"  was  cut  into  four  equal  lengths  C1,...,C4.  Prior  to  treat¬ 
ment,  these  four  sections  did  not  display  any  significant  dif¬ 
ferences  in  magnetostrictive  behavior. 

Room  temperature  magneto.strictive  strains  in  DC  fields 
('S120  kAm  ‘)  were  measured  using  strain  gauges  with 
fields,  applied  uniaxial  stresses,  and  strain  measurement  di¬ 
rections  along  the  [112]  direction  of  the  oriented  grains.  Data 
were  differentiated  numerically  to  obtain  values  for  the  d 
coefficients. 


TAHLE  I.  Sample  eiimposilions  with  annealing  eonditinns  and  aniietling 
prwedures. 


Sample 

C'nmpositinn 

Mea.surenicnt  stages 

A 

(i)  As  received 

(ii)  Thermal  anneal  ‘XSO  °C’  7  h 
Magnetic  anneal  /7„l|l  1 1  i ) 

8 

(hi)  Thermal  anneal  9.S(I  °C  7  h 
Thermal  anneal  //.,|11 1  lOj 

As  for  sample  A 

C 

C't 

(il  Magnetic  anneal  0.SI)°C 

C2 

n^i)  1,.; 

Sh//J[lll| 

(ii)  Thermal  anneal  9.50  °C' 

CM 

K  It 

(iii)  As  received 

C4 

(iv)  As  for  sample  Cl 
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Pressure  [MPa] 

FIG.  1,  Sami/lc  A:  pressure  dependence  of  the  maximum  strains  at  1211 
kA  m“'  for  material  composition  Tho.itJynrl'Ci  as  as  received  (•),  magneti¬ 
cally  annealed  with  /f„  applied  parallel  to  the  [1 1(1]  axis  (Ol  and  [III]  axis 
(♦). 

RESULTS 

For  sample  A,  the  maximum  strains  at  120  kA  m  '  and 
maximum  d  coefficients  as  functions  of  pressure  in  “as  re¬ 
ceived”  material  are  compared  with  results  after  the  sample 
was  magnetically  annealed  twice,  once  with  applied  ap¬ 
proximately  parallel  to  the  [1 11]  direction  and  theti  along  the 
[110]  direction  (Figs.  1  and  2).  Both  annealing  directions 
improve  slightly  at  low  pressures  but  the  response  of 

to  magnetic  annealing  is  more  pronounced  than  Xm,, .  An 
exceptionally  large  £/ij~260  nni  A  ‘  is  observed  with  a  pre- 
stress  of  10  MPa  when  annealed  with  f/„  along  the  [111] 
axis.  Sample  B,  having  the  same  history  of  treatment  as 
sample  A,  exhibits  the  same  kind  of  response,  viz.,  a  small 
increase  in  X„„x  at  low  pressures  after  magnetic  anneal,  re¬ 
gardless  of  the  direction  of  ■  The  change  in  (/-coefficient 
response  is  far  greater,  with  (/n— 190  nm  A  'at  —.1  MPa 
(Fig.  3)  but  in  this  sample  an  oscillatory  variation  of  (/,r  with 
pressure  is  very  strong  after  applying  //„  along  the  [111] 
axis.  Similai  oscillations  can  be  seen  in  the  results  from 
sample  A,  but  much  weaker. 

Sample  Cl  and  C2  received  identical  heat  treatments  ex¬ 
cept  the  annealing  field  was  not  applied  to  C2.  The  purpose 


Pressure  IMPa] 

FIG.  2.  Sample  A;  pressure  dependence  of  the  d  coefficient  for  as  received 
(•),  magnetically  annealed  with  H„  applied  parallel  to  the  [110]  axis  (O) 
and  [111]  axis  (■♦■). 


Pressure  [MPa] 


FKI.  .1.  Sample  H;  pressure  dependence  of  the  d  coeftieieni  for  a.s  received 
U  Jl.  niagnelically  annealed  with  //„  applied  parallel  to  the  |llll|  axis  (4) 
and  I II  i  I  axis  (•). 

of  this  procedure  was  ttt  identify  how  much  of  the  subse¬ 
quent  magnetostrictive  response  was  due  to  the  application 
of  H„  rather  than  thermally  induced  compositional  changes. 
The  effects  of  the  magnetic  anneal  over  and  above  the  ther¬ 
mal  effects  are  clear.  Heat  treatment  alone  (Fig.  4)  moves  the 
peak  in  the  (/^^  to  a  lower  pressure  (  H  MPa)  but  the  mag¬ 
nitude  is  not  increased;  magnetic  annealing  doubles  the 
maximum  d  coefficient  and  reduces  the  required  prestress 
from  14  to  .3  MPa  Sample  C4  shows  an  almost  identical 
change  in  behavior  to  sample  (  I  (Fig.  .3). 

DISCUSSION 

It  is  observed  that  magnetic  annealing  bus  a  more 
marked  effect  on  the  pressure  dependent  behavior  of  (/,  » 
than  on  X„,„, .  A  reduction  in  uniaxial  prestresses  to  achieve 
maximum  </,,  indicates  that  magnetic  annealing  introduces 
extra  anisotropy  which  assists  in  the  preferential  distribution 
of  moniems  along  the  j  1 1 1 J  axis  prior  to  Ihe  rpplication  of  u 
magnetizing  field."  Magnetization  then  proceeds  by  the  mti- 


Pressure  [MPa] 


FIG.  4.  dx\  vs  pressure  for  the  eonipasiliim  '111,,  idly,, „«l'e|  ,i,  thermally 
annealed  sample  r'2  (0)  or  magnetically  annealed  sample  Cl  ( ♦  ).  com¬ 
pared  with  the  “as  received"  perforinanees  for  Cl  (•)  and  C2  lO). 
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Pressure  [MPa] 


FIG.  .*>.  <l\\  vs  pressure  fur  the  eortipusilion  11111 v  U'agnelieally 
aiitjcaled  samples  t'l  (  ♦  I  and  t'4  (  0  )  eonip.ircd  will)  perforriianees  prior  lo 
annealing,  Cl  (#1  and  ('4  (()). 


jority  of  moments  rotating  away  from  the  [lllj  direction 
towards  the  [112]  axis  and  the  corresponding  magnetustric- 
tive  response,  as  gauged  by  the  magnitude  of  is  maxi¬ 
mized,  The  maximum  strain  depends  on  the  final  state 
of  magnetization  rather  than  the  prtKesscs  through  which  it 
is  achieved.  Hence  the  magnitude  of  \niax  •  expected,  is 
virtually  independent  of  anisotropy  induced  by  magnetic  an¬ 
nealing  (Table  II), 

In  addition  to  the  initial  distribution  of  moments 
amongst  the  (111)  axes,  the  sub.sequent  magnetization  pro¬ 
cesses  which  determine  the  magnitude  of  r/vt  are  also  influ¬ 
enced  by  the  shapes  of  the  anisotropy  surfaces.^  The  com¬ 
bined  effects  of  three  anisotropies,  mangettKrystalline  and 
induced  anisotropies  from  the  application  of  stress  or  mag¬ 
netic  annealing,  will  regulate  the  surface  shape.  When 
uniaxial  pressure  is  applied  the  balance  of  the  three  energy 
components  is  perturbed  and  the  surface  modified.  It  is  con¬ 
sidered  that  the  oscillations  in  t/,,  as  a  function  of  pressure 
in  samples  A  and  B  after  magnetic  annealing  originate  not 


TABLP  It.  Increases  in  Ihe  d  cuefticient  (J,,)  and  maximum  strains  at  120 
ItA  m  '  tX„„()  ohserved  in  each  sample  and  maximum  </  coefficients  mea¬ 
sured  with  optimum  applied  stress  (o)  and  field  (//). 


Sample 

(/,,  (%) 

(%) 

mux.  </,, 
(nniA  ') 

Opt.  (T 
(MPa) 

Opt.  H 
(kAm  ') 

A 

44 

17 

260 

9.5 

12 

B 

18 

~() 

190 

3.0 

15 

Cl 

81 

-0 

145 

3.0 

19 

C4 

73 

~() 

135 

1,5 

11 

only  from  the  initial  distribution  of  moments  but  from  pres¬ 
sure  induced  periodic  undulations  in  the  energy  surfaces. 

The  effects  of  magnetic  annealing  could  be  of  value  for 
practical  purposes  (for  example,  to  reduce  the  level  of  pre- 
stress  required  to  gain  maximum  d  cocfHcicnt)  provided  the 
response  of  any  sample  to  post  production  processing  can  be 
predicted.  In  the  present  work,  no  correlation  is  evident  be¬ 
tween  the  pre-  and  post-annealed  d  coefficients.  However, 
the  magnitude  of  the  preslress  required  to  achieve  an  opti¬ 
mum  d  coefficient  is  lower  for  material  containing  a  higher 
Tb:Dy  ratio  (Table  II). 

In  the  absence  of  an  annealing  field,  changes  occur  at 
elevated  temperatures  causing,  for  instance,  a  reduction  of 
the  bias  pressure  for  optimum  d  coefficient  in  .sample  C2. 
Compositional  changes  such  as  the  diffusion  of  RE  ions  from 
the  grain  boundaries  maximize  interatomic  magnctoelastic 
coupling,’  which  enhances  the  pressure  sensitivity.  Only  if 
the  magnctoelastic  coupling  i,s  strong  enough  will  a  sample 
of  material  be  susceptible  to  magnetic  annealing.  Then,  in 
cooling  from  T,  to  room  temperature,  the  annealing  field 
retains  the  moments  along  a  particular  (111)  direction  and 
the  maximum  macroscopic  contraction  will  develop  along 
the  aligned  [112]  grain  axes  as  the  spontaneous  magneto¬ 
striction  develops.  This  lowers  the  free  energy  and  after  an¬ 
nealing  is  completed  the  contraction  will  then  be  retained,  as 
observed  in  practice,  until  sufficient  energy  is  supplied  to 
redistribute  the  moments  among  all  the  (111)  axes.  In  other 
words,  magnetic  annealing  could  be  magnclostrictively 
driven. 

CONCLUSIONS 

The  d  coefficient  is  particularly  responsive  to  magnetic 
annealing  us  seen  in  both  its  magnitude  and  the  optimum 
pressure  bias.  The  thermal  element  of  a  magnetic  anneal  pro¬ 
cess  is  important  in  controlling  the  composition,  which  maxi¬ 
mizes  the  magnetoelastic  coupling.  A  spontaneous  mugneto- 
strictive  deformation  that  accompanies  magnetic  annealing 
could  be  the  origin  of  the  extra  anisotropy  which  sub.se- 
quently  causes  moments  to  align  preferentially  along  the 
field  anneal  direction. 
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Effect  of  bias  magnetic  fieid  on  the  magnetostrictive  vibration 
of  amorphous  ribbons 
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Electromagnetic  waves  generated  from  the  magnetostrictive  vibrations  of  amorphous  ribbons  under 
nonuniform  bias  fields  were  investigated.  The  sample  ribbon  80  mm  in  length  was  placed  on  a 
plastic  support  board  where  both  edges  of  the  ribbon  were  free.  In  a  uniform  bias  field  generated  by 
a  Helmholtz  coil,  t  .lur  resonance  peaks  of  27,  54,  81,  and  107  kHz  were  detected.  The  nonuniform 
magnetic  fields  were  generated  by  single-pole  magnetic  heads.  T\vo  single-pole  magnetic  heads  with 
3  mm  spacing  between  the  ribbon  were  moved  along  the  ribbon.  When  the  heads  were  located  at  10 
and  70  mm  from  an  edge  of  the  ribbon,  the  frequency  of  the  detected  response  was  54  kHz.  i.e.,  the 
detected  response  was  the  second  resonance  peak.  The  other  re.sonancc  peaks  (81,  107,  and  120 
kHz)  could  also  be  separated  by  adjusting  the  positions  of  the  heads.  Therefore,  the  electromagnetic 
response  of  the  magnetostrictive  vibrations  of  amorphous  ribbons  could  be  controlled  by  applying 
appropriate  nonuniform  bias  magnetic  fields.  From  the  results,  it  is  suggested  that  a  magnetostrictive 
amorphous  ribbon  not  only  sends  one  bit  data  but  also  sends  multiple  bit  data  with  the  aid  of  bias 
magnetic  fields. 


INTRODUCTION 

Some  amorphous  magnetic  ribbons  have  large  magnelo- 
strictivc  coefficients  and  they  have  been  applied  to  many 
devices. ‘  When  an  ac  magnetic  field  is  applied  to  a  magne- 
tostrictivc  ribbon  with  a  uniform  dc  magnetic  field,  a  me¬ 
chanical  vibration  is  induced.  Through  the  analysis  of  me¬ 
chanical  resonance,  the  mag.ietomechanical  coupling  factor 
k  of  the  material  is  determined.^"'*  The  vibrations  have  many 
resonance  points  which  depend  on  the  sample's  shape  and 
induce  electromagnetic  waves  which  can  be  detected  by  an 
antenna.  It  is  expected  that,  through  amorphous  ribbons,  we 
can  send  multiple  bit  data  by  separating  the  resonance  mode. 

In  this  study,  we  observe  the  re.sonancc  peaks  of  amor¬ 
phous  ribbons  for  uniform  and  nonuniform  bias  magnetic 
fields,  to  investigate  the  separation  of  the  vibration  modes. 

EXPERIMENT 

The  schematic  of  the  experimental  setup  is  presented  in 
Fig.  1 ,  An  exciting  coil  of  34  mm  in  diameter  and  2(K)  turns 
was  placed  35  mm  apart  from  the  detecting  coil.  The  signal 
from  the  sample  was  detected  by  a  figure-eight  coil,  so  as  to 
eliminate  the  exciting  signal.  The  measurement  was  made  in 
the  frequency  range  from  10  to  2(K)  kHz,  The  exciting  cur¬ 
rent  was  from  44  to  2  mA.  The  exciting  coil  generated  ac 
magnetic  fields  of  about  3.0  to  0.2  Oe  rms,  at  the  center  of 
the  coil, 

The  figure-eight  coil  consists  of  two  rectangles  with  a 
size  of  80X25  mm‘  and  10  turns.  The  signal  from  the  figure- 
eight  coil  was  measured  by  a  network/spectrum  analyzer. 
The  wave  form  and  phase  of  the  exciting  voltage  were  moni¬ 
tored  by  an  oscilloscope. 

AMetglas’'”  2826MB  (Fe4()NiisMo4Biji)  (Refs.  6  and  ‘>) 
amorphous  ribbon  with  size  of  SOX  12  mm^  and  thickness  of 
0.03  mm  was  used,  as  a  sample.  The  sample  ribbon  was  as 
cast  and  placed  on  a  plastic  support  board,  The  sample  rib¬ 


bon  was  not  fixed  and  both  edges  were  free.  The  position  of 
the  ribbon  was  adjusted  so  that  an  edge  of  the  ribbon  was 
located  near  the  center  of  the  figure-eight  coil.  In  order  to 
apply  a  uniform  bias  field  to  the  sample  ribbon,  a  Helmholtz 
coil  was  added. 

Figure  2  siiows  the  schematic  diagram  for  generating 
nonuniform  field  patterns  by  using  single-pole  magnetic 
heads.  The  single-pole  heads  were  made  of  soft  steel  plates 
5()x  15X0,3  mm\  and  a  copper  wire  of  0,2  mm  was  wound 
2(K)  turns.  The  space  between  the  single-pole  heads  and 
amorphous  ribbtm  was  3  mm.  The  magnetic  field  from  the 
single-pole  head  was  6  Oe  at  the  surface  of  the  amorphous 
ribbon. 


FIG,  I.  SchcniHtic  diagram  of  experimental  apparatus. 
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FIG.  2.  Schematic  diagram  for  gcncruliitg  lumuniform  field  patterns  by  us¬ 
ing  single-pole  magnetic  heads. 


RESULTS  AND  DISCUSSION 

Figure  shows  the  power  spectrum  measured  with  a 
uniform  magnetic  field  of  4  Oe.  The  frequencies  of  the  peak 
points  were  27,  54,  81,  and  107  kHz,  and  correspond  to  the 
first,  second,  third,  and  fourth  harmonics,  respectively.  The 
peak  observed  at  116  kHz  was  expected  to  be  a  resonance  of 
the  transverse  mode.  We  use  the  relationship  between  the 
resonance  frequency  and  the  length  of  the  media  as 

f„  =  nvH2l),  (1) 

where  /„  is  the  «th  resonance  frequency,  /  is  the  length  of  the 
media,  and  v  is  the  velocity  of  sound.  We  calculate  the  reso- 
nanee  frequencies  from  the  first  to  the  fourth  as  27,  54,  81, 
and  107  kHz  by  using  Eq.  (1)  and  o=4320  m/s. 

In  other  amorphous  ribbons,  Mctglas  2605SC 
(FesiBi.^.jSi.i.jCj),"’  2605S-2  (Fev^SigB,,),"'  and  2605CO 
(FCft7Coi«Bi4Sii),'*  the  power  spectra  did  not  generate  sharp 
peaks  provided  the  sample  ribbons  were  as  cast. 

Figure  4  shows  the  power  spectrum  with  a  uniform  mag¬ 
netic  field  of  4  Oc,  where  the  two  positions  of  20  and  60  mm 
from  an  edge  of  the  ribbon  were  fixed  to  the  support  board 
by  using  a  pair  of  thin  plastic  plates  (0.2  mm  thick).  Only 
one  peak  of  54  kHz  was  detected  in  this  case.  Considering 
Eq.  (1)  and  the  result  of  Fig.  4,  this  peak  is  expected  to  be  the 
second  harmonic  resonance,  and  the  fixing  positions  corre¬ 
spond  to  the  nodes  for  the  vibration.  Therefore,  other  har¬ 
monic  modes  were  .suppressed. 

Figure  5  shows  the  separation  of  the  resonance  peaks 
using  nonuniform  magnetic  fields.  The  power  spectrum  with¬ 
out  peaks,  shown  as  A  in  the  figure  was  obtained  when  no 
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FICi  .1-  Power  spectrum  of  magnelostrictive  vibrations  with  a  uniform  mag¬ 
netic  HclJ. 
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I•1G.  4.  Power  spectrum  with  a  uniform  magnetic  Held  for  a  conlined  amor¬ 
phous  ribbon.  IWo  |)osilions  of  the  ribbon  were  fixed  to  the  support  board  by 
using  a  pair  of  thin  plastic  plates. 


uniform  field  nor  nonuniform  field  were  applied.  The  follow¬ 
ing  results  were  obtained  with  nonuniform  magnetic  fields. 
Curves  B-E  were  obtained  by  using  a  pair  of  single-pole 
magnetic  heads.  The  spaces  between  the  heads  are  shown  in 
the  figure.  The  distances  from  the  edges  of  the  ribbon  to  the 
heads  are  equal  for  both  ends.  The  frequencies  of  the  highest 
peaks  for  the  head  distances  and  polarities  were  54,  81.  107, 
and  129  kHz  for  60,  30,  40,  and  54  mm,  respectively.  Curves 
B  and  D  were  obtained  with  magnetic  heads  having  different 
polarities.  The  peaks  in  curves  B,  C,  and  D  correspond  to  the 
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FIG.  .S.  Separation  of  resonance  peaks.  A:  without  magnetic  lietd,  D-ti; 
nonuniform  magnetic  fields  are  applied  with  magnetic  heads.  Magnetic 
polarities  of  the  heads  arc  indicated  by  black  and  white, 
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second,  third,  and  fourth  resonance  peaks  in  Fig.  3.  The  peak 
in  curve  E  is  not  observed  in  Fig.  3,  however,  we  estimate 
the  fifth  harmonic  frequency  as  135  kHz  using  Eq.  (1). 
Therefore  the  peak  can  be  assigned  to  the  fifth  resonance.  It 
is  noted  that  the  intensities  of  the  highest  peaks  are  almost 
equal,  compared  with  Fig.  3. 

The  power  spectra  thi  t  we  obtain  by  the  measurements 
relate  to  the  magnetomcchunical  coupling  factor  k  of  the 
material.  It  is  expected  .hat  more  than  six  resonance  peaks 
may  be  detected  when  the  magnetomechanical  coupling  fac¬ 
tor  of  sample  ribbons  is  increased. 

CONCLUSIONS 

The  relationship  between  the  resonances  in  the  tnagne- 
tostrictive  vibration  of  amorphous  ribbons  and  bias  magnetic 
field  patterns  was  investigated.  The  first,  second,  third,  and 
fourth  harmonic  peaks  were  detected  in  an  amorphous  ribbon 
80  mm  in  length  and  12  mm  in  width,  with  a  uniform  bias 
field.  Specific  resonance  peaks  were  detected  with  luinuni- 
form  magnetic  bias  patterns  which  were  generated  with  a 
pair  of  single-pole  magnetic  heads.  Therefore,  the  response 
of  the  harmonics  frequencies  could  be  controlled  by  applying 


appropriate  nonuniform  bias  magnetic  fields.  From  the  result, 
it  is  suggested  that  a  magnetostrictive  amorphous  ribbon  not 
only  sends  one  bit  data  but  also  sends  multiple  bit  data  with 
the  aid  of  bias  magnetic  fields. 
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